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Ring opening reactions of nitrogen heterocycles
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Published data on ring opening reactions of nitrogen-containing cyclic compounds resulting in various acyclic products are
integrated and systematized. The reactions of common five-, six- and seven-membered nitrogen heterocycles containing one
to four nitrogen atoms in the ring and having various structures (mononuclear, polynuclear, fused, saturated, unsaturated
and aromatic) are considered. Special emphasis is made on the potential of nitrogen heterocycles for the synthesis of
polyfunctional open-chain compounds. The advantages and disadvantages of the proposed approaches are noted. Data on
the biological activities of some ring opening products of the title heterocycles are presented. The text is arranged according

to the type of reagents and catalysts used.
The bibliography includes 196 references.
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1. Introduction

Synthesis of new and already known polyfunctional com-
pounds by ring opening reactions is used less often than
synthesis via transformations of open-chain compounds.
Nevertheless, ring opening-based approaches to the syn-
thesis of acyclic products are of obvious interest because
they often give bifunctional derivatives. Furthermore, most
ring opening reactions have high stereoselectivity, which is
important for the preparation of single stereoisomers. It is
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also noteworthy that opening of one endocyclic bond in bi-
or polycyclic molecules gives, in some cases, heterocycles of
larger size that cannot or can hardly be synthesized by other
methods.

Nitrogen heterocycles are among the most important
and often encountered classes of organic compounds.
Numerous reviews consider various aspects of the chemistry
of this compound class. A significant role in their chemical
reactivity belongs to reactions involving cleavage of the
carbon—nitrogen bond. Nevertheless, no systematic analy-
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sis of these reactions in terms of their applicability to the
synthesis of bi- and polyfunctional molecules has yet been
carried out.

There are still some exceptions, namely, a series of
review publications!~3 devoted to pyridine ring opening,
which cover the period up to 2002, and one more review.*
Intensive studies along this line are apparently associated
with both the availability of pyridine and its derivatives and
the synthetic value of the obtained products. Therefore, in
this review, we consider publications on this subject that
appeared after 2002. Some attention is given to reactions of
N-oxides of heterocyclic compounds; their chemistry is
described in a number of reviews.’~7 We do not address
ring opening reactions for small rings (aziridine® ' and
azetidine '~ 13 derivatives) or hydrolysis of lactams,!4 15
which do not differ fundamentally from the well-studied
hydrolysis of acyclic carboxylic acid amides. The ring—
chain tautomerism of nitrogen heterocycles constitutes a
fairly large area of organic chemistry. Tautomerization
accompanied by C—N bond cleavage often takes place as
an intermediate step of chemical reactions; in this case, the
final products retain their ring structure and, therefore,
these transformations are beyond the scope of our review.

Thus, the review summarizes data on the reactions of
five-, six- and seven-membered nitrogen heterocycles from
the standpoint of their significance for the synthesis of
various classes of acyclic compounds. In our opinion, it is
most convenient to classify the reactions in terms of the type
of reagent used to cleave the carbon—nitrogen bond. Ac-
cording to this classification, opening of a heterocyclic
moiety can be induced by oxidants, reducing agents, bases
and acids, electrophilic reagents and transition metal cata-
lysts. A separate part deals with the relatively few examples
of opening of heterocycles containing several nitrogen
atoms.

The following abbreviations are used:

B — base,

Boc — tert-butoxycarbonyl,

Bu5Bpy — 4,4-di-tert-butyl-2,2'-bipyridine,

Cbz — benzyloxycarbonyl,

Cy — cyclohexyl,

de — diastereomeric excess,

dppe — 1,2-bis(diphenylphosphino)ethane,

DPZ — dicyanopyrazine,

ee — enantiomeric excess,

EDTA — ethylenediaminetetraacetate,

er — enantiomeric ratio,

Fmoc — 9-fluorenylmethoxycarbonyl,

Fu — furyl,

MB — Methylene Blue,

mCPBA — m-chloroperbenzoic acid,

Naph — naphthyl,

NMO — N-methylmorpholine N-oxide,

Ns — 4-nitrobenzenesulfonyl (nosyl),

PIDA — phenyliodine(11I) diacetate,

Py — pyridyl,

rt — room temperature,

TBS — tert-butyldimethylsilyl,

Tf — trifluoromethanesulfonyl (triflyl),

Th — thienyl,

TMP — meso-tetramesitylporphyrin,

TMS — trimethylsilyl,

Trs — 2,4,6-triisopropylbenzenesulfonyl,

Ts — 4-methylbenzenesulfonyl (tosyl).

2. C—N bond cleavage by reducing agents

The reductive cleavage can proceed for most classes of
nitrogen heterocyclic compounds (A) and the reactions
give mainly various amines (B) (Scheme 1). Many of the
reactions are conducted in the presence of catalysts. Plati-
num group metals (ruthenium, palladium, platinum) sup-
ported on carbon and Raney nickel are widely used for
heterogeneous catalytic reduction. High popularity is
gained by samarium(Il) iodide as a single-electron reducing
agent, which allows many reactions to be conducted under
mild conditions. Other reducing agents used for this pur-
pose include sodium dithionite, boranes, hydroxylamine
and its salts and sodium in liquid ammonia.

@N RH[MNR

Many ring opening products show biological activities;
therefore, high stereoselectivity of the reactions is impor-
tant. However, a considerable drawback of the above-
described methods is the necessity to use expensive metal
catalysts, elevated pressure and temperature, and explosive
hydrogen.

Zhou et al.'® described the Pd-catalyzed stereoselective
opening of the pyrrolidine ring of compound 1 (Scheme 2).
The target product 2 was isolated in a virtually quantitative
yield.

Scheme 1

Scheme 2
OBn
/ OBn
HN Pd/C, Ha,
X OBn MeOH, rt, 4 h
= R
OBn OH
1 2 (96%)

The ring in 4,5-disubstituted proline 3 is opened in a
similar way to give (S)-2-amino-4-benzyl-5-phenylpentanoic
acid (4) (Scheme 3).17

Scheme 3
Ph Ph
/ Ha, PdC, /
MeOH, H0,
—_—
Ph " COzH Ph LN COzH
H
3 4 (65%)

Palladium-catalyzed hydrogenation of pyrrolidine 5 in
the presence of di-tert-butyl dicarbonate (Boc,O) affords
carbamate 6 in a moderate yield (Scheme 4). Acyclic amine
7 was formed as a by-product. The formation of compound
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BnO, C\ Scheme 4
MeO
e 2C>_<\Jj Hz, Pd/C, Boc,O
_— >
Ac
5
Boc Boc
\
MeO,C N MeO2C HN
— =+
Ac Ac
6 (67%) 7 (14%)

Boc is tert-butoxycarbonyl

7 is attributable to opening of the five-membered ring via
the retro-Michael reaction.!®

A convenient method for the synthesis of 5-aminopen-
tanal is the reductive cleavage of the pyridine ring upon the
addition of anhydrous ammonium formate to a methanol
solution of 2-hydroxypyridine N-oxide (8) containing car-
bon-supported palladium. The reaction affords amino alde-
hyde hydrochloride 9 in an almost quantitative yield
(Scheme 5). The applicability of this method is restricted
by the fact that the presence of some other substituents in
the pyridine ring results in the formation of only piperidine
derivatives.!?

Scheme 5
AN 1) HCO2NH,, Pd/C, H
\ MeOH, rt, 14 h /\A/L
— 2 +
ﬁl o M L uN >0
O- Cl—
8 9 (98%)

Treatment of pyrrolidine 10 with lithium bis(trimethyl-
silyl)amide followed by hydrogenation produced N-pro-
tected amine 11 in one step in a high yield (Scheme 6).2°

Scheme 6
MeMe CO,Me Me_  Me
1) LIN(TMS)2, THF Me CO,Me
_—
Me N\Tf 2) Hy, Pd/C,
MeOH, 12 h MeO,C NH
COzMe +f
10 11 (92%)

Tf is trifluoromethanesulfony! (triflyl), TMS is trimethylsilyl

Verduyckt er al?' reported Ru-catalyzed hydrogena-
tion—decarbonylation of proline (12) (Scheme 7). Note
that methane is released instead of carbon dioxide. A
considerable disadvantage of this method is that mixtures

Scheme 7

2H,PO;
H2 RU/C H3PO4
120 °C,1.5h

e eRe
NH — CH4 —H>0 NH,

12 13 (40%) 14 (27%

of products 13 and 14 are formed, with the latter being
isolated in a relatively low yield.

The catalytic hydrogenation of nicotine salts 15a—d
results in tertiary amines 16a—d (Scheme 8), which show a
pronounced hypotensive action.?? It is noteworthy that the
pyridine ring is not cleaved, but is only reduced to a
piperidine ring. The authors give no explanation to this
selectivity.

Scheme 8

Me/ Hz, PtO2, MeOH
_— >

N -
“R NH
15a—d R
16a—d (10%—90%)

R= H (a), Me (b), Et (c), Pr" (d)

Hydrogenation of pyridine 17 over stacked cobalt and
molybdenum catalyst beds physically separated by alumina
was accomplished with a continuous flow of hydrogen (at a
pressure of 3 MPa). As a result, compounds 18—20 were
isolated.??> The same products were obtained by using
tungsten phosphite as a catalyst (Scheme 9).2* However, it
is rather difficult to implement these methods in laboratory,
because high hydrogen pressure is required.

Scheme 9

\\LOL(\ LN

Z  Cat Cat Me cat

N a N a NH» at  Me Me

17 H 19 20
18

Cat = Co—Mo/Al;03 or WP

The reduction of azacyclanes 21a—i with samarium(II)
iodide in the presence of hexamethylphosphoramide in a
mixture of methanol and tetrahydrofuran affords open-
chain compounds 22a—i.25 This method can be used to

e

Scheme 10
Smly, (Mez2N)sPO,

MeOH, THF, rt, 1—7.5h TQL

N NH
\
R2 R2
21a-i 22a-i (78%—99%)

Com- n R! R2 Com- n R! R2
pound pound
a 1 CO>Me Bn f 2 Ac Boc
b 1 CO.Pr'  Bn g 2  COEt Me
c 2 Ac Me h 2 COzEt Bn
d 2 Ac Bn i 2  COzEt Ac
e 2 Ac Ac
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prepare a broad range of substituted amines in good yields
(Scheme 10).

We do not consider in detail the studies 2°~3! describing
hydrogenation of pyrrole in the presence of platinum group
metals, because these reactions give pyrrolidine as the major
product (with minor amount of butylamine). Considerable
drawbacks of this process are poisoning of expensive
catalysts and drastic reaction conditions (high pressure
and temperature). However, when pyrrole and its deriva-
tives are treated with hydroxylamine, ring opening takes
place to give oximes. The latter react with sodium metal in
ethanol to be converted to butane-1,4-diamines.32

For the synthesis of biologically active molecules con-
taining a free amino group, a pyrrole moiety is often used as
a protecting group. In a series of works 3337 describing the
synthesis of nitric oxide synthase inhibitors, 2,5-dimethyl-
pyrrole protecting groups of compounds 23a—e were
removed by treatment with hydroxylamine hydrochloride
at 100 °C. Amines 24a—e were isolated in moderate yields
(Scheme 11).

Scheme 11

Me Me

NH,OH - HCl,
EtOH—H,0 (2: 1),
100 °C, 2036 h

Me Me e
e R
N H2N
\
Me

23a-e

24a-e (50%—68%)

R = H (a), 4-CN (b), 4-Br (c), 5-Br (d), 4-CH2NH; (e)

A similar transformation in aqueous THF takes place
for compound 25 and gives amine 26 in a high yield
(Scheme 12).38

Scheme 12

_.@ @ NHZOH, THF, H:0
Boc
—_— HzN_Q)\ @
Boc

26 (90%)

Refluxing of compound 27 in aqueous ethanol in the
presence of sodium hydrogen carbonate and hydroxylamine
hydrochloride gives rise to the steroid estrynamine 28
(Scheme 13). The product was isolated in a low yield,
which precludes the use of this method for estrynamine
synthesis.??

Nyerges et al.*%-4! demonstrated that, apart from palla-
dium, sodium dithionite can also be employed as a reducing
agent. For example, substituted prolines 29a—d were con-
verted to quinoline derivatives 30a—d (Scheme 14). The
authors do not present the mechanism of formation of

Scheme 13

@/ HaN

1) NaHCOs, HO //
NH20H-HClI,
EtOH, H20,
A, 4h
_ >
2) NH,OH
OH

OH 27 28

quinolines, but suggest that the reaction starts with reduc-
tion of the nitro group, which is followed by intramolecular
condensation of amino and keto groups. The second step of
the reaction is the reductive opening of the pyrrolidine ring
to give quinoline derivative 30. The driving force of the last
step is the possibility of aromatization of the quinoline
system.

Scheme 14
(0]
R1 Me NayS,04, EtOH, H20,
55—60 °C or Hp, Pd/C,
EtOH, rt,4 h
R2 >
N™ Nco,Et
No, H
29a-d
30a—d (79% —98%)
R'"=R? =H(a); R' = Br, R? = H (b); R" = R? = MeO (c);
R'—R2 = OCH.0 (d)

The piperidine ring of compound 31 is opened on treat-
ment with Na/NH3 in fert-butyl alcohol with cooling. The
reaction affords diastereomerically pure acyclic amine 32
(Scheme 15).42

Scheme 15

QTBS Na, NH3, Bu'OH, Ph

—78°C, 15 min

B —

~N N =~ “Ph z

\ HN\ OTBS
Me Me
31 32 (85%, de > 98%)

de is diastereomeric excess, TBS is tert-butyldimethylsilyl

3. C—N bond cleavage by oxidants

One more popular method that can be used to convert cyclic
precursors A to valuable acyclic products is oxidative ring
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cleavage. Depending on the choice of the reagent, com-
pound A is oxidized to either carbonyl compounds C or
carboxylic acids D (Scheme 16). Organic and inorganic
compounds of various classes can serve as oxidants, e.g.,
peroxides (hydrogen peroxide, m-chloroperbenzoic acid),
salts (potassium permanganate, sodium periodate), oxides
(ruthenium and osmium tetroxides), elemental substances
(oxygen, ozone, iodine) and enzymes (rabbit liver homoge-
nate). From the green chemistry standpoint, photooxida-
tion is a promising method, since in this case, there is no
need to use toxic and metal-containing compounds. In some
cases, catalysts are used in addition to oxidants, which
increases the reaction selectivity and the product yield.

Scheme 16
R2 OH
O sl Cp Oy
(o]
. RZC(O)X NH NHC
R R
A c D

The oxidative cleavage of nitrogen heterocycles is a
convenient method for the preparation of a broad range of
biologically active compounds. Some reactions of this type
occur in living organisms, giving rise to amides, amino
acids, efc. Low cost and ready availability are also impor-
tant benefits of the oxidants used.

Che and co-workers *? proposed an efficient method for
converting cyclic amines 33a—e to organic acids 34a—e in
the presence of an iron complex and potassium peroxydi-
sulfate as the oxidant (Scheme 17).

Scheme 17
) 1) KzSzOg, MeCN, Hzo,
" 80°C,6h

R
A

N 2) K»5,08, Fe(ClOa)o-6H,0 O )a
=0 >  HO
R \
o)
33a—e 34a—e (60% —78%)

n=1:R = Ph (a), Boc (b); n = 2: R = Ph (c), Boc (d);
n=3,R=Ph(e)

Oxidation of piperidines 35a,b with potassium perman-
ganate in boiling water was carried out**45 to give acids
36a,b (Scheme 18). The procedure is rather easily imple-
mentable, but the final products are formed in moderate
yields.

Scheme 18
R3 R3
KMnO4,
H20, 100 °C
CO.H
R? l\‘l l\‘lH
R? R?
35a,b 36a,b (32% —53%)

R'" = Boc, R?2 = Me, R® = H (a); R" = 3-NO,CgH4C(0),
R2 = H, R3 = Me (b)

a,B-Unsaturated cyclic amines 37a—f are oxidized in the
presence of OsO4 and N-methylmorpholine N-oxide (NMO)
to afford o,B-cis-dihydroxylated compounds 38a—f, which
are converted to keto alcohols 39a—f.4® The reactions are
conducted under mild conditions and give the target prod-
ucts in good isolated yields (Scheme 19).

Scheme 19
OSO4,
NMO, 55°C,
MeCN _ 5h o
R—N (), ——> |[R™N ()y| 2> R=NH (),
— N\
37a-f HO OH HO ¢}
38a—f 39a—f

(62% —96%)
n=0:R=Bz(a);n=1:R = Bz (b), CO2Ph (c);

n = 2: R = Bz (d), COzPh (e), CO2Me (f)

A ring opening reaction of compound 40 was reported
to proceed in the presence of sodium periodate in methanol
and to produce formamide 41 (Scheme 20).47

Scheme 20

NaIO4,
Q MeOH, rt, 16 h 0
N H
40
H™ >0
41 (75%)

Crabtree and co-workers*® synthesized dicarboxylic
acids 43a,b by oxidation of cyclic amines 18 (n = 2) and 42
(n = 1). Thus, dicarboxylic acids were readily obtained from
available reactants under mild conditions (Scheme 21).

Scheme 21
OH
Ir'(CO)2(pyalc), _
NalO4, H20,25°C, 1 h ( )
[ (B)n .
N
H —0
18, 42 HO
43a,b (50%—71%)
oC
OC>I/rfO Me
43:n =2 (a), 1 (b); I''(CO)z(pyalc) = ‘ Ny Me
=

Osberger et al.*® reported an original method for the
oxidation of protected proline 44 to 5-hydroxyproline 45,
which exists in equilibrium with aldehyde 46. The subse-
quent reduction, olefination and reductive amination in situ
give compounds 47-49 (Scheme 22). The proposed
approach can be used to synthesize quite a number of
compounds with retention of configuration of the chiral
centre.

Cocquet er al.>° carried out oxidative cleavage of piper-
idine ring in compounds 50a—d on exposure to visible light
(A = 630 nm) in the presence of Methylene Blue (MB) as a
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Scheme 22
ﬁ‘COQMe
HN
\
Ns
a7 (57%)
COzMe COzMe NaBH4
H202, (R,R)-Fe(PDP),
g ACOH. MeCN, N Ne m J/>_002Me PhsP =CH, ﬂCOZMe
7 HN, = HN\
(—)-44 45 OH 46 Ns
48 (66%)
BnoNH,
NaB(OAc)sH
N
(RRYFe(PDP)= Y [ J/>‘CO2M6
oSy N BnzN HN\
N
\O Ns
7 49 (77%)
Ns is 4-nitrobenzenesulfonyl (nosyl)
Scheme 24
photosensitizer and water as a nucleophile. All of these / \
reactTons give rise to corresponding aldehydes Slafd.. The N Ph Ph 1) Os, MeOH, NaBH4
reaction of compounds 52a—d performed under similar 2) HCI, MeOH
conditions in the presence of alcohols results in the synthesis Ph "IN ' >
f acetals 53a—d, but the purity and yields of these products 3) NaOH
ot ace ’ purity andy p Ph PhO,S CN
are much lower (Scheme 23). 54
Ph Ph
Scheme 23 NH>
— > Ph ,
'NH>
R Ph PhO,S CN
hv, Oz, MB, o,
_MeCN, H0_ /©/N§N 55 (40%)
R2 H X0 Scheme 25
51a—d (75%—97%) R [ Rt 108 MeOH, HO oy
, N 2) HCI, MeOH
50a-d R Ph
R2 Ph " 3)NaoOH R2
R = H: R2 = H (a), NO (b), CO2Et (c); R' = Me, R2 = H (d) OH OH
56a—c 57a—c (43% —89%)
R'=R? = H(a); R' = Me: R2 = H (b), Bn (c)

OR?2

N
®> 53a—d (45% —52%)
n

52a—-d

;:i hv, Oz, MB,
_MeCN, R?OH _ /@/“sNWORz
n
R’I

n=1,R"=NO,, R2=Me (a); n = 2, R2 = Me: R"
CO2Et (c); n = 2, R" = COzEt, R? = Et (d)

= NO (b),

Pyrrole ring opening of compound 54 affords diamine
55 with retention of configurations of the chiral centres
(Scheme 24).51-52

A similar transformation of compounds 56a—c gives rise
to amino alcohols 57a—c¢ (Scheme 25).53

The reaction of proline derivative 58a with phenyliodi-
ne(I1I) diacetate (PIDA) and iodine in dichloromethane was
studied in detail. Unlike decarboxylation of 1-benzoylpyr-
rolidine-2-carboxylic acid (58b), which gives a mixture of
tautomers 59b and 60b in 1.3 : 1 ratio, the reaction of proline
58a yields amino aldehyde 60a as the only product. In the
case of a six-membered ring (compound 61), the reaction
gives only acyclic aldehyde 62 (Scheme 26).>4

Using oxidative decarboxylation of 1-benzoylpiperidine-
2-carboxylic acid (61), Boto et al.>® developed a synthesis of
N-(5-oxopentyl)benzamide (62). 2,3-Disubstituted piperi-
dine 63 was isolated as a by-product. The proposed method
is preferable for the synthesis of 2,3-disubstituted piperi-
dines, since the authors were able to select conditions for
these compounds to be formed as the major products with
good stereoselectivity (Scheme 27).
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Scheme 26

/C(O)R PIDA, Iz,

~ -
CHoCly, rt @ N
n “OH n S0

60a,b, 62
(61%—66%)

n COzH
58a,b, 61 59b

59b:n =1,
R = Ph

60:n = 1: R = But (a),
Ph (b);
62:n=2,R=Ph

58:n = 1:R = But(a),
Ph (b);
61:n=2,R=Ph

Scheme 27

(j:\l

1) PIDA, Iz, CHxCla, rt
2)H0, 1, 1h

(L (o

N~ >CO,H ~ NH + l\t OH
O)\Ph O)\Ph 07 >Ph
61 62 (59%) 63 (8%)

(TMP). It is noteworthy that upon oxidation of N-acylpro-
lines 7le—g, the configuration of the chiral centre in
glutamates 72e—g is retained, which may be useful for the
application in peptide chemistry (Scheme 30).

Scheme 30
OH
L Ly
) . .0
SR A e
N X R
Ph~ YO Ph” Y0 HN
71a-d 71le-g //Lph

72a—g (41%—91%)

(a) Ru(TMP)Cly, 2,4-dichloropyridine N-oxide, PhH, 40 °C, 12 h;
722R=H:n=1(1),2(b),3(c); n=2,R = Me (d);
Pri

n=1:R=COzH (e), c(o)HN""co.Et (f), C(O)HNJ\COZEt (9)

Attention should be drawn to a study’® devoted to
ruthenium-catalyzed pyrrolidine ring opening of compound
64, providing the synthesis of oxathiazole 65 (Scheme 28).

Scheme 28
H
Ts—N
OSO,NH, Phl(OAC), s
MgO/Rh2(OAc)4,
CH.Clp, 40 °C, 4—24 h A
N N
\ O\
Ts / N\
64 65(29%) 0 ©O

The oxidation of compound 66 with m-chloroperbenzoic
acid (mCPBA) results in the formation of a mixture of
N-oxides 67 and 68, the thermolysis of which furnishes
alkenes 69 and 70 (Scheme 29).%7

Scheme 29

l MeCN, 80°C,2h

Bn OTBS Bn OH
\ \ / OTBS
N = N =
+
(a) mCPBA, TBSO TBSO
CH3Cl,,0°C,2h 69 (65%) 70 (35%)

A publication of 20053 describes the oxidation of
amides 71a—g with 2,4-dichloropyridine N-oxide catalyzed
by the ruthenium complex of meso-tetramesitylporphyrin

Photooxidation of compounds 73a—j in the presence of
dicyanopyrazine (DPZ) as the sensitizer gave rise to for-
mylformanilides 74a—j in high yields.>®- %0 A similar result is
obtained when manganese(Ill) meso-tetraphenylporphin
complexes are used as catalysts (Scheme 31).6!

Scheme 31
R2 1) DPZ, K3PO4, MeCN R2 O
2) Og, blue light emitting ‘
R3 A B R3
N diode (3 W), 25 °C, 16 h S H
B - 1T

R4 X N\ R4 X7 ONT

73a-j R’ H)% N

74a—j (53% —86%)

Compound X R! R? R3 R*
a CH Me H H H
b CH Bn H H H
c CH Me OMe H H
d CH Me H F H
e CH Me H Cl H
f CH Me H Br H
g CH Me H Me H
h CH Me H H Br
i CH Me H H OBn
j N Me H H H

Here, mention should be made of a study of Nayar and
Callery,®> who described the oxidative cleavage of the
dehydropyrrolidine ring of compound 75 using the rabbit
liver homogenate. The reaction yielded y-aminobutyric acid

h 2
- CO.H Scheme 3
rabbit liver
<j\j homogenate
B
75 NH>
76
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(76) (Scheme 32). It is difficult to evaluate the synthetic
potential of this method, since the product yield is not
indicated in the publication.

4. C—N bond cleavage by acids and electrophilic
reagents

Ring opening reactions induced by acids or electrophilic
reagents are widely used in the chemistry of pyrrolidine and
piperidine derivatives. The key step of these reactions is the
formation of cyclic cations E under the action of acids or
electrophiles; the C—N bond cleavage in cations E gives
open-chain structures B (Scheme 33). The acid catalysts can
be represented by both Brensted (TfOH, CF;CO;H, AcOH,
HCI, TsOH) and Lewis acids [e.g., Sn(OTf),], while the
electrophiles are usually formates (isopropyl chloroformate,
isobutyl chloroformate, ethyl chloroformate, zerz-butyl for-
mate, B-naphthyl chlorothionoformate), acid anhydrides,
acid chlorides, cyanogen bromide and iodomethane.

f\ X X\

A B

Scheme 33

Acid-catalyzed reactions proceed, most often, at atmos-
pheric pressure under rather mild conditions. Note that
many acids are inexpensive and readily accessible. In this
aspect, the use of acids as catalysts of C—N bond cleavage
appears more attractive than the use of metal complexes.
Nevertheless, a considerable drawback of this method is low
stereoselectivity of ring opening reactions.

The electrophilic reactions accompanied by ring opening
are mainly intermolecular. Therefore, functionalization of
the cyclic precursor can also be carried out within a single
reaction step, and polyfunctional acyclic products can be
prepared in this way.

King et al.®3%* described an acid-catalyzed transforma-
tion of compounds 77a,b. The authors assumed that ring
opening gives carbocations 78a,b, which react with benzene
being converted to diphenylbutanes 79a,b (Scheme 34). The
reaction is conducted at elevated temperature in the pres-
ence of excess trifuoromethanesulfonic acid.

Cl Scheme 34

Ph.__Ph
Ph

Cl+ n N )
‘ PhH n
=0 ~ cl
N _"OH NH
P
n

77a,b 79ab

(O _a

(@) TFOH, PhH, A, 1h; m = 0,n = 1(a, 87%); m = 1, n = 2 (b, 95%)

The tetrahydropyrrole ring in 2-arylpyrrolidines 80,
described by Gazizov and co-workers,®>—¢7 can also be
cleaved under the action of strong acids. Unlike the

researchers cited above,°3-%4 the authors used trifuoroacetic
acid rather than superacids. A study of the reaction of
2-naphthylpyrrolidines 80 with 2-naphthol in chloroform in
the presence of trifuoroacetic acid demonstrated that under
these conditions, pyrrolidine ring opening also takes place
to yield new dibenzoxanthenes 81 containing urea and
sulfonamide moieties. The reaction conducted in the pres-
ence of excess 4-chlororesorcinol unexpectedly generated
diarylbutanes 82 with two resorcinol moieties. The mecha-
nism of this reaction includes protonation of the amide or
sulfone group of pyrrolidine and subsequent N—C bond
cleavage. The carbocation thus formed reacts with a phenol
molecule to give the corresponding polyphenol.°® The
reactions between 2-arylpyrrolidine and a resorcinol taken
in equimolar amounts can serve for the synthesis of
calix[4]resorcinarenes 83 as the major products formed in
80% yield (Scheme 35).

Scheme 35

_N CF3CO2H, CHCls,

X rt,24—72h

o

80

X 81 (75% —78%)

(2 equiv.)
HO OH OH
ST e

OH
HN 3
X 82 (43%—87%)
Y
HO\©/ (4 equiv.) ;@i/r
X 83 (77%—87%)

Y = H, Me, OH; X = C(O)NHR (R = H, Ph, 4-MeOCgH4, 4-BrCsHs,
4-0O2NCgH4, 1-Naph), SO2R (R = Me, Ph, 4-MeCgHa, 2-Naph,
3-Py); Naph is naphthyl, Py is pyridyl

Pyrrolidine ring opening of compound 84 taking place in
DMSO in the presence of excess hydrochloric acid deserves
attention. Tosylamine 85 containing a vinyl group in the
molecule is formed as the reaction product (Scheme 36).%°

Treatment of compound 86 with hydrochloric acid gives
two products, methyl 2-(isoquinolin-1-yl)acetate (87) and
methyl 2-(phenylimino)acetate (88).7° Only compound 87
was isolated from the reaction mixture in a pure state in a
moderate yield (Scheme 37).

Refluxing of compound 89 with p-toluenesulfonic acid
in benzene gives spiro compound 90 as an intermediate,
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Scheme 36
N _Ts

HCI, DMSO, rt ”
—_— >

Cl—Pd(Bu}Bpy)
84

BuBpy is 4,4'-di-tert-butyl-2,2'-bipyridine, Ts is 4-methylbenzene-
sulfonyl

Scheme 37
HCI, MeOH,
CHCI N
= \ + 7 Oph
=N CO2Me
MeO,C MeO,C 88
MeO,C 87 (40%)
Scheme 38
i
Me 40 Me /O
\
a
CN —> | Me-_ Me ~ AN
Me\N Me N
Me
89 90 91 (61%)

(a) TsOH, PhH, A, 21 h

which then undergoes a retro-Michael reaction to be con-
verted to amine 91 (Scheme 38).7!

By treatment of ethyl 2-ethoxyazepine-1-carboxylate 92
with acetic acid, Nagasaka et al.”? prepared aldehyde 93 in a
quantitative yield (Scheme 39). It is noteworthy that the
proposed method favourably compares with other synthetic
routes towards 6-aminohexanal derivatives, such as oxida-
tion of 6-aminohexan-1-ol on treatment with pyridinium
chlorochromate,”?-74 which is a toxic and carcinogenic
chemical. The Swern oxidation of 6-aminohexan-1-ol can
also be used to obtain aldehydes in moderate yields.”>—78
The major drawback of this method is the formation of
toxic by-products — dimethyl sulfide and carbon(II) oxide.

AcOH, H20 (\L
—_—

Scheme 39

N NH "CHO
EtO,C OFEt CO,Et
92 93 (100%)

The von Braun degradation of amides 33a,c and 94a,b
serves as a convenient method for the synthesis of amides
95a—f containing a halogen atom.”’®~%2 The reaction mix-
ture was refluxed in the presence of phosphorus pentahalide
for 1 h (Scheme 40).

Imidazolines 96a—c were converted to di(amino) acids.
Amino acids 97a—c were prepared in three steps. In the first

Scheme 40
Q > PXs, CH2Cly, [é\&x
n A1h
N I\;H
~Q o)
R

33a,c; 94a,b 95a—f (50% —80%)
Product 95 Substrate n R X
a 33a 1 Ph Cl
b 33c 2 Ph Cl
¢ 94a 1 2,4-Cl,CeHj3 Cl
d 94b 2 2,4-Cl,CeHj3 Cl
e 33a 1 Ph Br
f 94a 1 2,4-Cl,CeHj3 Br

step, the Boc protection of compounds 96a—c is removed in
pure formic acid and then reductive amination is carried out
using sodium cyanoborohydride. At the final step, the
reaction mixture is treated with a mixture of trifuoroacetic
acid and triethylsilane in chloroform. The target amino
acids 97a—c are isolated in high yields. Treatment of the
starting acids 96a—c with a CF3;CO,H —Et3SiH mixture
affords amino acids 98a—c (Scheme 41).83

Scheme 41
Me
1) HCOH ,\\l
2) HCHO, _
NaBH,CN ~ Me ), o
R — e
/BOC 3) CF3COZH, H’\“ -
N EtsSiH FmocOH
Nr ) | 97a—c (95%— 100%)
Fmoc/
=0 CF3COH, H
HO Et3SiH, Me” )
96a—c CHCI3, 8h n
HN‘ 0
Fmoc OH

98a—c (96% — 100%)

n=1(a), 2 (b), 3 (c); Fmoc is 9-fluorenylmethoxycarbonyl

The addition of tin(Il) triflate to compounds 99a.b in
dichloromethane at room temperature leads to the forma-
tion of cyclobutanone derivatives 100a,b (Scheme 42). The
authors assume that Lewis acid chelation to oxygen of the
sulfonyl group weakens the C—N bond, which leads to
cleavage of the heterocycle. Then the three-membered ring
is expanded to the corresponding cyclobutanone. A sub-
stantial drawback of the proposed method is racemization
of the product and the use of expensive Lewis acid.®*

Scheme 42
Sn(OTH).,
), Sredar, HMD
OH n N
/N Ts n+2 \\O
Ts
99a,b 100a,b (70% —76%)
n=1(a),2(b)
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Selvakumar et al.®> studied the ring opening reaction of
sulfonylated heterocycles 101a—i in the presence of Lewis
acids. The reaction gives good yields of amino ketones
102a—i (Scheme 43). The authors believe that ring opening
proceeds via 1,2-hydride shift.

Scheme 43
Ph
Ph ) Ph
th " Sn(OTMz, CHCh, Z
. N i, 10—24h o ),
e —
o/ HN
o S
R g o
101a—i

102a—i (44%—88%)

n = 1: R = 4-MeCgHa (a), 4-BrCeHs (b), 4-FCeHa (c), 4-MeOCgHs (d),
4-0,NCgHa (e), 2-O2NCgHy (F), Ph (g), Me (h), 4-MeCgHa (i)

Most of the above-listed acid-catalyzed heterocycle
cleavage reactions are intramolecular. However, analogous
intermolecular reactions involving electrophilic reagents are
also known. The first step of these reactions is generation of
a cyclic cation upon electrophilic attack on the nitrogen
atom, which is followed by C—N bond cleavage and
formation of an acyclic product.

mides, was investigated in detail.8¢-87 First, the authors
carried out the reaction of symmetrical pyrrolidines 103a,b
with cyanogen bromide, which gave bromo cyanamides
104a,b. When unsymmetrical pyrrolidine 103¢ was used,
two isomeric bromoalkyl cyanamides 105 and 106 were
formed (Scheme 44).

The reaction of N-acylprolines 58a and 107a—e with
trifuoroacetic anhydride is conducted in the presence of
pyridine with cooling (Scheme 45). In this reaction, inter-
mediate 108 is attacked, in the form of tautomer 109, by
trifuoroacetic anhydride thus yielding cation 110. The sub-
sequent successive steps involving intermediates 111-113
finally furnish oxazoles 114a—f£.88 It is noteworthy that the
reaction mechanism is similar to the mechanism of the
Dakin—West reaction.

Kawase ef al.8%-90 described the fragmentation of proline
derivatives 58a,b and 107b,c induced by trifuoroacetic
anhydride under conditions of the Dakin— West reaction.
The reaction proceeds via the formation of oxazolium
salt intermediates, which then undergo ring opening
(Scheme 46). As opposed to the above-mentioned study,®®
in this case, the reaction was carried out at reflux, which
promoted cleavage of the oxazolium ring at the final step
and formation of open-chain ketones 115a—d. It is note-
worthy that compounds 114a—f and 115a—d possess anti-
tumour activity.®!

The von Braun reaction between tertiary amines and Scheme 46
. . . . HO CF3
cyanogen bromide, resulting in the formation of cyana-
O/COQH (CF3C0)0, PyH,
o N
Scheme 44 N 100°C.1h 0
Bun AN HN
l\‘l BrCN, PhH /CN Br COR ‘
’ ~ Bun— C(O)R
R R Bu N>_/—< 58a,b; 107b,c ©)
R 115a—d (62% —88%)
R
103a,b 104a,b (70% —83%)
115: R = But (a), Ph (b), 4-MeOCgHa (c), 4-CICsH. (d)
R=H (a), Me (b) Bun Bun
Bun \N N \NCN
\ M c b-Naphthyl chlorothionoformate (116) reacts with pyr-
N Me _BrCN,PhH e n rolidine derivatives 117a,b at room temperature to give
g intermediates 118a,b (Scheme 47).92 It is of interest that
Br under these conditions, only pyrrolidine derivatives
103c d i i ive thi b 119a.b
Br Me undergo ring opening to give thiocarbamates a,b.
105 (70% 106 (26% A paper of Yu ef al.®3 addresses ring opening reactions
(70%) (26%) of I-substituted pyrrolidines 117a and 120a,b. These com-
Scheme 45
CO,H (CFsCO)0, FsC~ ~O™4  CF; N /\O%\O
PyH,0°C N <> / — Q o) ﬂ, S —
> /4 \ N N
AN R

C(O)R o
58a, 107a—e

CF3

o)
|
. C%Fokca CFgcogr\(:N .
N.L o A\ N
\ R/< CF: /(
1 R

112 113

)

- (0]
—
108 A "

110 111

R = But (58a, 114a), Pr" (107a, 114b),
4-MeOCeHa (107b, 114c),
4-CICeH4 (107¢, 114d),
2,6-Cl,CeHs (107d, 114e),
2,4,6-MesCgH; (107e, 114f)

114a—f (46%—93%)
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Scheme 47

cl >:S

0

[y o [y
+| >R —
N
O

116 117a,b

r Me

R /
T N
N—Me >:s
cl- =S 0
. o} _,R
cl

118a,b

119a,b (80% —90%)

R = H (a), 3-Py (b)

pounds are allowed to react with isopropyl chloroformate
(121a) and isobutyl chloroformate (121b) yielding
(4-chlorobutyl)alkylcarbamate 122a—f. Advantages of this
method include high rate, mild reaction conditions and
diversity of the obtained products. Similarly, reactions of
chloroformates with N-substituted indolines 123a.b afford
compounds 124a—d (Scheme 48).

Scheme 48
O J\ Re M2-10h 10h ,\‘1
N
Cl Cl T
121a,b (0]
4
R 122a—f (86% —93%)
117a, 120a,b
120: R = Et (a), C(O)Et (b); 121: R2 = Pri (a), Bu' (b);
122: R' = Me: R? = Pri (a), Bu' (b); R" = Et: R? = Pri (c), Bu' (d);
R' = C(O)Et: R? = Pri (e), Bul (f)
Cl
CH2C|2 R1
J\ 2-10h \
N (0]
R
123a,b R? 121a,b
124a—d (40%—77%)
123: R' = Me (a), Et (b); 124: R = Me: R2 = Pri (a), Bui (b);

R' = Et: R2 = Pri (c¢), Bui (d)

On treatment with alkylating reagents (cyanogen bro-
mide, vinyl chloroformate and trichloroethyl chlorofor-
mate), compound 125 undergoes cleavage of the C—N
bond in the pyrrolidine ring and is thus converted to
compounds 126a—c, respectively (Scheme 49).%4

The reaction between N-phenylpiperidine (127) and acyl
iodides 128a,b taken in equimolar amounts in refluxing

Scheme 49
Ou O\
N CN N CN
a,orb,orc
H ~H
N H R—N H
Me Me/
125 Cl 126a-c
(a) BrCN, CHCl3 (95% yield); (b) H,C=CHO(0)CCl,
CH,Cla (73%); (¢) ClaCCHo0(0)CCl, PhH (71%):
R = CN (a), CO,CH=CHj (b), COCHCCl; (c)
Scheme 50
O R PhH, A 6h (\/\I
* - Ph
‘ 128a,b
o7 o
129a,b (50% —65%)
R= Me (a), Ph (b)
benzene resulted in the synthesis of amides 129a,b

(Scheme 50).°

The reaction of (—)-lobeline (130), an alkaloid with a
broad range of biological activities, with acyl chlorides was
investigated ?°— %8 (Scheme 51). Presumably, piperidine ring
opening proceeds via the formation of quaternary acylam-
monium salts 131a—c. As a result, alkenes 132a—c were
obtained in good yields. Dehydrohalogenation of alkanes is
known to be among the methods for the synthesis of
alkenes. Therefore, the use of potassium carbonate as a
base was probably favourable for the formation of alkenes
132a—c. A similar reaction reported by Voronkov er al.%’
resulted in the isolation of the corresponding halides,
because the reaction was carried out without a base.

Scheme 51

Ph Ph
Ph o=

N—Me 2>

\\\\\\

HO

(@)
)\ el /L
3 “~
T
2
’
N
Z\z
o
b

Ph o ci- 0
130 K {

131a-c 132a-c (90% —100%)

(a) ROC(0)Cl, KoCO3, MeCN; R = Me (a), CH2CCl3 (b), CH2Ph (c)

Substituted piperidines 133a—d with a trimethylsilyl-
methyl group in position 2 undergo regioselective ring
opening on treatment with tetra-n-butylammonium fluoride
and cyanogen bromide (Scheme 52). Products 134a—d con-
tain cyanamide and terminal alkene functional groups. This
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Scheme 52
1) BUlN*F~, CHaCly, R
rt, 15 min x
2) BrCN, —20°C
™s —— — 7 5 _Me
Me l\‘l Me l\‘l
Me CN
133a—-d 134a—d (67% —95%)
R = H (a), OTBS (b), OH (c), Ac (d)

method is of interest for stereoselective synthesis of alkyl-
amine derivatives containing several chiral centres.?®— 101
Torigoe et al.'9? described stereoselective synthesis of
the corresponding tertiary amine from the substituted indo-
line 135. The substrate was methylated with methyl iodide
in dichloromethane, and the resulting ammonium salt was
treated with sodium in liquid ammonia. The C—N bond
was cleaved at —78 °C, which gave amine 136 in a good
yield and with high enantiomeric excess (ee) (Scheme 53).

Scheme 53
M
Me | ©
/ 1) Mel, CHxClg, 11,12 h N
N g0 : Me”™
2) Na, NH3, —78 °C, 5 min

3)PrOH, —78°C,5min
] Me ©\
M

136 (72%, 98% ee)

e

Treatment of nicotine derivative 137 with tetra-n-butyl-
ammonium fluoride in 2,2,2-trifuoroethyl formate gives
formamide 138. Conduction of the same reaction with
phenyl carbonate directs the reaction towards carbamate
139 (Scheme 54).103

Scheme 54
w _CHO
NN
g::IC\IZH:OéHO Me
N

_N 138 (45%)
N/COzPh
BujN*F-, I\‘Ae
(Ph0)2CO

T™MS 137

N

_N 139 (50%)

It was found '°4 that compounds 140a—q undergo trans-
formations accompanied by ring opening under relatively
mild conditions; the reactions involve the intermediate
formation of carbocations 141 and furnish substituted
N-chloroalkylisatins 142a—q (Scheme 55).

Treatment of nitroenamine 143 with acid chlorides,
ethyl chloroformate or tert-butyl formate in aqueous
sodium hydroxide followed by acidification with concen-
trated HCI cleaves the C—N bond in the seven-membered
ring.'%5 The authors assumed that intermediate 144 formed

Scheme 55
X
N\) MeCN or CHCls,
0 35-65°C,2-48h
R = —_—>
o o
140a—q
X X
C /7 H cl

g N

s N
o
R W\

o)
142a—q (8% —81%)

[(I=o
R \
(e}

141a—q

Xis absent: R = Cl (a), Br (b), F (c), Me (d), OMe (e);
X = CHz: R = CI (), Br (g), F (h), Me (i); X = CH2CH2: R = ClI (j),
Br (k), F (I), Me (m); X = O: R = Cl (n), Br (0), F (p), Me (q)

in basic media reacts with acid chlorides to give N-acyl
derivatives 145a—e. This is followed by alkaline hydrolysis,
resulting in crystalline nitro N-acylamino ketones 146a—e
(Scheme 56).

Scheme 56
02N L
\ o7
NH  NaOH (aq.) ‘\\N RC(O)CI
_ > —_— >
143 144
(0]
O2N ‘ ﬁ | NO2
s N R _OH_
HNYR
\
145a—e (0]

146a—e (63%—77%)

R= Ph (a), 4-MeOCgHs (b), 4-O2NCeHa (c), EtO (d), ButO (e)

5. Cleavage of the C — NN bond by basic reagents

This Section describes the reactions in which ring opening in
substrates A is induced by alkalis, alkali metal compounds,
Grignard reagents or Wittig reagents. C—N bond cleavage
under the action of basic reagents affords acyclic molecules
F of various classes — alcohols and carbonyl or unsaturated
compounds (Scheme 57). It is noteworthy that these reac-
tions are often intermolecular, being accompanied by incor-

B
B
@NR —_— NH—R
, L@ )
A F

Scheme 57

B is base
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poration of a fragment of the basic reagent into the
molecule of the resulting amine.

On treatment with an ethanol solution of potassium
hydroxide, substituted indoline 147 is converted to aldehyde
148 in a moderate yield (Scheme 58).10°

Scheme 58
OH OH
3 H
H KOH, EtOH I
—_—
OAc
\ NH
147 SO.Ph SO2Ph
148 (20%)

Compound 149 was found to react with an aqueous
solution of lithium hydroxide to give dilithium salt 150,
which exists in solution (according to 'H NMR data) in
tautomeric equilibrium with compound 151. Whereas in
deuterochloroform, cyclic product 150 is predominantly
formed, in the case of deuterated water, open-chain form
151 is the major product (Scheme 59).107

Scheme 59
Of:n CﬂBn
LiOH
_ , g
0~ "N H0 07 "N >
HO HO
MeO,C CO-Me LiO,C COsLi
149 150
X
BnO NH
-~ 0}
I
LiO2C COaLi

151

The methylation of compound 152 leads to heterocycle
153, which undergoes azepine ring opening on treatment

with  aqueous alkali, thus yielding amine 154
(Scheme 60).108
Scheme 60
NQ Mel, MeCN, NH
H 80°C ‘ NaOH, H,0O
O NH2 O§(YNH2
g
/N*NH /N*N\
Ph 152 Ph 153 Me
/?HQN
Ph_ ( )
— 7
N
Me” O
NH2
154 (86%)

Heating N-trimethylsilylpyrrolidine (155) with a solu-
tion of lithium benzeneselenolate and subsequent treatment
of the reaction mixture with water affords primary amine
156 in a high yield (Scheme 61).10°

Scheme 61
Ph
1) PhSelLi, Ru, 80 °C, 10 h /
O 2) H20 _ Se
N
\
TMS HoN
155 156

The pyrrolidine and piperidine rings of compounds
157a—d are cleaved in the presence of fert-butyllithium to
give 1,3-dienes 158a—d. The products were isolated as
mixtures of geometric isomers. Changes in the reaction
conditions (the solvent, the base or temperature) resulted
in changes in the ratio of the isomeric reaction products
(Scheme 62).110

Scheme 62
OMe

1) Bu'Li, THF,
—78°C,1.5h
2) H.0

157a—d

158a—d (60% —90%)

n=1:R =Boc (a), Me (b); n = 2: R = Boc (¢), Me (d)

Cuprate-induced opening of the pyrroline ring in com-
pound 159 followed by introduction of an electrophile was
used to prepare alkenes 160a—1 containing a sulfonamide
moiety in the molecule (Scheme 63).!"! Compound 160g was
isolated in a low yield. The authors suggested that the
reaction involves the formation of (trimethylstannyl)-
lithium, which initiates side reactions.

Scheme 63
1) ButLi, R2,CuCNLiz

L
N

\
159 Trs

WN/TFS
E H
160a—1 (37%—92%)
E = H: R = Me (a), CH>=CH (b), Bu" (c), Bus (d) But (e), Ph (f);

E = Me: R = Me3Sn (g), But (h); R = But: E = Al (i), | (j), Me3Sn (k);
E = MesSn, R = Me (l); Trs is 2,4,6-triisopropylbenzenesulfonyl

Coldham et al.''? reported reactions that included the
lithiation of N-Boc-pyrrolidine 161 and N-Boc-indoline 162,
the subsequent electrophilic substitution and rearrange-
ment. Finally, amino alcohols 163a,b and 164a,b were
isolated as mixtures in which one enantiomer predominated
(Scheme 64).

The tosylhydrazones of cyclic amino aldehydes 165 are
converted to acyclic unsaturated amides 166a—g on treat-
ment with aromatic and aliphatic Grignard reagents.''3 It
was assumed that treatment of compound 165 with organ-
ylmagnesium bromides induces elimination of tosyl bro-
mide giving rise to intermediates 167, which lose a nitrogen
molecule being thus converted to final alkenes 166a—g via
anions 168 (Scheme 65).
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Scheme 64
1) BusLi, (—)-sparteine OH
2) R3B, TMSOTf

3) H202, NaOH, 25 °C i \R
NH

‘1,

"

\ \
Boc Boc
161 163a,b (58% —59%)

R = Et(a, er = 95:5), Bu" (b, er = 92:8)

1) BusLi, (—)-sparteine

2) RsB, TMSOTf OH
3) Ho02, NaOH, 25 °C
R
N NH
Boc I‘Boc

162 164a,b (64%—67%)

R = Et(a, er=97:3), Bu" (b, er = 96:4);
er is enantiomeric ratio

R Scheme 65
R2MgBr, THF, 4 h
_— >
—TsBr
\
HN —Ts
I Rz | R?2
R‘I
\ \
). (), .| Ho* (), "
— - R
N _N
AT eIV 2
Boc ) N NH
R2 N /
L Boc ] Boc
167 168 166a—g

(65% —75%)

n=1,R"=H: R2 = Ph (a), 4-MeOCgHy,4 (b), Pr" (c);
n=1,R"'= BnO: R? = Ph (d), 4-MeOCgHjs (e);
n=2,R"=H:R2 =Ph (f), 4-MeOCsH4 (g)

One more example of synthesis of such alkenes is
provided by the reaction of azacyclanes 169a,b with

phosphorane 170, which furnishes compounds 171a,b
(Scheme 66).'14
Scheme 66
PhsP=CHCOEt
n (170) n
Me OH ————— Me —
\\\\\ \\\\\ E
Meo.C" N Meo,c' NH  COE
CO:zMe COzMe
169a,b 171a,b (63% —67%)
n=1(a),2(b)

The Wittig reaction of compound 172 was used to
prepare alkene 173 in which the double bond had E-confi-
guration, according to '"H NMR data (Scheme 67).!13

Scheme 67
AcCH=PPhj3,
HO N\Cbz MR, o ‘HN\Cbz
OH Ac
172 173 (76%)
Cbz is benzyloxycarbonyl

By heating tosylated amidine 174 in lutidine (2,6-dime-
thylpyridine), two stereoisomeric nitriles 175 and 176 were
obtained. The reaction was accompanied by migration of
the tosyl group from the exocyclic to endocyclic nitrogen
atom (Scheme 68).116

Scheme 68

lutidine,
155 °C, 2 days

B —

NC NHTs

OTBS
176 (35%)

OTBS
175 (65%)

Aminopentadienals (aldehydes, or Zincke salts), which
are prepared by pyridinium ring opening, are promising
substrates often used as synthetic building blocks. The
antimalarial activity of Zincke aldehydes should be
noted.!''” A method for the synthesis of these compounds
was described more than a hundred years ago;!!8—121
however, this method still attracts attention of chemists,
since it is facile and reproducible. Reactions of this type are
considered in several comprehensive reviews (see, for exam-
ple, Refs 3 and 4), which, in particular, discuss the putative
mechanism of pyridine ring opening. Below we consider
only publications not included in the mentioned reviews.3-#

The procedure of conversion of Zincke salts has barely
changed since 1903. Treatment of activated pyridinium salts
177 (A is the activating group) with amines induces ring

Scheme 69
‘ XN R1\N/R2
H R? R! NaOH

ltl/ LS \NWKI/ Navns

| CI— | _

A R2 Cl R2

177 178

R
\NWO

> \

R? 179
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opening and gives intermediates 178, which are converted in
alkaline media to functionally substituted dienes 179 in high
yields (Scheme 69).122- 132 Nitrobenzene fragments are used
most often for activation. Yet another method for the
synthesis of aminopentadienals is the reaction of esters of
3-aminoacrylic acid with propionic acid derivatives.!33~ 135
A considerable drawback of this approach is the complexity
of preparation of the starting acids and, hence, the large
numbers of synthetic steps.

The reactions of the Grignard reagents with pyridine
N-oxides 180 proceed similarly to the Zincke reaction; in
this case, oximes 181a—h rather than aldehydes are formed
(Scheme 70). The proposed method serves as an efficient
synthetic approach towards substituted alkenes, which are
of interest as synthetic building blocks.!3¢

Scheme 70
R? R2
X HF, rt N
|, | +RMgCl ——> \
- Ty
(ol OH
180 181a—h (76% —95%)
Com- R! R?> R? Com- R! R? R3
pound 181 pound 181
a Me H Ph e H OBn Ph
b H Me Ph f H OBn  Naph
c H Ph  Ph g H OBn C=CPh
d H Cl Ph h H OBn Th
Th is thienyl

A series of studies 1377142 describes the ring opening in
quinolinium salts 182a—e in an alkaline solution of hydro-
gen peroxide, resulting in the formation of N-alkyl-2-ami-
nobenzaldehydes 183a—e. Attention is drawn by ready
accessibility of reactants and mild reaction conditions
(Scheme 71). Compound 183c was isolated in 33% yield;
this is due to side reactions, which can involve the allyl

group.

Scheme 71

H
1)KOH, H0, CHzClz 2
~0

R2
XY 2)H0z ~
+
N NH

L1 |
R R?

182a-e 183a—e (33% —

84%)

R2 = H: R' = Me (a), Et (b), All (¢); R" = Me: R2 = Me (d), OMe (e)

6. Metal-catalyzed C — N bond cleavage

Quite a few publications of the last several decades are
devoted to cleavage of the C—N bond in heterocycles in the
presence of metal-containing catalysts: palladium, rhodium,
ytterbium, indium, mercury, copper, tin and sodium salts or
complexes. In most cases, the reactions are intermolecular
and involve one more reactant, which makes it possible to

Scheme 72
Cat
@NR + X—H — HN—R
n ),

Cat are transition metal complexes

attain more complex structures of open-chain product G
(Scheme 72). Transition metal catalysis is fairly attractive
and promising, as these reactions have high selectivity and
high yields and proceed under mild conditions, which is
consistent with green chemistry principles.

Geng et al.'*? reported palladium(Il) acetate-catalyzed
cleavage of the C—N bond in cyclic amines (2 equiv.) under
the action of dibromide 184, resulting in the formation of
pyrrole derivatives 185a—d containing an aliphatic group at
the nitrogen atom. The authors did not discuss the reaction
mechanism in detail, but suggested that the products are
formed upon the reaction of the Pd catalyst and amine with
the dibromide followed by intramolecular cyclization of the
intermediate metal complex (Scheme 73).

Scheme 73
X/w
R? )Pd(OAc) k/N
R 2) LioBut, PhMe \/\x
~ “Br [ j 110 °C,12h /J
Re N RN
| R
184 R 7
PPh, R?
@ Et 185a—d (62% — 85%)
_ N
L= _ DBt X = CHx RT = R? = Et (a), Pr (b);
Et R' = Et, R? = Ph (¢); X = O, R" = R? = Et (d)
Et

Hao et al.'**145 described the synthesis of indole-con-
taining alkyl iodides 188a—h from o-aminoiodobenzenes
186 and alkynes 187 (Scheme 74).

Scheme 74

RZ
|
+ R1;R2 i» \ R1

(b, ™ Lo

186 188a—h (62% —88%)

(a) Pd(PPha)s, PPhs, LIOBU!, cyclohexane, 130 °C, 12 h

Com- n R!' R2|| Com- n R! R2

pound 188 pound 188

a 2 Et Et € 2 4-M8C6H4 4-MeC(,H4
b 2 P P f 2 TMS Ph

c 2 TMS Me ¢ 2 4-FC¢Hy 4-FC¢Hy
d 2 Ph Ph h 1 Et Et
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Zhou and Alper!4® reported the ring expansion in
2-vinylpyrrolidines 189 upon the reaction with aryl isocya-
nates 190 catalyzed by a palladium salt and resulting in the
formation of seven-membered heterocycles 191. Depending
on the nature of the substituent, the formation of conju-
gated diene 192 containing an urea moiety is also possible
(Scheme 75, Table 1). The authors did not succeed in
separating the geometric isomers of the diene, and their
ratio was determined by 'H NMR spectroscopy. It is note-
worthy that most of products are isolated as mixtures of
cyclic and open-chain ureas, which complicates the use of
this method in laboratory practice.

Scheme 75

A\

R R R® Rl RI—
+ — N +
OCN /N%\o R3

189 190 2 RZ—N

R® 4o =0
HN

o
192

Using a palladium salt as the catalyst, it is possible to
carry out the reaction of cyclic hydrazides 193 not only with
alkenes, but also with benzyl bromides 194. As a result,
trans-3,4-disubstituted  hydrazinocyclopentenes 195a—i
were  obtained with  high  enantiomeric  excess
(Scheme 76).147-148

The reaction of compounds 196 and 197 follows a rather
unusual pathway, giving rise to betaines 198a—1
(Scheme 77).14°

Crotti et al.'*® reported rhodium-catalyzed opening of
bicyclic hydrazines 193 upon the reaction with boranes 199
carried out in the presence of ligand 200. This method is
suitable for the synthesis of trans-3,4-disubstituted hydrazi-
nocyclopentenes 201a—f containing the unsaturated five-
membered ring (Scheme 78).

A similar transformation of bicyclic hydrazides 193 was
accomplished using bis(pinacolate)diborane 203 in the pres-

(a) Pd(OAc)2, PPh3, THF, rt, 24—-72h

COR' Scheme 76

\
|- COOR’ HN._C(O)R!
/A —~ + R2CH,Br >
e

195a—i
(35%—95%, ee >99%)

mnz

\
193 C(O)R! 194

(a) (PdAIICI)z, In, dppe, Yb(OTf)s, THF, 60 °C, 12 h;

R2 = CH=CHa: R' = OEt (a), OPr' (b), OBut(c), OBn (d);
R2? = Ph: R" = OPri (e), OBut (f), OBn (g);

R2 = 4-O,NCgHg4: R' = OEt (h), OPr (i);

dppe is 1,2-bis(diphenylphosphino)ethane

Scheme 77
Me
COzMe
\N MeOQC Me\ .
R(O)C%@ > + % 2, Hz "
H —N2 R(O)C
MeO,C CO,Me
196 197 198a—1(5%—94%)

(a) Rh2(OAc)4, CHoCly, rt, 10 h;

n=1:R = Ph (a), 4-MeOCgH4 (b), 4-CICgH4 (c), 2-Fu (d), 2-Th (e),
MeO (f), Bu'O (g);

n = 2: R = Ph (h), 4-CIC¢Hs (i), 2-Th (j);

n = 3: R = 4-MeOCgH4 (k), 4-Th (I); Fu is furyl

ence of copper(I) chloride and phoshine 202 (Scheme 79).15!
It is noteworthy that this method provided stereoselective
preparation of trans-3,4-disubstituted hydrazinocyclopen-
tenes 204a—c in high yields via intermediate formation of
compounds 205.

Mohrle et al. 152153 reported ring opening in compounds
206a—h on treatment with mercury(Il) ethylenediaminete-
traacetate in aqueous ethanol. The reaction gave carbonyl
compounds 207a—h (Scheme 80).

Ring opening in 1-benzylpyrrolidine-2-carbonitrile (208)
is induced by trimethylsilyl azide in the presence of a
catalytic amount of Bu3SnO (Scheme 81).!3% The reaction
mechanism proposed by the authors includes tin-catalyzed

Table 1. Products of reactions of 2-vinylpyrrolidines 189 with aryl isocyanates in the presence of Pd(OAc), (see Scheme 75).

Compounds R! R2 R3
191, 192

a H Bu® H

b H Bu® 4-Br

c H Bu® 2-Cl

d H Bun 3-Cl

e H Bu" 4-Cl

f H Bun 2-NO»
g H Bun 4-NO»
h H Bun 4-OMe
i H Cy H

] H Cy 2-Cl

k Me Bu® 4-Cl

Note. Cy is cyclohexyl.

Yield of 191 (%) Yield of 192 (%) Ratio of trans- to

cis-isomers 192

0 82 52:48
24 27 50:50
60 0
36 0
22 26 52:48
24 0

9 14 58:42

0 65 54:46

0 45 57:43
28 0

0 30 29:71
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Scheme 78
; ; HN—R!
R PrgFr O<N/
/ N/ 4 A, / R
! f
R i \\
193 199 R? 201a-f

(18% —67%)
(a) [Rh(C2H4)2Cl]2, 200,

P(CGH4M9-4)2

MeONa, MeOH, 65 °C, 200 =
18 h: OO P(CsHsMe-4),
Com- R! R2  ee Com- R! R2 ee
pound 201 (%) || pound 201 (%)
a CO,Bn  Ph 67 Boc Ph 32
b CO;Bn  Bu" 52 e CO;Bn  Bu! 40
c COEt Ph 52 f CO,Bn TMS 58
Me Me Scheme 79
Me Me
_C(OR O, 0O  cuc, 202, NaOBu,
N ‘ MeOH, 40 °C, 24 h
/ / + SRR et
N PN
\ 0} (o]
193 C(O)R
Me Me
Me Me
203
[ HN —C(O)R]
\HHN/ C(O)R
\ NaBOs, \
C(O)R THF, H20, HN \N/C(O)R
—> B\ I't, 2h g
g 9 OH
%Me
| Me” e Me ] 204a—c
(62% —92%,
205 ee >92%)
PPh3
e,
202 = : Fe : 204: R = OBUt (a, 89% yield),
N OFEt (b, 92%), OMe (¢, 62%)
Me Me

cycloaddition of the nitrile group to azide affording tetra-
zole 209, which decomposes with evolution of two nitrogen
molecules and gives alkyne 210. However, this method is
unsuitable for the preparative synthesis of alkynes contain-
ing an amino group, since the product is formed in a low
yield as a mixture with tetrazole.

A Japanese research team !> reported piperidine ring
opening in the reaction of compound 211 with 3-bromo-
prop-1-ene in water in the presence of indium. However, the
yield of product 212 in this reaction is only 34%
(Scheme 82).

Scheme 80

Hg"-EDTA,
EtOH, H,0,

A1h N ).
R2~ : :R1

207a—h (30%—-79%)

.
i,
pou

206a—h

EDTA is ethylenediaminetetraacetate

Com- n R! Rz R? Com- n R! R2 R?

pound pound
a 1 NO> H Me e 2 H NO, H
b 1 NO> NO> Me f 1 CHO NO> Me
c 1 H NO, Me g 2 NO> H H
d 1 NO, H CH>OH h 1 Ac H H
Scheme 81
N
D*CN 2, ®_</ N . E\
_Bn
N N N— N
\ \ H \
Bn Bn Boc
208 209 (35%) 210 (23%)

(a) 1) TMSN3, BuiSnO, PhMe, 60 °C, 96 h; 2) Bocz0, 1 h

Scheme 82
Br In, H20,
+ rt, 10h OH
l\‘l OMe ‘ NH A
|
CO2Me CO2Me
211 212 (34%)

7. Miscellaneous C — N bond cleavage reactions

Below we present reactions accompanied by heterocyclic
ring opening that were not covered in previous Sections.
Many of these reactions are combinations of various meth-
ods: reduction, oxidation, acid, base or metal catalysis and
enzymatic reactions. Among these reactions, mention
should be made of mono- and bimolecular processes and
spontaneous opening of nitrogen-containing rings. The
wide diversity of reactions accompanied by C—N bond
cleavage in heterocycles can serve for the synthesis of a
broad range of polyfunctional open-chain compounds.

Héusler 136 studied ring opening in compounds 213. The
five-membered 1-pyrroline ring is cleaved under the action
of N-nucleophiles, in particular, hydroxylamine salts. This
results in good yields of derivatives of the amino acid
ornithine 214a—f (Scheme 83).

The diazotization of heterocycles 215a—c¢ containing a
phosphorus moiety was reported to give ethyl 4-azidobuta-
noates 216a—c with several reactive sites in the molecules.
In the authors’ opinion, the first step is elimination of
phosphine and then the reaction advances towards azides
216a—c via intermediates 217219 (Scheme 84).'57
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HO,C Scheme 83
=N H:NORZ CI-, H,0 + CO;
3 2 H3N 2
§ R' NOR?
R! 213 214a—f (82%—91%)
R2 = H: R' = H (a), OH (b), OBut (c); R' = OH: R2 = Me (d), All (f);
R'=H, R2 = But (e)
R Scheme 84
\r EtONO, Ny
R—P—NH CHCly, 40 °C, /
/N 24h N Etono
R _—
L0, )
215a-c 217a-c
+
N 0
O OEt
— —N — ) —
218a-c 219a-c 216a—c (14—-30%)

n=1(a),2(b),3c)

Spontaneous conversion of azacyclane 220 to acyclic
product 221 takes place when the substrate is kept in
chloroform (Scheme 85).158

Me Scheme 85
TBSO
CHCls, 30 h 0} Me OTBS
/T T NHBoc
N (L
/ o
Boc OH 221 (76%)
220

Compound 222 was converted to B-amino cyanide 223,
which was isolated as an 1:1 mixture of stereoisomers.
Piperidine 222 was successively treated with potassium
cyanide and rert-butyl(chloro)dimethylsilane. The target
product was isolated in 67% yield (Scheme 86).1>°

Scheme 86

1) KCN, KHCO3, THF, H>0
) TBSCI, imidazole

N_ _NH, 2
BocHN T 2
OH NNO
222

CN

—> TBSO
NHBoc
223

The oxidation of Boc-substituted cyclic amines 161 and
224a.b with NalOy in the presence of ruthenium tetroxide in
aqueous 2-methylpropan-2-ol is accompanied by cleavage
of the endocyclic C—N bond.!®® The authors assumed that

the reaction initially gives intermediates 225 or N-acylimi-
nium cations 226 as RuQO4 attacks position 2 of the cyclic
amine. The subsequent transformations include hydrolysis
to 2-hydroxylamines 227, ring opening to give aldehydes
228 and oxidation of the aldehydes to amino acids 229a—c¢

(Scheme 87).

Scheme 87
(0] (0]
"o a n | n I
- O—Ru—OH or +7 O—Ru—OH
N N H N H
\ \ \
Boc Boc Boc
161, 224a,b 225 226
iRUOzz
n n n
OH — CHO | — COzH
N NH NH
\ \ \
Boc Boc Boc
227 228 229
(50% —80%)
(a) RuOy4, NalOy4, ButOH, H20; 229: n = 1 (a), 2 (b), 3 (c)

Ciganek '°! and Cope and LeBel '9? studied thermal ring
opening of N-methylazacycloalkane N-oxides 230a,b, which
are converted, on heating, to hydroxylamines 231a,b con-
taining a multiple bond. Compounds 231a,b undergo quan-
titative cyclization at room temperature to yield oxides

232a,b (Scheme 88).

Scheme 88
Me
n  calcination ( ~ rt
- n — > —
+ _OH +N/O
N N ( noN
/ N\ \ Me
Me o~ Me
230a,b 231a,b 232a,b
n=2(a), 3 (b)

Thermolysis of cyclic phosgene iminium salts 233a—c¢
follows an unusual pathway and gives chlorolkyl isocyanide
dichlorides 234a—c in one step (Scheme 89).163

Scheme 89
Cl—
/N P a0e T
N 140 °C X
X N . — g NN
— |
233a-c 234a—-c (77%—86%)

X = CHz (a), O (b), CH2CH2 (c)

The rearrangement of nicotine oxide 235 accompanied
by saturated ring opening was reported. !¢ 165 Nicotine
oxide is pyrolyzed to 2-methyl-6-(pyridin-3-yl)-1,2-oxazine
(236), which is converted to ketone 237 on heating in
hydrochloric acid. Reduction of compound 236 affords
alcohol 238 (Scheme 90).
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Scheme 90
+ o,
X N 190-200 °C
‘ _ Me/ o
N™ 235
_ I
\ S
N HoLa | _
- 5 N
N _NH
236 (97% l\‘/l Me
(97%)  Me 237 (10%)
iZn,AcOH
OH H
‘ ~ \Me
N~ 238 (85%)

An unusual transformation of prolylglycine 239 in a
neutral aqueous solution was reported. The reaction was
induced by UV irradiation at 254 nm and was accompanied
by decarboxylation and ring opening. Treatment of the
resulting compound 240 with benzyl chloroformate fur-
nished amide 241 (Scheme 91).16¢

Scheme 91
o0— P HO Cbz—O
HN> HN>
HN hv, H,O —QO CbzCl —Q
O — .
—CO, H
“NH NH2 N—Cbz
239 240 241 (70%)

A series of studies 197199 is devoted to the synthesis of
various amines containing a 1H-1,2,4-triazole moiety. Com-
pound 242 is refluxed in hydrazine or in arylhydrazines to
give intermediates 243 and 244 and finally amines 245a—h
(Scheme 92). The authors noted that electron-withdrawing
substituents in the hydrazine molecule lead to lower yields
of the products.

Recently, the synthesis of pyrazole and isoxazole deriv-
atives by the reaction of hydrazine, hydrazine derivatives,
or hydroxylamine with pyrrolidine 246 in refluxing dioxane
was reported.!’ The authors suggested that the pyrrolidine
ring is converted to the pyrazole or isoxazole ring via
nucleophilic attack by the amine with the intermediate
formation of compounds 247. Spiro intermediates 248 are
formed upon the attack by the second dinucleophile atom
on the nitrile group. The subsequent pyrrolidine ring open-
ing promotes aromatization of azole and provides the
formation of the aliphatic chain in compounds 249a—j
(Scheme 93, Table 2).

Indoline 250 reacts with a-chlorohydrazones 251a—d in
dichloromethane in the presence of triethylamine. Presum-
ably, the reaction starts with the formation of spiro pyrazo-
line intermediates 252, which then undergo ring opening
(Scheme 94).171.172

Scheme 92
=
R2—NH
M
JSMe Nk, A, N Me
N +/ 15—20 min /) \
—N —_ R1—< N ) -
- > N‘@ n
n
242 243
)
4
R? N N R \rN
— ] @ — I Y.
N—n >n N NHMe
\ \
R2 R2
244 245a—h (35% —88%)
Com- n R! R? Com- n R! R?
pound pound
245 245
a 1 4—MCOC(,H4 4—02NC5H4 € 2 4—MCOC6H4 4—02NC(,H4
b 1 4-CIC¢Hs Ph f 3 4-MeC¢H4 Ph
C 1 NHz Ph g 3 4—C1C6H4 4—02NC6H4
d 1 PhNH H h 3 PhNH H

Scheme 93
CN NH2XH, A NH —XH
(o, [
F‘{ Het / CN
R Het
246 247
Het
HaN— % R
Ré HN ~X Het
248 249a—j (43%—85%)

Table 2. Products of reaction of pyrrolidines 246 with NH>XH

(see Scheme 93).170

Com- Het X R Yield (%)

pounds 249

249a Benzo[d]thiazol-2-yl NMe Me 85

249b Benzo[d]thiazol-2-yl NMe Bn 70

249c Benzo[d]thiazol-2-yl ~ NMe cyclo-CsHs 62

249d Benzo[d]thiazol-2-yl ~ NH Me 56

249e Benzo[d]thiazol-2-yl ~ NH cyclo-CsHs 43

249f 1 H-Benzo[d Jimid- NMe Me 65
azol-2-yl

249¢g Quinolin-2-yl NMe Bn 50

24%h Quinolin-2-yl O Bn 55

249i Quinazolin-4(3 H)- NMe Me 62
on-2-yl

249j Quinazolin-4(3 H)- Me 75
on-2-yl

Couper et al.'”? investigated the enzymatic synthesis of

L-lysine. One of its steps is enzyme-catalyzed ring opening
in acid 254, which leads to succinamide derivative 255
(Scheme 95). The authors do not indicate the product
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Scheme 94 Scheme 96
Ph —N r 1
" ) .
x~ _N
Me  Clw_N N SN
N/ Ox O
o EtsN, CH2Cl> N Me N Me NHa
— * N N_ _OH i’
liver micro- =0
somes HoN
N - N
Nt< N—
N
N\, NN
256 L 257
Me
(0]
N—N —0O HoN {
i\, HN NH
> /,N 2 Vs
_N
N—/—/
N—=
NN
253a—d (75%—88%)
R = H (a), Br (b), Cl (c), OMe (d) 258
Scheme 95 Triazine 259 undergoes the Sandmeyer reaction in con-

4-hydroxy-tetra-
hydrodipicolinate

/Q synthase n
- >
+
HOZC™ "N” 03 HO.C™ "NH " C(O)COxA
C(0)(CH2)2CO2H
254 255

yield, which complicates determination of the synthetic
potential of this method.

Cox et al.,'’* who studied the properties of compound
256, an orexin receptor antagonist, found that heterocyclic
ring opening takes place in microsomal preparations
enriched with semicarbazide. The authors assumed that the
ring opened takes place in intermediate 257 and yields
aldehyde, which is trapped by semicarbazide to give com-
pound 258. However, this assumption was confirmed only
by mass-spectrometry data (Scheme 96).

8. Ring opening in heterocycles containing several
nitrogen atoms

For five-membered heterocycles containing more than two
nitrogen atoms (triazole and tetrazole derivatives), C—N
bond cleavage is most often accompanied by elimination of
a nitrogen molecule with retention of the ring.!7>~ 183 We
did not include retro-Diels — Alder reactions in the review,
as they are exhaustively considered in the Rickborn’s
review,!8* which is devoted to this reaction and covers
more than 900 papers. Other reviews !85-188 partially cover
reactions accompanied by ring opening in triazole and
tetrazole derivatives; therefore, examples of such reactions
are not given here either.

centrated hydrohalic acids (method «), which gives 8-halo-
naphthalene-1-amines 260a—c.'%° Also, compounds 260d,e
are formed in good yields in the presence of hydrogen
fluoride and pyridine (methods b and c) 1°9-1°T (Scheme 97).

Scheme 97
R R
N N N,
HN~ SN N™ X
OO — OO
—_—
259 260a—e

(a) Cu, HX, rt, 12 h (48% —81% yields); (b) HF - PyH (97%);
(c) 1) HF - PyH; 2) H2SO4, CH20; 3) NaBH4 (80%);
R = H: X = Cl (a), Br(b), | (¢); X = F: R = H (d), Me (e)

The reaction of thiadiazole 261 with excess methanol or
dimethylamine in dioxane at room temperature gives com-
pounds 262a.,b and their isomers 263a,b. When mixtures of
these compounds are kept in dioxane, final products 264a,b
are formed (Scheme 98).192

Smith et al.'3-19% described a procedure for efficient
synthesis of 1-alkyl-1-methylhydrazines from pyrazoline
265. Advantages of this method include the ready accessi-
bility of reactants, the possibility to conduct the reaction
without isolation of intermediate salts 266a—d and good
yields of products 267a—d (Scheme 99).

Maulide and co-workers !> proposed a photoredox-
catalytic synthetic route to bisindole derivatives 270a—f
based on the reaction of diazonium salts 268 with indoles
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Scheme 98
Nu
/SYN\CN S_N__NH s/NiN
N, N NuH, dioxane, N \r \( 2
i, 2h N Nu
N NH
- + <_>// -
261 262a,b 263a,b
Nu
=
S__N
o NH
=N Nu = OMe (a), NMez (b)
264a,b (50% —64%)
Scheme 99
?ﬂe Me R
\,t,/ S OH
N RX_ \ « a, /N*NHQ + + NHs
/
Me COzNa
NH. NH2 267a—-d
265 266a—d (54%—75%)

(a) NaOH, H20; X = | (266a—c), Br (266d); R = Me (a), Et (b),
Bu" (c), Bn (d)

269a—f. The reaction was conducted in the presence of
eosin Y photocatalyst. It was noted that indoles containing
electron-donating substituents furnished the desired com-
pound in good yields. When the starting indoles contained
electron-withdrawing substituents, the yields of products
were substantially lower (Scheme 100).

eosin Y, DMSO,
L::> hv (3= 550 nm), rt_

269a f

Scheme 100

R = H (a), 5-OMe (b), 5-Me (c),
5-Br (d), 1-Me (e), 1-Et (f);
o 270a—f (51%—71%)

//

EosinY = Br O O

The same group of authors!%® presented the redox
opening of heterocycles 268 (7 = 1) and 271 (n = 2). The
reaction rapidly proceeds at room temperature with hydra-
zines 272, functioning as both catalysts and nucleophiles,
and affords acyclic products 273a—g (Scheme 101).

Scheme 101
R! ‘ R3
N | MeCN, rt, 30 min
N @ + HN—N ———————
cl- N2 7, Re
268, 271 272
(0]
— NTT 7N
2
273a—g (42% —86%)
Compound 273 »n R! R2NR? Yield (%)
a 1 H  Piperidino 71
b 1 H  2,6-Dimethylpiperidino 81
c 1 H  4-Methylpiperazino 68
d 1 H Me,N 86
e 1 H PhNEt 42
f 1 Br MeoN 59
g 2 Br Me)N 52

9. Conclusion

This review summarizes data on the reactions of various
nitrogen-containing heterocycles accompanied by ring
cleavage and applicable for the synthesis of polyfunctional
open-chain compounds. It is noteworthy that methods
based on C—N bond cleavage are widely used to obtain
complex molecules often possessing biological activities.
Therefore, achieving high stereoselectivity of these reactions
is a relevant goal.

The reductive ring opening is catalyzed most often by
platinum group metals, mainly palladium. However, in
recent years samarium diiodide has been used more and
more widely in organic synthesis. This single-electron
reducing agent is more beneficial, because it ensures rela-
tively fast cleavage of pyrrolidine and piperidine rings under
mild conditions giving amides in good yields.

The photooxidative opening of the heterocyclic moiety
is an equally promising (especially considering green chem-
istry principles) way for converting cyclic precursors to
open-chain products. Currently, a reaction of this type is
known only for indole derivatives. Nevertheless, an increase
in the number of heterocycles that undergo photooxidation
may expand the scope of applicability of this method. High
promise of metal-catalyzed C— N bond cleavage in hetero-
cyclic compounds also deserves mention, as these reactions
are highly selective and give desired products in high yields.

Meanwhile, acid-catalyzed ring opening appears more
attractive than metal-catalyzed reactions. Most acid-cata-
lyzed processes take place at atmospheric pressure under
rather mild conditions. Researchers’ attention is focused on
intramolecular types of these reactions. Publications con-
sidering the intermolecular reactions are less abundant, but
the available published data attest to their high synthetic
potential. An important advantage of these transformations
is the possibility to functionalize a cyclic precursor in one
step and thus to obtain polyfunctional acyclic products.
Hence, the development of new approaches and improve-
ment of known methods for heterocyclic ring opening seem
to be highly promising for modern organic chemistry.
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