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Efficient Synthesis of Nitrogen Heterocycles by Cyclization of Bis(nucleophiles)
with Oxaldiimidoyl Dichlorides

Peter Langer*!?l and Manfred Doring!"!
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The reaction of ambident dianions and bis-nucleophiles with
oxaldiimidoyl dichlorides offers a new strategy for the regio-
and diastereoselective synthesis of a variety of biologically

relevant N-heterocycles. This includes cyclization, domino,
one-pot, and double-anion-capture reactions.

Introduction

Nitrogen heterocycles are of considerable pharmacolo-
gical relevance and the development of new methods to syn-
thesize them efficiently is an important field in organic
chemistry.['&1°] Because of their nitrogen lone pairs, many
N-heterocycles form inter- and intramolecular hydrogen
bonds and thus have defined stereochemical orientations;
this plays an important role in biochemistry and supramo-
lecular chemistry. Many N-heterocycles have interesting
redox properties and represent versatile ligands for metal
ions. General approaches to N-heterocyclic systems mainly
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involve cycloaddition reactions, ring transformations, and
cyclizations catalyzed by acids, bases, or transition metals.
In this context, sequential’®) and domino'¥l reactions have
proven particularly efficient.

Despite the simplicity of the idea, cyclization reactions
between 1,2-dielectrophiles and strong carbon nucleophiles
(such as dianions) are often problematic, due to the lability
of many 1,2-dielectrophiles and the high reactivity of the
carbanions. Poor reactivity matching of the starting mat-
erials often gives rise to a number of drawbacks, such as
polymerization, formation of open-chain products, overad-
dition, SET processes, or decomposition.”! Oxalic acid di-
electrophiles are known to be particularly prone to such
side reactions. We have recently developed a number of cyc-
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lization reactions between free or masked 1,3-dicarbonyl di-
anions and 1,2-dielectrophiles, which permit efficient syn-
theses of oxa- and carbacyclic systems. The success of these
transformations relies on the application of two concepts:
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a) proper reactivity tuning of the starting materials and b)
the use of electroneutral dianion equivalents (masked dian-
ions) in Lewis acid catalyzed reactions.[* !

Here we wish to report a new strategy for the synthesis of
N-heterocyclic systems, base-mediated cyclization reactions
between dianions or dinucleophiles and oxaldiimidoyl
dichlorides 3, which may be viewed as nitrogen analogues
of oxalyl dichloride.® The chemistry of oxaldiimidoyl
dichlorides (3) differs greatly from that of oxalyl dichloride
and diethyl oxalate. Unlike these, oxaldiimidoyl dichlorides
exhibit excellent reactivity matching with a great variety of
nucleophiles and are readily available from diethyl oxalate
(1a) in only two steps (Scheme 1). The cyclization products
contain imine or enamine functions that can in many cases
be hydrolyzed to carbonyl and enol groups.

H
Q OEt 2RNH,  Q N-R  PCls Cl N—R
—_— —_—
EEO O heat p— O toluene, R—N  ClI
H reflux
1a 2 (85 - 98%) 3 (48 - 85%)

Scheme 1. Synthesis of oxaldiimidoyl dichlorides 3; R = aryl,
SO,Ph, CH(CH;)Ph

Four categories of cyclization reactions between oxal-
diimidoyl! dichlorides 3 and nucleophiles can be identified.

Type 1: Cyclization Reactions

The reaction between 3 and a dianion or an electroneu-
tral bis(nucleophile) affords a ring system (1:1 stoichi-
ometry). The formation of carbon—carbon bonds requires
the use of dianions, produced with 2 equiv. of strong base
(such as nBuLi or LDA). Use of a weak base is sufficient
for cyclizations of electroneutral bis(nucleophiles), which
are limited in most cases to the formation of
carbon—nitrogen, carbon—oxygen, or carbon—sulfur
bonds. An example of a cyclization of a dianion with oxal-
bis(p-tolylimidoyl) dichloride (3a) is given in Figure 1 (for
details see Scheme 5).

cl NTol
o) ToIN Th
-9 o Ci
2 ‘“N’Ph 3a ToININ7‘O
2 Lit THF, 0 °C TolHN

Figure 1. Cyclization of dilithiated acetanilide with 3a

Type 2: Domino Reactions

Some cyclization products are unstable under the reac-
tion conditions and are transformed in situ into another
product. The Dimroth rearrangement is often observed in
these circumstances. The driving force of the process is the
conversion of an imino ether or imino thioether group into
a thermodynamically more stable amide or thioamide
group, respectively. An example is given in Figure 2 (for de-
tails see Scheme 5).
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Figure 2. Domino reaction of dilithiated phenylacetic acid with 3a

Type 3: One-Pot Reactions

One-Pot reactions of oxaldiimidoyl dichlorides rely on
the use of dianions and involve the coupling of three dif-
ferent compounds in one synthetic operation. The reagents
are added sequentially. An example is given in Figure 3 (for
details see Scheme 31).

0
o 1) Ph—C=N Mo P
N 2) 3a ~N n-H
Me\,\l/)_\\m_'2 |.1
oLt - THF, 0°C To—N N7
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/

Ph—CEr\\ _p M
Me 2A_ 2
e\N)\)\Ph
2Lt

Figure 3. One-pot reaction of dilithiated N-methylacetic amide
with benzonitrile and 3a

Type 4: Double-Anion-Capture Reactions

Double-anion-capture reactions proceed by attack of a
monofunctional nucleophile (such as an ester enolate) onto
the oxaldiimidoyl dichloride 3 and subsequent cyclization
through the nitrogen atoms of 3. An example is given in
Figure 4 (for details see Scheme 34).

To{ Ph
oHN = OEt
<

»
EtO NH ©
Ph Tol

Figure 4. Double-anion-capture reaction of lithiated ethyl phenyl-
acetate with 3a

The cyclization reactions reported in this review are or-
dered systematically according to the type of reaction and
the type of nucleophile (distance between the nucleophilic
centers).
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1. Cyclization and Domino Reactions

1.1 Cyclization Reactions of 1,3-Dinucleophiles

1,3-Dicarbonyl Dianions

We have recently reported an efficient synthesis of y-al-
kylidene-a-hydroxybutenolides by direct cyclization of 1,3-
dicarbonyl dianions!”! with N,N’-dimethoxy-N,N’-dimethyl-
ethanediamide (1b) (Scheme 2).1®! This transformation pro-
ceeded by regioselective attack of the terminal carbon atom
of the dianion onto 1b and subsequent cyclization through
the oxygen atom of the dianion. The O-regioselectivity can
be explained by stereoelectronic considerations,” while the
(E) diastereoselectivity is a result of the electrostatic repul-
sion of the oxygen atoms.

1) 2 LDA, THF
2) b, -78°C
2 00
3) HCI (10%) N om
OFt EZ>98:2 HO o
4a 5a (75%)
2LDA l
l\llle (0]
(o] _OMe
A Meo N
“ OEt Me
o Lt 1b

Scheme 2. Cyclization of the dianion of ethyl acetoacetate with
N,N'-dimethoxy-N,N’-dimethylethanediamide 1b

The reaction between the dianion of 4a and oxalbis(p-
methoxyphenylimidoyl) dichloride (3b) afforded the 5-al-
kylidene-5H-pyrrol-2-one 6a, which can be regarded as an
aza analogue of 5a (Scheme 3).['" The formation of 6a can
be explained by regioselective attack of the terminal carbon
atom of the dianion onto 3b and subsequent cyclization
through the oxygen atom to give intermediate A, which un-
dergoes a Dimroth rearrangement to give 6a (reaction type
2). The product was formed not only with very good re-
gioselectivity, but also with very good (E) diastereoselectiv-
ity, due to the steric interaction between the N-aryl moiety
and the ester group.
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Scheme 3. Domino reaction between the dianion of ethyl acetoacet-
ate and oxaldiimidoyl dichloride 3b (reaction type 2)

S-Alkylidene-5H-pyrrol-2-ones are present in a number
of biologically relevant natural products,!'!l and so we
studied the preparative scope of the cyclization reaction
(Scheme 4). Variation of the starting materials allowed the
preparation of a great variety of 5-alkylidene-5H-pyrrol-2-
ones (30 examples), including not only esters, but also
amides, ketones, and nitriles (such as 6b—d). 5-Alkylidene-
SH-pyrrol-2-ones containing a substituent at the exocyclic
double bond were also efficiently prepared (6e, for ex-
ample). All products were formed with very good (E) dia-
stereoselectivity. A change from (FE) to (Z) diastereoselectiv-
ity was observed for products containing a heterocyclic sub-
stituent (such as 6f). Bicyclic products, such as 6g, were pre-
pared from dilithiated cyclohexane-1,3-diones. Treatment of
bis(imidolyl) dichlorides with the dianions of a-acetyl-y-bu-
tyrolactone and o-acetyltetralone afforded the dinuclear
products 6h and 6i, respectively.

Ph ph
i
o} N O _
N
N 0 | 9]
Ph 6b (55%) Ph 6c (46%)
Tol Ph O o
0N oLN B
H, 17/\CN H
i y
h
ol 64 40%) Ph 6e (48%)
en i
O N ON
H = OEt H e o}
\ 0 N
Ph
6f (57%) g (44%)
Ph #,\r
{
Ox N Os N
=__0 j % Z >
H, = N
b e
Ph gh (56%) AT 6i (55%)

Ar = p-(MeO)CgHy4
Scheme 4. Selected S-alkylidene-5H-pyrrol-2-ones 6 prepared
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Amides and Related 1,3-Dinucleophiles

The regioselectivity of cyclization reactions between oxal-
diimidoyl dichlorides 3 and ambident dianions has been
studied (Scheme 5).1' These reactions generally proceed by
initial attack of the atom X of the dianion onto 3 and sub-
sequent cyclization through a second atom Y. We define
these transformations as “X, Y-cyclizations” (X, ¥ = C, N
0O, S). Treatment of oxaldiimidoyl dichlorides 3 with di-
lithiated amides!'3! (such as acetanilide 7) afforded iminote-
tramic amides such as 8 by regioselective attack of the car-
bon atom of the dianion on 3 and subsequent cyclization
through the nitrogen atom (C,N-cyclization, reaction type
1).14 The cyclization of the dianion of N,N’-diphenylacet-
amidine (9) and 3a again resulted in C,N-cyclization and
formation of the bis(amidine) 10. Treatment of the dianion
of thioacetanilide (11)['*] with 3a gave an inseparable mix-
ture of 4-amino-5-imino-2H-pyrrole-2-thione (12-A) and
the isomeric azathiolane 12-B, arising from C,N- and S,N-
cyclization, respectively (40%, A/B = 5:1). Two heteroatoms
are involved in the cyclization of 3a and the dianion of di-
thiophenylacetic acid (13) to give dithiolane 14 (.S,S-cycliza-
tion). Treatment of 3a with the dianion of thioacetic acid
(15) resulted in formation of a complex mixture, from which
16 was isolated in low yield (S,0-cyclization). Treatment of
the dianion of phenylacetic acid (17)1'®! with 3a afforded
the aminomaleic imide 18, produced by C,O-cyclization and
subsequent Dimroth rearrangement (reaction type 2).[1]

Heating of a THF solution of oxalbis(phenylsulfonyl-
imidoyl) dichloride (3c) with thiobenzoic amide (19) af-
forded the expected cyclization product 20 (Scheme 6).1'72
In contrast, use of oxalbis(phenylimidoyl) dichloride (3d)
gave an open-chain product.

I
5 PhSON G THE N5
+ —
Ph™ "NH, G NSOPh refiux PhSON  NSO,Ph
19 3c 20 (79%)

Scheme 6. Cyclization of thiobenzamide and 3¢ (reaction type 1)

The DABCO-mediated reaction between 3d and thiourea
21 afforded heterocycle 22 by regioselective S, N-cyclization
(Scheme 7). The use of triethylamine (NEt;) resulted in
formation of the regioisomeric product 23, produced by
Dimroth rearrangement of 22.117°]

X
DABCO
CHoCN Ph—N""s
i reflux, 2 h
PhN  NPh
PhHN" ~NH, / 22 (68%)
21
PN O~ j‘]':'
+ NEts Ph—~N~ “N—Ph
Cl NPh  G.ON
3d refiux, 2 h PhN S
23 (76%)
(via 22)

Scheme 7. Domino reaction between thiourea 21 and 3d (reaction
type 1 and 2)

The DABCO-mediated reaction between oxalbis(n-hexyl-
phenylimidoyl) dichloride (3e) and thioacetamide (24) af-
forded the tetramethine-bridged, deeply blue-colored thia-
zoline 26 by S,N-cyclization, Dimroth rearrangement, and

Ph
ToIN JToiN
TolHN TolHN TolN
NP S 12-B
1038%) ™~ [~ NPh 8 00 :
P S AT ,.-‘/kN,Ph 7 A+B=40% AB =51
9 11
Ph o~
TolNe N o _)Q.\_ Cl. NTol th/"i_ ToIN S%CHPh
- | \NJ.Ph - . INH A j
TolHN 2L N cl 13 2L ToIN
8 (40%) e N 14 (40%)
9 _)S\_
_ Phnﬁ"\*o 2L s
17 15
TNy -0y ToIN o>§CH2
— \ "rol N d
ToHN" o, ot To
12‘0 18 (32%) 16 (22%)
ToHN" b,

Scheme 5. Cyclization of ambident 1,3-dianions with 3a (reaction type 1 and 2)
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subsequent oxidative dimerization of intermediate 25
(Scheme 8).['7?l (The hexyl substituents were necessary in
order to increase the solubility of the product for NMR
spectroscopy.)

)J\NHZ 3e s R
24 DABCO A
Ee—— H\ =~
AN O pwmso NN
* 100 °C R 25
o’ NR
3e
R .
air
SN R '
7 | x2
{0\ b
WON L \= I H
| /
R NTNg

26
Amax (CHCIg) = 617 nm, R = 4-(n-Hex)CgH4

Scheme 8. Domino reaction between thioacetamide and 3e (reac-
tion type 2)

Regioselectivity — Concluding Remarks

In summary, the first attack of dianions onto oxaldiimid-
oyl dichlorides 3 generally occurs at the carbon atom of
the dianion, which is the most nucleophilic center. In the
case of dilithiated amides, C,N-cyclization rather than C,O-
cyclization is observed, due to the higher nucleophilicity of
nitrogen compared to oxygen. An exception is represented
by the dianion of 13, which undergoes S,S-cyclization. In
the case of thioureas, S,N-cyclization rather than N,N-cyc-
lization is observed, which can be explained by the higher
nucleophilicity of sulfur in comparison to that of nitrogen.
For intermediates containing an endocyclic sulfur atom ad-
jacent to an imino group, a Dimroth rearrangement may
occur, depending on the reaction conditions and on the spe-
cific substrate employed. The Dimroth rearrangement is
more generally observed when an endocyclic oxygen atom
is located next to an imino group, due to the high thermo-
dynamic stability of the amide group produced.

Amidinium Salts

R. Beckert and co-workers have reported an efficient syn-
thesis of 1,4,5,8-tetraazafulvalenes 30 by treatment of oxal-
diimidoyl dichlorides 3 with formamidinium acetate (27)
(Scheme 9).['8] The formation of 30 can be explained by
base-mediated cyclization, deprotonation of the C—H-
acidic imidazolinium salt 28 to give the carbene 29, and
subsequent dimerization of this. The UV/Vis absorption
(Amax) of 30 varies from 528 to 606 nm.

Treatment of 3 with acetamidinium chloride (31) afforded
the vinylogous tetraazafulvalenes 33 by base-mediated cyc-
lization, deprotonation, and subsequent dimerization of in-
termediate 32 (Scheme 10).['8! The UV/Vis absorption
(Amax) Vvaries from 556 to 603 nm. For steric reasons, no
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RTHN NHR! N~ SNHRT
30 (16 - 62%) 29

Amax (DMSO) = 606 nm for R = 4-(Et0,C)CeHy

Scheme 9. Domino reactions between oxaldiimidoyl dichlorides
and formamidinium acetate (reaction type 2); R' = aryl

3 H |
NHp NEts N ANR
T+ cl —_— =< I
NH, CH3CN N “NHR1
31 32
e
R1HN.

s >=\=< gl

NHR1
33 (16 - 62%)

Amax (DMSO) = 603 nm for R = 4-(NO2)CHg

’I\IH2 _ NEts NHTol
>—<\+ cl

NH, CHsCN NHTol

34 57%

Scheme 10. Domino reactions between oxaldiimidoyl dichlorides
and acetamidinium chloride greaction type 2) or isobutylamidinium
chloride (reaction type 1); R' = aryl

dimerization was possible in the reaction between amidin-
ium chloride 34 and 3a, which gave the diazafulvene 35.

Treatment of 3a with benzamidine 36 afforded the red
4H-imidazole 37 (Scheme 11).['8 The UV/Vis absorption
(Amax) varies from 328 nm [R = 4-O,NC4H4] to 573 nm
[R = 4-Me,NC4Hy]. Transamination of 37 with ammonia
afforded 38, which could be transformed into heterocycle
39 by treatment with acetophenone dimethylacetal. Reduc-
tion of 38 with Zn/HCI afforded the colorless imidazole 40,
which was treated in situ with benzaldehyde to give the
leuko compound 41 in good yield.['34] Heterocycle 40, con-
taining an electron-rich tetraaminoethylene moiety, was ox-
idized by air to give 38.
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Scheme 11. Cyclization of 3 and benzamidine (reaction type 1);
R = aryl

Heterocyclic 1,3-Dinucleophiles

Regioselective C,N-cyclization and formation of 1H-pyr-
rolo[1,2-a]benzimidazoles 43 was observed on treatment of
the dianion of 2-methylbenzimidazole (42) with oxaldiimi-
doyl dichlorides (Scheme 12).1°1 The triethylamine-medi-
ated cyclization of oxaldiimidoyl dichlorides with 2-amino-
benzimidazole (44) afforded the 3 H-imidazo[l,2-a]benzimid-
azoles 45.1°°1 Regioselective S,N-cyclization and formation
of the 2,3-dihydrothiazolo[3,2-a]benzimidazoles 47 was ob-
served on treatment of oxaldiimidoyl dichlorides with the
dianion of 2-mercaptobenzimidazole (46) (generated by
nBuLi).?%211 Tn contrast, the novel diazabicyclo[2.2.1]hep-
tanones 49 were regioselectively formed by N, N-cyclization
of oxaldiimidoyl dichlorides with the dianion of 2-hydroxy-
benzimidazole 48 (generated with Na[N(SiMes),]).?" This
unexpected regioselectivity is presumably kinetically con-
trolled, as according to AM1 calculations the isomeric O, N-
cyclization product is thermodynamically favored by 22.2
kcal/mol. The different reaction conditions employed were
crucial for obtaining the products in optimal yields.

The cyclization of oxaldiimidoyl dichloride 3a and 3-ami-
nopyrazole (50) afforded the 3H-imidazo[l,2-b]pyrazole 51
(Scheme 13).12% Use of 3-amino-1,2,4-triazole (52) resulted
in regioselective formation of the 5H-imidazo[2,1-c]-1,2,4-
triazoles 53-A and 53-B (A/B = 5:1).??! The regioselectivity
can be explained by the higher thermodynamic stabilities
of 52-A and 53-A relative to 52-B and 53-B, respectively.
Treatment of 2-aminopyridine (54) with 3d gave the deep
purple 2,3-diimino-2,3-dihydroimidazo[l,2-a]pyridine 55.
The cyclization proceeded through the pyridine nitrogen
atom. In contrast, the reaction between 2-aminopyridine
and oxalyl dichloride resulted in formation of an open-
chain product.
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Scheme 12. Cyclization of functionalized benzimidazoles and oxal-
diimidoyl dichlorides (reaction type 1); R = aryl
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Scheme 13. Cyclization of heterocyclic amines and oxaldiimidoyl
dichlorides (reaction type 1)

Treatment of 3-aminoisoxazoles 56 with oxaldiimidoyl
dichlorides 3 afforded the novel 2,4-dihydroimidazo[4,5-
blquinoxalines 57, which can be regarded as analogues of
riboflavine (vitamin B,) and of the antibiotic clofazimine
(Scheme 14).122:231 The formation of 57 can be explained by
cyclization of the starting materials to give intermediate A,
cleavage of the N—O bond, attack of the nitrogen atom
onto the aryl group (intermediate B), and a subsequent pro-
ton shift. The exocyclic double bond is formed in (E)-dia-
stereoselective fashion, due to formation of a stable intramo-
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Scheme 14. Domino reaction between 3-aminoisoxazoles and oxal-
diimidoyl dichlorides (reaction type 2); R!, R? = H, Me, OMe;
R3? = Me, /Bu

lecular N—H-+O hydrogen bond. Treatment of 3-amino-
isoxazole with oxalyl dichloride resulted in formation of
open-chain products rather than cyclic compounds.

1.2 Cyclization Reactions of 1,4-Dinucleophiles

The reactions between oxaldiimidoyl dichlorides 3 and
the ambident dianion of ethyl hippurate (58)1*4 afforded the
6-imino-6H-[1,3]Joxazines 59 by regioselective cyclization
through the carbon and the oxygen atom of the dianion
(Scheme 15).12%1 The regioselectivity can be explained by the
higher electron density at the oxygen atom, relative to that
at the nitrogen atom in the dianion, or alternatively by ini-
tial formation of a four-membered ring and subsequent
ring-expansion.

1) 2.2 LDA o OFt
TMEDA
H N
o H 2) 3a,d - \>_Ph
Eto)l\/N\n,Ph ) p
THF, -78°C R
o} N
M - 45% R
58 59

Scheme 15. Cyclization of dilithiated ethyl hippurate and oxal-
diimidoyl dichlorides (reaction type 1); R = Tol, Ph

The cyclization of 2-aminopicoline 60 and oxaldiimidoyl
dichlorides permitted efficient syntheses of a variety of pyr-
ido[1,2-a]pyrazines 61 (Scheme 16).[2% Treatment of 61 with
dimethyl acetylenedicarboxylate (DMAD) afforded the bi-
pyridine derivatives 63. This transformation proceeded
through a hetero-Diels—Alder (HDA) reaction between
DMAD and the zwitterionic mesomeric structure of 61 to
give the bridged intermediate 62, which was subsequently
cleaved with formation of the pyridine ring. The pyrazine
moiety of 61 could be efficiently protected by preparation
of the 1,4-diazadiene molybdenum complex 64. The
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2.0 NEts NN

N Q
THF, 68 °C N)\y

7
X NH,

NHR NHR
60 61 (42 - 61%)
l DMAD
S
| COMe
X M6020
NH
" &
cO)Mo—NR RN NHR
64 (R = Tol): 74% 62
l DMAD l
MeO,C CO.Me

(COpMo—NR

65 (R="Tol): 42% 63 (R = Tol): 46%

DMAD = MeO,C—==—COMe

Scheme 16. Cyclization of 2-aminopicoline and oxaldiimidoyl
dichlorides (reaction type 1) and hetero-Diels—Alder reactions of
the products; for 61: R = 4-MeCgH, (Tol), Ph, 3-F;CCgHy, 3-Me-
OC¢H,, 4-EtO,CCH,, 4-O,NCsHy

Diels—Alder reaction between 64 and DMAD occurred ex-
clusively at the pyridine moiety, to give the bridged product
65 rather than bipyridine 63.

Diels—Alder reactions between pyrido[1,2-a]pyrazines 61
and other dienophiles were studied next.l”’! Treatment of
61 with nitrosobenzene (67) afforded the 2,3-dihydro-1,2.,4-
triazin-6(1 H)-one 70 in 86% yield through regioselective
formation of the bridged intermediate 68, subsequent ring-
opening (intermediate 69), and Dimroth rearrangement
(Scheme 17).274

Treatment of 2 equiv. of pyrido[1,2-a]pyrazines 61 with 1
equiv. of quinone 71 afforded the large heterocyclic systems
72 through Diels—Alder reaction and subsequent oxida-
tion.?’®] It is interesting to note that the cyclization pro-
ceeded with high regioselectivity to give the isomer con-
taining two pyridine substituents at the same site in the mo-
lecule. The 1,4-dihydro[l,2.4]triazino[l,2-b]phthalazine-
6,11-diones 74 were prepared from phthalazinedione 73
(Scheme 18).1274

Reactions between heterocycles 61 and singlet oxygen af-
forded the 6-(2-pyridinyl)-2H-1,2,5-oxadiazin-3(6H)-ones
76 by initial hetero-Diels—Alder reaction to give interme-
diates 75, cleavage of these, and Dimroth rearrange-
ment.[>’4 In contrast, oxidation of 61 with H,O, gave the
2,3-dihydroimidazol-4-ones 78, presumably by initial oxida-
tion of the bridgehead nitrogen atom, formation of the ox-
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NHTol NHTol
70 (86%) 69

Scheme 17. Hetero-Diels—Alder redctlon between pyrido[1,2-a]py-
razine 61a and nitrosobenzene (67); R', R?> = aryl

%x*‘

72 (92%) 74 (88%)

NHTol

Scheme 18. Diels—Alder reactions between 61a and quinone and
naphthoquinone

aziridine 77, cleavage of the latter, and subsequent ring-
transformation (Scheme 19).2%]

r l \ \
=z O\ I P O. Tol
N O ~p
Singlet-O, N — N N
NTol N0
L 75 NHTol 76 (38%) NHTol
61a
- X
| | N
R
H20, ol N/ N
acetone ~N ? >—NHTol
ToiN ToI/N
| NHTol 0
7 78 (43%)

Scheme 19. Oxidation of 6la with singlet oxygen and H-O,;
R! = aryl

1.3 Cyclization Reactions of 1,5-Dinucleophiles

The cyclization of 3a and 1,3-diaminoadamantane 79 af-
forded the macrocycle 80 in a 3:3 reaction (Scheme 20).>*1
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Because of the rigid character of 79, formation of a 1:1
cyclization product was sterically not possible.

TolN NTol
NH HN
NH, 3eq.3a @ @
NEtg
3 @ e NH HN ol
NH toluene  ToIN
2 reflux NH HN
TolN NTol
79
80 (45%)

Scheme 20. Cyclization of 1,3-diaminoadamantane and 3a (reac-
tion type 1)

A completely different reaction path was observed in the
cyclization of 3a and 1,5-diamine 81. Condensation of 81
(2 equiv.) with 3a (1 equiv.) gave intermediate 82. Twofold
attack of the amino moieties onto the amidine groups and
extrusion of toluidine afforded the bis(quinazoline) 83 in
good yield (Scheme 21).

Tol— Cl CHs

CH g < H
¢ o N-Tol @ N
) NH, 3a WN
e —
NH,. 2 NEt o

toluene, reflux CH,
81 83 (67%)

N /

HeC
R NH,
g NHTol Rl
R N R2
Rt ToIHN>
HoN R2
82 CHo

Scheme 21. Cyclization of 1,5-diamine 81 and 3a (reaction type 1)

1.4 Cyclization Reactions of 1,10-Dinucleophiles

Treatment of 3a with 1,2-bis(aminoethoxy)ethane (84) af-
forded the crown ether 85 (Scheme 22).*1 This compound
might be useful for the simultaneous complexation of tran-
sition and alkali metal ions.

P
S E

toluene
NHz HoN reflux

ToIN NTol

84 85 (50%)

Scheme 22. Cyclization of 1,10-diamine 84 and 3a (reaction type 1)

1.5 Cyclization Reactions of 1,2-Dinucleophiles

Four-membered ring lactams and lactones represent
pharmacologically important compounds that, due to their
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ring strain, readily undergo ring-expansion or ring-opening
reactions. Treatment of 3a with the dianion of ethyl thiogly-
colate 86 afforded the first (to the best of our knowledge)
2,3-diiminothietane 87 (Scheme 23).12%3% Treatment of a
toluene solution of 87 with dimethyl acetylenedicarboxylate
(DMAD) at 80 °C afforded the yellow thioimino ether 89
in 64% yield. The formation of 89 can be explained by
formation of the 1,4-zwitterion or diradical intermediate 88
and subsequent regioselective hetero-Diels—Alder reaction
with DMAD.

1) 2LDA, THF EtQ
2 TMEDA
o} 2) 3a s 0]
/U\/SH —
kO -78°C Tol~p?™ S\ 1
86 87 (30%)
DMAD
Toluene, 80 °C
H, O
DMAD S
_Tol — OEt
) To—N N
g0 ~o Tol
89 (64%) 88

Scheme 23. Cyclization of the 1,2-dianion of 86 and 3a (reaction
type 1)

1.6 Cyclization Reactions of 1,1-Dinucleophiles

Many nitriles and sulfones are known to form dianions
upon treatment with 2 equiv. of strong base.l*!] The reaction
between dilithiated phenylacetonitrile 90a and oxaldiimi-
doyl dichloride 3d afforded the 2-alkylidene-3-iminoindole
92a in good yield and with very good regioselectivity and
(E) diastereoselectivity (Scheme 24).1321 The product, which
can be regarded as a protected 2-alkylidene-3-oxindole, was
formed by attack of the dianion onto the first imidoyl
chloride group to give the anionic intermediate 91. The se-
cond imidoyl chloride moiety was subsequently attacked by
the ortho-carbon atom of the phenylimino group, and a 1,3-
proton shift finally afforded 92a. The high (E) diastereose-
lectivity is a result of the steric interaction between the
bulky phenylimino group and the phenyl moiety. 2-Alkyl-
idene-3-oxindoles can be regarded as aza-analogous
aurones and have recently been recognized as powerful
dienophiles®? in Diels—Alder reactions of normal electron
demandP# for synthesis of the spirocyclic Aristotelia alkal-
oid framework.[*3 2-Alkylidene-3-oxindoles have also been
used as heterodienes in inverse electron demand hetero-
Diels—Alder reactions for the preparation of d-carbo-
lines.[3%1 Because of their indigo-type structures, the colors
of heterocycles 92 vary from orange to violet.
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©\/CN
1) 2 n-BuLi

90a 2) 3d
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n-BuLl\ NG
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Cl H\éj
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THF, -78°C
-2 LiCl
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Amax = 469 nm

-LiCl
H*-Shift

Li+

Scheme 24. Cyclization of phenylacetonitrile and 3d (reaction type
1); acetonitrile was used for the UV/Vis measurement

Cyclizations of dilithiated arylmethyl cyanides and sul-
fones 90 with oxaldiimidoyl dichlorides 3 enabled a great
variety of 2-alkylidene-3-iminoindoles 92 to be synthesized
efficiently (Scheme 25).137-381 Substituents could be intro-
duced both at the indole moiety and at the exocyclic double
bond by variation of the substituents on 3 and 90, respec-
tively. The cyclizations proceeded with very good (E)
diastereoselectivities for products with sterically distinct
substituents R! and R2. Amide-substituted indoles could be
prepared with high (E) diastercoselectivity by treatment of
3 with monolithiated carboxylic amides.38]

3
RI\/R2 R R’
90 2 n-BulLi
N 5 (orLDA) N
5 R 3 2
R cl - =R R
R NY&N qo THE-78°C 1
e R’ 45 Exampl ) E R
R xamples RS
3 21-80% 9

Scheme 25. Scope of cyclizations of lithiated cyanides, sulfones, and
amides with oxaldiimidoyl dichlorides (reaction tsype 1); R! = Ar,
SO,Ph, SiMe;; R? = CN, Ph, CONR,; R3, R4 R> = H, Me, OMe;
for all products, (E)/(Z) > 98:2, except R! = SO,Ph, R? = Ph, (E)/
(2) = 2:1

To extend the preparative scope of our methodology fur-
ther, we systematically studied the reaction conditions and
eventually developed a stepwise deprotonation procedure
using sodium hydride (Scheme 26).31 This procedure per-
mitted successful cyclization of substrates containing func-
tional groups unstable to strong bases (such as nBuLi or
LDA). LDA-mediated reactions between oxaldiimidoyl
dichlorides and 2-cyanophenylacetonitrile or methyl 4-(cy-
anomethyl)benzoate, for example, afforded only complex
mixtures. In contrast, the ester- and cyano-substituted in-
doles 93a and 93b could be prepared in good yields if so-
dium hydride (NaH) in refluxing THF was used. LDA-me-
diated treatment of 4-bromophenylacetonitrile with 3 was
unsuccessful, since metal/halide exchange occurred. In con-
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trast, the desired indole 93¢ could be prepared in good yield
and with very good (FE) diastercoselectivity if NaH was
used. The NaH-mediated cyclization of phenylacetonitrile
and oxalbis(p-bromophenylimidoyl) dichloride afforded
93d, containing a brominated indole moiety.

@/Me

93a 93b COMe
NaH: 61% NaH: 46%
LDA: 0% LDA: 0%

Me Bry

13 ZQ

Me F Q

93¢ 93d
NaH: 91% NaH: 60%
LDA: 19% LDA: 21%

Scheme 26. Synthesis of functionalized 2-alkylidene-3-iminoindoles
(reaction type 1)

Treatment of methyl 2-(cyanomethyl)benzoate (94) with
3f afforded the tetracyclic product 96, produced by a dom-
ino cyclization-lactamization reaction by way of interme-
diate 95 (Scheme 27).

c
N
Coze o
O e COgMe
ik
Q THE, 68 THE, 08 °C ve B
@ cl Me 95

N(2-Tol)
CN

3 NaH

96 (40%)

Scheme 27. Domino cyclization-lactamization reaction (reaction
type 2)

Large heterocyclic m-systems, merocyanines, and substi-
tuted benzenes play important roles in the field of material
sciences, thanks to their NIR, photochromic, solvato-
chromic, electron-transfer, ferromagnetic, and nonlinear-
optical properties.[*) Treatment of 1,4-phenylenebis(aceto-
nitrile) with 4 equiv. of nBuLi or LDA and then with oxal-
diimidoyl dichlorides 3 afforded the highly conjugated 1,4-
bis(indolinylidenemethyl)benzenes 97 (Scheme 28).°!1 Four
carbon—carbon bonds were formed with very good regio-
selectivities and (FE) diastereoselectivities. Starting with
1,3-phenylenebis(acetonitrile), the 1,3-bis(indolinylidene-
methyl)benzenes 98 were prepared in good yields. Treat-

230

ment of 3,5-bis(cyanomethyl)phenylacetonitrile with 3d af-
forded the tris(indolinylidenemethyl)benzene 99, with
formation of six carbon—carbon bonds in one synthetic op-
eration. Bathochromic shifts (relative to the parent com-
pound 92a) were observed for compounds 97 (Scheme 24),
thanks to their para substitution and extended m-system,
but not for the meta derivatives 98 and 99. As expected, a
greater shift was observed for the methoxy-substituted in-
dole 97b than for 97a. The colors of heterocycles 97—99
vary from deep red to violet.

97a:R=H, Amax=495nm
97b: R = OMe Amax = 528 nm

98

98a: R=H, Ximax=476nm
98b: R = OMe Apmax = 509 nm

99
Amax = 481 nm

Scheme 28. Synthesis of bis- and tris(indolinylidenemethyl)benz-
enes (reaction type 1); for all products: (E)/(Z) > 98:2; acetonitrile
was used for UV/Vis experiments

2. One-Pot Reactions

One-pot reactions have found widespread application in
organic synthesis.*?! Carbanionic one-pot reactions of three
components involve attack of a nucleophile onto a suitable
relais species to form a reactive intermediate; this is sub-
sequently trapped by addition of an electrophile. Recent
examples include treatment of carbon nucleophiles with
allenes and subsequent cyclization with acrylates,[*3? and
reactions involving isocyanates,[*3®! allenyl isothiocyana-
tes,*3! or ketones*# as the relais species. In the course of
our studies**43%! into the development of a new method
for the synthesis of allenes from silyl enol ethers, we have
recently developed one-pot reactions of lithiated allenes
with nitriles as the relais species.[*>¢]

The one-pot reaction of 1,3-dianions with non-enolizable
nitriles and oxaldiimidoyl dichlorides allowed a variety of
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radialene-shaped pyrroles to be synthesized efficiently.!'%-4]

For example, the radialene-shaped pyrroles 102 could be
regioselectively prepared, starting with the dianion of 2-
methylbenzimidazole (42) (Scheme 29).[1%46] The formation
of 102 can be explained by attack of the dianion onto the
nitrile to give intermediate 100, which subsequently under-
went a 1,3-proton shift to give the ambident dianionic inter-
mediate 101. The addition of 3 resulted in regioselective
C,N-cyclization rather than N, N-cyclization, to give the pyr-
roles 102 rather than the isomeric seven-membered ring

products 103.
@E&% @E&
n 1,3-proton shift

N
=1
Q=Y
/
N
2—N

1,3-proton shift \x

) 2.3 n-BuLi
2) R1—C=N

THF,0°C

H
Ri
N/
7

N

—2 LiCl

g e
RZ\N%(N
R2—N R2 H/N\ "2
102 (33 - 41%) 103

Scheme 29. One-pot treatment of dilithiated 2-methylbenzimida-
zole with nitriles and oxaldiimidoyl dichlorides (reaction type 3);
R!' = Tol, Ph, rBu; R? = Tol, Ph

A number of tautomeric structures for pyrroles 102 are
possible. The radialene-type structure B, the lowest-lying
minimum structure at the B3LYP/3—-21G//AMI1 level of
theory, was shown experimentally to be present both in so-
lution and in the solid state. Treatment of pyrrole 102a with
DMAD afforded the imidazo[l’,2":1,2]pyrrolo[3,4-c]pyri-
din-5-one 105, presumably formed by an HDA reaction be-
tween DMAD and the 1-azadiene system of 102a (tautomer
A) and subsequent elimination of p-aminotoluene
(Scheme 30).

Pyrroles 106 were prepared from dilithiated amides by a
one-pot reaction related to that described for the synthesis
of 102 (Scheme 31).146 The cyclizations again proceeded
with very good C,N-regioselectivities. The relevant tauto-
mers of 106 are structures A—C, including radialenes A and
B. The radialene-shaped tautomer A is present in solution
and in the solid state and also represents the lowest-lying
minimum structure at the B3LYP/3—-21G//AMI1 level of
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<I @E Other
tautomers
Tol—N TO, Tol—N ToI

tautomer B
(present in solution and in the solid state)

tautomer A

MeO,C—==—C0O,Me
toluene, 80°C

Ph

O | Oy
o I
COzMe —TolNH2 ol COMe
Tol—N l\COgMe o=N  coMe
Tol
104 105 (68%)

Scheme 30. Hetero-Diels—Alder reaction of radialene-shaped pyr-
role 102a

theory. In solution, slow A/B interconversion could be de-
tected by low-temperature '"H NMR experiments. Treat-
ment of 106 with DMAD afforded the 2,3-dihydro-1-imino-
3-oxo-1H-pyrrolo[3,4-c]pyridine 107, by an HDA reaction
and subsequent elimination of p-toluidine.

1) 2.3 n-Buli 0 "
L Ee
1 N )
R \l'\l)kCHs o IN H
H THF, 0°C Ro—n
R3
30 - 42% 106 (tautomer A)
R1 = Ph, Me
= Aryl, +-Bu; RS = Aryl 1L slow
e} R
R fast R1\
N R2
N / N-H =—
Re—N N RN N
R3 R3
(tautomer C) DMAD (tautomer B)
toluene, 80 °C
— R3NH3z
107 (71%)

(R1=R2 = Ph; R3 = Tol)

Scheme 31. One-pot treatment of dilithiated amides with nitriles
and 3 (reaction type 3)

Deprotonation of the two N—H groups of 106a afforded
the ambident dianion 108 (Scheme 32). Similarly to the
formation of pyrroles 106, treatment of 108 with oxaldiimi-
doyl dichlorides resulted in regioselective C,N-cyclization
rather than N,N-cyclization, to give the novel 3,4,8,9-tetra-
imino-2,7-diazaspiro[4.4Jnon-6-en-1-ones 109 rather than
the isomeric seven-membered ring compounds 110
(Scheme 32).112
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109 (46 - 60%) 110

Scheme 32. Cyclization of dilithiated radialene-shaped pyrrole 106a
and 3 (reaction type 1); R = Tol, Ph

3. Double-Anion-Capture Reactions

Treatment of 2 equiv. of anthranilic esters 111 with 1
equiv. of oxaldiimidoyl dichlorides 3 afforded the novel
2,2'-bis(quinazolin-4-one)s 113  (Scheme 33).[47481  The
formation of 113 can be explained by formation of the
open-chain intermediate 112 and subsequent cyclization by
attack of the amidine nitrogen atoms onto the ester groups.

13—
R Cl R N/R3 1
R CO,Me l> { R
Cl N—R3 P N R2
2 3 R NN
R NH, Ri
R 2 NEts R&” R2
11 toluene, reflux 113 0
\ R COMe /
NHRE g
R N R2
R' ReHNy
R2
112 M902C

Scheme 33. Double-anion-capture reaction between anthranilic es-
ters and 3 (reaction type 4); yields: 21—-46%; R! = H, CH3, R? =
H, OCHj;, R? = aryl

Treatment of lithiated esters 114 with oxaldiimidoyl
dichlorides afforded the pyrrolo[3,2-b]pyrrole-2,5-diones
116 (Scheme 34).491 The formation of 116 proceeds by
formation of the open-chain intermediate 115 and sub-
sequent attack of the nitrogen atoms onto the ester groups.
Besides their interesting electronic situation, heterocycles
116 represent useful synthetic pigments®” and can be re-
garded as lactam analogues of pulvinic acids, a class of nat-
ural products.>!1

232

O 1 5
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N =
114 2 LDA o o
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R'-N ¢l THF, —78°C |
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\ ,?1 R2 /
OFJ)N = oy OF!
B0~ NH 0
rR? R
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Scheme 34. Double-anion-capture reaction between ester carb-
anions and 3 (reaction type 4); R! = aryl, R? = H, alkyl, NMe,
aryl, hetaryl

Treatment of 3 (1.0 equiv.) with sodium diethyl malonate
or sodium ethyl cyanoacetate 117 (2.0 equiv.) in the pres-
ence of cobalt(Il) or nickel(II) bromide and Na[N(SiMes),]
(1.5 equiv.) gave the S5-alkylidenepyrrol-2(5H)-ones 118 in
good yields.’?l The formation of 118 can be explained by
initial formation of a (1,4-diazadiene)cobalt(IT) complex 3-
CoBr, (Scheme 35). Attack of 117 onto 3-CoBr, afforded
complex A, which underwent a regioselective ring-closure
reaction to give intermediate B. Rearrangement of this gave
intermediate C, and subsequent Dimroth rearrangement
and decomplexation during the aqueous workup afforded

RIN, Cl
1) 1 CoBr,, THF
2 2 R2._CO,Et
cl s NR! 2) 117,-78°C 2
3) 3 Na[N(SiMe
+ ) [ ( 3)2] R1=N / R2
ONa -2 NaBr 0 N-pi
4 Z ot -4 NaCl H
R2 117 118 (54 - 74%)
l COBI’Q THZO’ H+
Re.__CO.Et
c. ¢
' o
RI—N N-R1 ‘N
\"1_7/2 Ri- R1
Br—Co—Br N H,z
3-CoBr, Co
c
117 T
OEt
R2 Na[N(SiMey),] R2
)R —NaOEt B0,y Re
EtO .
R1-N -R1 R1-N E-Fv
\“_7% Co 2
Co B
A

Scheme 35. Transition metal mediated cyclization of lithiated esters
and 3 (reaction type 4); R! = aryl, R> = CO,Et, CN
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118. In contrast to the formation of pyrrolo[3,2-b]pyrrole-
2,5-diones 116, formation of heterocycles 118 involved at-
tack of a carbon rather than a nitrogen atom onto the ester
group, due to chelation of the nitrogen atoms to the metal
center. The mechanism is supported by the observation that
treatment of an independently prepared sample of interme-
diate A with Na[N(SiMes),] afforded product 118 in good
yield.

Treatment of primary amines with 3 afforded open-chain
oxalyl amidines.[) In contrast, treatment of 3a with di-
ethylamine resulted in formation of the isatin 121
(Scheme 36). The formation of 121 proceeds by formation
of oxalyl amidine 119 and subsequent attack of the ortho-
carbon atom of one of the tolyl groups onto the amidine
to give intermediate 120. The amidine group of 120 was
hydrolyzed during the aqueous workup.

2 HNEt, Me,
+
e )
4 Et,N) N
Me@—N cl > O
3a MGON NEt,
119

o}
Me
Vi NEtg
N
120

Scheme 36. Synthesis of isatine 121 (reaction type 4)

H*, H,0

-

0
Me
o}
N
H

121

Conclusions

In summary, we have shown that cyclization reactions of
oxaldiimidoyl dichlorides with dianions and electroneutral
bis(nucleophiles) allow efficient and regioselective synthesis
of a great variety of heterocyclic systems. As well as simple
cyclization reactions, the general concept has also been ex-
tended to domino, one-pot, and double-anion-capture reac-
tions. Recent and current work has been directed towards
cyclization reactions of oxaldiimidoyl dichlorides con-
taining N-protecting groups that can be selectively removed
from the heterocyclic products. In this context, the phenyl-
sulfonyl and phenylethyl groups represent particularly
promising candidates. In future, the developed chemistry
should be applied to the synthesis of natural and unnatural
target molecules.
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