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Abstract

Cyclobutenediones have been used as versatile starting materials for the synthesis of a wide
range of multifunctional molecules. There have been continued efforts to develop general and
practical methods to access the cyclobutenediones, which led to the discovery of several new
methodologies over the last two decades. A review of various methods of synthesis of
cyclobutenediones is presented.
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Introduction

Cyclobutenediones are considered as quinones of unstable cyclobutadienes because of their
formal resemblance to cyclobutadienes by virtue of all sp® hybridised carbons in a four
membered ring.' Phenylcyclobutenedione was the first cyclobutenedione to be synthesized by J.
D. Roberts et al.'® in 1955. The initial studies on cyclobutenediones were limited primarily to
their unusual stability,' reactivity toward nucleophiles’ and aromaticity of their oxoanions.’
Extraction of moniliformin 1a, a fungal toxin, from Fusarium moniliforme by Cole et al.* led to
the synthesis and testing of wide range of cyclobutenediones. Subsequently, a number of
biological and pharmaceutical applications of cyclobutenediones were discovered. For example,
the di-n-butylsquarate 1c (R = n-C4Hy) is a potent allergen and has been used in the treatment of
alopecia areata, and in immunotherapy for warts in children.” Squaric acid 1c (R = H) itself is an
inhibitor of glyoxylase 1,** semisquaric acid 1b is an inhibitor for pyruvate dehydrogenase and
transketolase® and 1d is an inhibitor for PTPases (protein tyrosine phosphatases).® Recently, the
diamide of squaric acid 1e was used as a replacement for one of the phosphate diester linkages in
an oligodeoxynucleotide,” while 1f as antagonist of the NMDA (N-methyl-D-aspartate)
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receptor.® Also, some of the cyclobutenedione derivatives are useful as high-affinity ligands for
exitatory amino acid receptors’ and anion recognition systems. '
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Extensive studies by Liebeskind,"' Moore,” Paquette13 and others'* have shown that
cyclobutenediones are highly versatile starting materials for the synthesis of an array of
multifunctional carbocyclic and heterocyclic compounds. Recently, squarate diamides have been
used in the construction of chiral auxiliaries."> Also, cyclobutenedione derivatives (squaraines)
are used as NLO materials'® and photoconductors.'’

Methods of synthesis of cyclobutenediones reported before 1980 were already reviewed.”
Accordingly, in this review emphasis is on the methods developed in the last 2 decades. The
methods of discussion are arranged under the following topics.

1. Cyclobutenediones by thermal or photochemical cycloadditions

1.1. Cycloadditions involving alkynes

1.1.1. Addition of alkynes to tetrahaloalkenes
1.1.2. Addition of alkynes to dichlorovinylene carbonate
1.1.3. Addition of alkynes to ketenes
1.1.4. Alkyne dimerization
1.2. Cycloadditions involving alkenes

1.2.1. Addition of electron-rich olefins to electron-poor olefins
1.2.2. Addition of electron-rich olefins to ketenes

1.2.3. Addition of thioenol ethers to ketenes

1.2.4. Cyclodimerisation of tetrahaloethylenes

1.2.5. Cyclodimerisation of chlorovinylene carbonate

1.2.6. Intramolecular cycloaddition of olefins

1.2.7. Addition of dienes to olefins
2. Cyclobutenediones via transition metal complexes
Cyclobutenediones from cyclopropene derivatives
4. Cyclobutenediones from other simple cyclobutenediones

[98)

4.1. Halogen derivatives of cyclobutenedione

4.2. Alkoxy derivatives of cyclobutenedione

4.3. Thionyl and selenyl derivatives of cyclobutenedione

4.4. Amino derivatives of cyclobutenedione

4.5. Phosphine derivatives of cyclobutenedione

4.6. Alkyl, alkenyl, alkynyl and aryl derivatives of cyclobutenedione
5. Benzocyclobutenediones
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1. Cyclobutenediones by thermal or photochemical cycloadditions

1.1. Cycloadditions involving alkynes

1.1.1. Addition of alkynes to tetrahaloalkenes. Cycloaddition reactions between fluoroalkenes
and substituted acetylenes have proven to be of considerable value in the synthesis of
cyclobutenediones."®  For  example, the first reported cyclobutenedione, i.e.
phenylcyclobutenedione 2, was prepared by cycloaddition of chlorotrifluoroethylene or
tetrafluoroethylene to phenylacetylene to form tetrahalogenated phenylcyclobutene. The
resulting tetrahalogenated phenylcyclobutene was subjected to acid hydrolysis either directly
(Path a) or via dihalogenated phenylcyclobutenone (Path b) to provide cyclobutenediones
(Scheme 1)."
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Scheme 1

1.1.2. Addition of alkynes to dichlorovinylene carbonate. Irradiation of a mixture of
dichlorovinylene carbonate (DCVC) 3 and alkyne in polar aprotic solvents like acetone or
acetonitrile in the presence of photo-sensitizers gives cycloadduct 4 in poor yields 10-15%.
Subsequent hydrolysis of adduct at 60 °C in 60% acetone/water yields the corresponding
cyclobutenediones (Scheme 2)."
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Scheme 2
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1.1.3. Addition of alkynes to ketenes. Thermal cycloaddition of alkynes to dichloroketene
followed by acid hydrolysis of the resulting cylobutenone affords cyclobutenediones (Scheme
3).20
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Cl, + - - |
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cl 5
R, R?=Ph 73%

R'=Ph,R?=Et 58%
Scheme 3

1.1.4. Alkyne dimerisation. 3-Hydroxycyclobutene-1,2-dione (semisquaric acid) 1b, the parent
compound of the natural mycotoxin “moniliformin” has been synthesized by thermal
dimerisation of di-t-butoxyethyne followed by solvolysis of 6 using trifluroacetic acid (Scheme
42!
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Scheme 4

1.2. Cycloadditions involving alkenes

1.2.1. Addition of electron-rich olefins to electron-poor olefins. Tetraalkoxy ethylene, an
electron-rich olefin, adds on to electron-poor ethylene derivatives under thermal conditions to
form 1,1,2,2-tetraalkoxy-3,3-dicyano-4-arylcyclobutene 7a, which upon base catalysed
elimination of HCN gives 7b. The 3-cyanocyclobutenedione 7 is obtained by hydrolysis of acetal

groups using concentrated sulphuric acid at 25 °C (Scheme 5).%*%
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Scheme 5
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1.2.2. Addition of electron-rich olefins to ketenes. An improved synthesis of
cyclobutenediones and derivatives of semisquaric acid was achieved by (2+2) cycloaddition of
the tetraalkoxyethylenes with alkylketene,”* chloroketene,**” oxy ketene™® or trimethylsilyl
ketene,*® produced in situ by triethylamine-promoted dehydrohalogenation of the corresponding
acyl chlorides (Scheme 6).
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RO . OR X * cycloadducts x = Cl
X Rl O R = Me Rt OH
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j;toR HCl m
R! o 25°C R? o

- 0,
R =H, Cl, OR, SMe, Me, Et, t-Bu 39-86%
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Scheme 6

Also, cycloaddition of 2,3-dihydro-1,4-dioxane to dichloroketene by sonication followed by

hydrolysis leads to semisquaric acid (Equation 1).%'

HO, O
| o CI\ o 1. Sonication
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S cl 2. H50 H o)
1b
82% (1)

1.2.3. Addition of thioenol ethers to ketenes. Recently, Liebeskind et al.** reported a relatively
simple protocol for the synthesis of monocyclic and bicyclic cyclobutenediones starting from
ketones (Scheme 7). Phenylthioenol ethers, prepared from ketones undergo regiospecific [2+2]
cycloaddition with dichloroketone to provide dichlorocyclobutanone 8a, which upon
Et;N/CH;CN treatment produces rearranged product 8b through HCI elimination. Reaction of 8b
with m-chloroperbenzoic acid gives the corresponding cyclobutenedione.

1 2
R\:<R R! R?
sp A (~SPh _EtN PhS mCPBA
* cl —Cl R
. g | earrangement
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cl 8a

R'=R'= Me 93%
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R'=R!= -(CH,)s 99%
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Scheme 7
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1.2.4. Cyclodimerisation of tetrahaloethylenes. Heating of fluorinated ethylenes leads to stable
cyclobutane rings 9a in contrast to other halogenated olefins (chloro and bromo) which give
polymerised products.”” The cyclisation process is exclusively a “head to head”or “tail to tail”
joining to form only one isomer. Dechlorination of 9a with Zn affords cyclobutene 9b, which
upon further reaction with aryl lithium reagents provides 3,4-diarylcyclobutene-1,2-dione after
hydrolysis (Scheme 8). Squaric acid 1c was first synthesized in 1959 by Cohen et al.*** following

a similar procedure .
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Scheme 8

1.2.5. Cyclodimerisation of chlorovinylene carbonate. Both mono and dichlorovinylene
carbonates undergo dimerisation upon irradiation in acetone solution to form cyclobutanes 10a
and 10b, respectively. Hydrolysis of the adduct 10a yields hydroxycyclobutenedione 1b,
whereas the 10b gives octahydrocyclobutane 10c¢, which on reaction with SO, yields squaric acid

1c (Scheme 9).%°
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Scheme 9

1.2.6. Intramolecular cycloaddition of olefins. Allenes of the type 11a undergo intramolecular
[2+2] cycloaddition  under  thermal conditions to form 1,2-dibromo-3,4-
bis(diphenylmethylene)cyclobutene  11b  which  on  photo-oxidation  affords  3,4-
bis(bromodiphenylmethyl)cyclobutene-1,2-dione 11 (Path a)’™® (Scheme 10). Alternatively, it
can be converted to stable, isolable cyclobutene epoxide 11c by refluxing with potassium
alkoxide (Path b). Acid catalysed photochemical ring opening of 11c gives 3-diphenylmethyl-4-
bromodiphenylmethylcyclobutene-1,2-dione 12 in quantitative yields.?”
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1.2.7. Addition of dienes to olefins. Substituted benzocyclobutenediones 14 have been prepared
by utilizing Diels-Alder chemistry. Cycloaddition of trimethylsiloxy dienes to 1,4-dichloro-
3,3,4-triflurocyclobutene 13 gives the cycloadduct 13a that on aromatisation followed by acid
hydrolysis gives benzocyclobutenediones (Scheme 11).%%

OSiMe; R F R cl R o)
= —F [4+2] || F NaOMe \©:_F ﬂ\@
* JK—F — F MeoH —F 100°C o
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Scheme 11

Diels-Alder reaction of 3-chloro-3-cyclobutene-1,2-dione with dienes gives the adduct 15a,
which upon oxidation by active MnO, produces benzocyclobutenediones 15 (Scheme 12).%

Rl Rl Rl
Z =~
R H O R® o) R® o)
15a 15
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41-81% 62-82%

Scheme 12

Similarly, tetrachlorobenzocyclobutenedione 16 has been prepared via dimerisation of
perchlorobutenyne 16a followed by acid hydrolysis (Scheme 13).*
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2. Cyclobutenediones via transition metal complexes

Thermal reaction of alkynylalkoxycarbene complexes of chromium 17a and tungsten 17b with
tetraalkoxyethylene affords good yields of [2+2] cycloadducts under mild conditions. The release
of organic ligand from metal carbonyl was achieved by DMSO oxidation, and the resulting
cyclobutene 18b gives differently substituted cyclobutenediones 18 upon H,SO4 or CF;COOH
hydrolysis (Scheme 14).”'

R®0  OR® 30 OR? RO OR?  H2SOsor o
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Scheme 14

Palladium chloride induced cyclodimerization of di-t-butoxyethyne leads directly to di-t-
butyl squarate 1c (R = t-C4Hy) via intramolecular t-BuCl elimination (Scheme 15).2!

Ot-Bu t-BuO PdCl t-BuO, o)
PdCl,(CH5CN) OtBu 0
2 |‘| 2 3 2 )EéOt-Bu s 5 + Pd
-bu
Ot-Bu t-BuO Cl e

52%

Scheme 15

A novel cycloaddition of nickel complex to alkyne was reported. It was found that an
equimolar ratio of tetrakis(arylisocyanide)nickel and diphenylacetylene upon refluxing in toluene
yielded di-iminocyclobutene 19, which after aqueous HClI work up gave
diphenylcyclobutenedione (Scheme 16).*
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Oxidation of tetrakis(diethylamino)cyclopentadienone 20 with bromine and aqueous work up
affords a novel cyclobutenedione with an interesting functionality 22.%* Dione has also been
prepared via 21 by electrochemical or nitrosonium hexafluorophosphate oxidation (Scheme
17).%

(0] +_ = (0]
NOPFg + +
Et,N NEt, EtN NEt,
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Et,N ‘ NEt, LiClO,4, CH3CN EtoN NEt,
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Scheme 17

It was reported that the FeCls oxidation of ferrole complex formed in the reaction of

acetylene with an alkaline solution of Fe(CO)s leads to cyclobutenedione in low yield (Scheme
18).*

l . oy
R—=—R% pydroxyferrole 7eCh R AP Unideified
Fe(CO)s + NaOH Complex _ + carbony .
CH3OH CHzOH _; compounds
R'=R?=H, CH; c
10%

Scheme 18

Herrera et al.*® reported that the nickelcyclopentenediones 23, prepared by reaction of
(bpy)Ni(CO), with alkyne in THF at 20 °C, affords cyclobutenediones with maleic anhydride or
carbon monoxide (Scheme 19). Nickel complex 23 can also be obtained from the reaction of
(bpy)Ni(alkyne) with molecular Cco.>*
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It was reported from this laboratory that the reaction of NaHFe(CO)4/CHsl reagent
combination with alkynes at 60 °C gives the corresponding cyclobutenediones along with
unsaturated carboxylic acids after CuCl,2H,O oxidation (Scheme 20).**

RI 0O
1. Na/Naphthalene 1. CHl/60 °C
Fe(CO)s NaHFe(CO), K
2. CH3COOH 2R—==R? R? O
3. CuCl,. 2H,0 5
27-42%

Scheme 20

It was found that the reagent prepared using NaHFe(CO)s/Me;SiCl at 60 °C, upon reaction
with alkynes followed by CuCl,.2H,0 oxidation produced the corresponding cyclobutenediones
(51-63%) (Scheme 21).%%°

R 0O
1. Na/Naphthalene 1. Me3SiCl/ 60 °C
Fe(CO)5 NaHFe(CO)4
2. CH3COOH 2RY—R? R* ©
5
3. CUClz. 2H20 51-63%

Scheme 21

Also, it was observed that the [HFe;(CO);;]” species, prepared in situ using
Fe(CO)s/NaBH4+/CH3;COOH, reacts with alkynes to give the corresponding cyclobutenediones in
good yields (60-73%) after CuCl,.2H,0 oxidation (Equation 2).*’

1 Ri—=R? /cH,cooH R__P
Fe(CO)s + NaBH, K
25°C R? o
2. CUC|2. 2H20 5
60-73% )

Further, it was found that the iron carbonyl species, prepared by the reduction of
FeCl3/NaBH,4 in THF at 25 °C in the presence of CO, reacts with alkynes at room temperature to
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give a complex that gives the corresponding cyclobutenediones after CuCl,.2H,O oxidation
(Scheme 22).%*

1
1. NaBH,/CO - 1. CHal/0 °C R o
FeCly HFe(CO), K
2. CH3COOH 2.RY—FR? 2 Yo
3. CuCl,. 2H,0 .
30-37%

Scheme 22

Coordinatively unsaturated iron carbonyl species, prepared using Fes;(CO);,/amine, react
with alkynes under ambient conditions to afford cyclobutenediones (Equation 3).>

1. RY—-R?
Fe3(CO)1, + Amine
2. CuCly. 2H,0
5

28-61% (3)

Very recently, it has been reported that cyclobutenediones are formed in good yields via
bromine oxidation of acyloxyferrole complexes 24 (Equation 4).*°

RS
o=
O

R: R 0
= Br,
S Recon — K
R O\F/CO -78 C, CH2C|2 Rz )
e
Ok( (CO), 5
R3 60-90%
24 (4)

3. Cyclobutenediones from cyclopropene derivatives

Though, this is not a method of choice due to the difficulty associated with starting material
preparation, cyclobutenediones could be obtained from cyclopropenones by ring expansion.
Reaction of sodium trichloroacetate with dialkylcyclopropenone 25a under thermal conditions
gives 5 via dichlorodialkylcyclobutenone (Scheme 23).*

1 2 2 Cl R2 O
RlW/RZ _ R YR R o H2S0,
+ CCly g @ ’2(‘ — g
¢l
Ne -c@ 1 R! o
I\ R (6]
o cl Cl 5

25a 43%
R, R%= Me, Pr

Scheme 23
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Similarly, base hydrolysis of 25b directly gives the corresponding cyclobutenedione
(Equation 5).41

Ph Ph Ph 0
C H-O G\R BH/-RO PH o
0
©) 9
B 25b ca 100% (5)

Also, it has been reported that isonitriles react with cyclopropenones to give
cyclobutenedione in the presence of triphenylphosphine via iminocyclobutenone 26.** The
formation of 26 involves Michael addition of P(Ph); to generate ketene-phosphorane followed by
concerted rearrangement of P-C bonds as shown in Scheme 24.

R Ph R
Ph R Ph © Ph R! 2 —(
P(Ph)3 P(Ph)s $C=N-R .
? PEm3 ? P e & Beens
¢ P(Ph i
(@) O@ O// ( )3 O N\RZ
1 2 ® 1
R N-R™ H0H R o
PPN o Ph; (o
26 5
84% ca 100%

Scheme 24

4. Cyclobutenediones from other simple cyclobutenediones

Synthesis of cyclobutenediones based on cycloaddition reactions is limited to either to squaric
acid or aryl and simple alkyl derivatives. Hence, cyclobutenediones with a wide range of
substituents have been synthesized from simple diones such as [Tynthesi, halo or alkoxy
substituted cyclobutenediones by reacting with a variety of carbon as well as hetero atom
nucleophiles. The underlying principle in all these reactions is the vinylogous behaviour of
cyclobutenediones i.e. [1ynthesi, halo and alkoxy cyclobutenediones show the reactivity similar
to that of acid, acid chloride and ester, respectively (Scheme 25).”

X o O X) o) Nu o)
]EE Nu Nuﬁ ];f
X o) x" (o X o

s
X = OH, Cl, Br, OR

Scheme 25
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4.1. Halogen derivatives of cyclobutenedione

It has been reported that the reaction of squaric acid with SOCI; in the presence of DMF leads to
the replacement of both the OH groups to form dichlorocyclobutenedione in good yields 27
(Equation 6).* Also, phenylcyclobutenedione is readily halogenated in glacial acetic acid
(Equation 7).'

HO_ O  socl (2 equiv.) C'KO
jzi DMF, reflux
1b 27
75%
Ph. O X, Ph. O
M CH,COOH jzi
v o x" o
28 29
X=Cl 70%
X=Br 53%

4.2. Alkoxy derivatives of cyclobutenedione

Alkoxy derivatives of cyclobutenedione, squaric acid esters, have been synthesized from squaric
acid following different strategies as outlined in Scheme 26.**** The chemical properties of
squaric acid are mainly determined by its acid character and its reactivity is comparable to that of
dicarboxylic acids. Ethyl or butyl alcohol treatment of squaric acid gives the corresponding
diesters, whereas methanol gives monoester 30b. However, dimethylsquarate was synthesized by
the action of diazomethane on 1b or by the reaction of methyl iodide with 30d.

RsSi—O 0 AgO o
3 jzi 1. AgNO; (2 equiv.) AgNO3 (2 equiv.)
Risi—0 o 2 RSICI (2 equiv) AgO 304 O
oa CHa,l
95% 3
(2 equv.)
HQ, O CH30, o]
HO O . 3
jzi CH3OH jzi CH,N; (2 equiv.) 79%
0,
cHo" o o o 6% chyo 310
30b
1b C,HsOH
(2 equv.)
I
H3C—C-0 6] .
N AC,0 (2 equiv.) C,HsOH (2 equiv.) C2HsO_ 0
HiC=¢ 0 © C,H50 o)
(0] 30c 32
60% 7%

Scheme 26

A similar reaction of halocyclobutenediones with alcohols give good yields of squaric acid
esters (Scheme 27).2>**" As described later in this section, dialkoxy squarates are extensively
used in the synthesis of a variety of cyclobutenediones.
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cl o) RO o)
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X o RO o) R'0O-¢-0 o RaN HO o

33 o 34 1d

X =Cl, Br, | R! = Ethyl or i-Butyl

62%
Scheme 27

4.3. Thionyl and selenyl derivatives of cyclobutenedione

It was reported that the reaction of diethyl squarate with 2 equiv. of sodium or potassium
hydrosulfide in alcohol gives the 1,2-dithiosquarate anion 35,%* which has also been prepared
from squaric acid diamide 36 in low yield (Scheme 28).** Dithiosquarate anion is readily
alkylated with CHslI to give dithioester 37a. Also, thioester 37b has been [lynthesized by the
reaction of benzylmercaptan and 3,4—dichloro-3-cyclobutene-1,2-dione in the presence of amine
bases (Scheme 28).*" Later, an improved method was developed using AICl5.*°

CZHSOM NaSH or S 0O NaH/CS, RHNKO
C,Hs0 S o) RHN o
35 36
80-85%
< O
S O
RI (2 equiv.) 1. RSH (2 equw)
- 2. Et3N (2equiv
S:EORCH :i 3(Q)C| o
25 R = PhCH,

R=C,Hs 37a 91%
R = PhCH, 37b 36%

Scheme 28

Similarly, the reaction of 3-chloro-4-phenyl-3-cyclobutene-1,2-dione 29 with pyridine
saturated with hydrogen sulfide leads to thioether 38. After acid work up, 3-mercapto-4-phenyl-
3-cyclobutene-1,2-dione 39a was obtained, which could be converted to thioester 39b with
suitable reagents (Scheme 29).*"* Similar reactivity was reported between hydrogen selenide
and dichloro- or diethoxycyclobutenediones to produce the corresponding selenide derivatives 40
and 41 (Scheme 30).47b
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X o} H,Se
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X (0] o
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X =Clor OCyHg
Scheme 30

4.4. Amino derivatives of cyclobutenedione
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Ph S. Ph
= A
‘ o] o O (0]

38

Ph SH
Hel J;g
o e}
39a
Phenylsulfenyl
CHaN or ‘ chloride
Ph SR!
o o
39b
R = Me, Et, Ar 20-80%
R-se
RIX

R-s

O
JIK R! = Me or Ph
e (e}
40

Hse o)
HCl K
HSe o)
41

Amine derivatives of cyclobutenedione are known as amides of squaric acid. Reaction of
slight excess of a primary or a secondary amine with dialkylsquarate in CH3;OH or CH,Cl, at
room temperature give monoamide monoester 42 in excellent yield.***** Diamides of squaric
acid 36 are prepared under more basic conditions using large excess of amine or by adding
triethylamine (Scheme 31).2d Also, halocyclobutenediones react with amines but provide the
corresponding amides 43 in lower yields.*

R R!
' 2N o)
r2-N o RI-NH, or o excess R-NH, or R j;ﬁ
ji R! R?—
R EtO o) . N o)
EtO (@] HN HN_ , I‘?l
o2 R
42 R 36
>90% >90%
1
1
X o R-NH, or r2-N o]
Ph 0 R ’ ::
HN, 2 Phi O Rl=H, Alkyl, Aryl

X = Cl, Br, OEt, 0-CO-O-C,Hs

Scheme 31
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This reaction could also be performed in a buffered solution (pH 7), which is appropriate for
biopolymers. Hence, this controlled nucleophilic substitution forms the basis for the use of
diethyl squarate as a coupling reagent to conjugate oligosaccharides to proteins or
polyazamacrocycles.” Several biologically active and drug molecules such as 44a-44¢ have been
synthesized following similar methods (Scheme 32).”!

o)
HoOC . ,)S
HA\‘ NH, Na O

. HOOCy_~_- o o
N H i
HalN HN o) NHBoc RO O 1. NH, M
jzi 1.EtsN : K 2. H,N OoH  HaN o
o o RO” O
= 2.HCl Y 4ac
44a o} 86%
88% o)
3.PdPPh | T }NH&(ONHZ.HCI
N-Methylaniline | PhO CO,H
2. EtgN
PhOCH,CONH o
N o)

2

Scheme 32

Also, it was found that aziridine reacts with dihalocyclobutenedione under suitable
conditions to generate either 1,2—diamides 45 or (aziridinoethylamino)cyclobutenedione 46
(Scheme 33).>

<
H H
xt X N7 N/ \
/\/N; ;N\/\ H X O (excess) H HN o
o o xl’\ ::o x=Cl m
45 29 x'=Ph Ph ©

X, Xt=cCl 96%

0,
X, Xt=Br 72% 82%

Scheme 33

Dimethyl squarate reacts with hydrazine and hydroxylamines to form 3,4-dihydrazino-3-
cyclobutene-1,2-dione 47 and N-hydroxylamide methylesters 48, respectively (Scheme 34).24

NR, OH
HN 0 CH30 0 6N o
j;ﬁ NH,-NR, (excess) ~ ° j;( R-NHOH (1.1 equiv.) R
0 MeOH, 25 °C ji
HN o MeOH.25°C  cyo o CH50 o
R=H 85% R = Me 63%
R = Me 87% R =i-Pr 92%
R =-(CHp)s- 45% R = Cyclohexyl 81%

Scheme 34
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Also, dimethyl squarate undergoes nucleophilic substitution reaction with ortho and para-
phenylenediamine to provide 49 and 50, respectively (Scheme 35)*

NH; H H
N o ©: CH30 o) HZNONHZ N N
N o o o
n
H 50
49

CH30 o)
31 n=23
56%

Scheme 35

Macrocyclic bridged squaric acid diamides of type 51-54 have been [lynthesized in good
yields by the reaction of 1,w-diamines with 1,2-dimethoxycyclobutenedione under high dilution
conditions  (Scheme 36).>* Cryptands of type 55 are obtained from 1,2-
dimethoxycyclobutenedione and monocyclic crown ether amines.

o NH HN o]
Y
k((:HZ)%2

_ 0w NH HN 0
| 58%
/0 NH HN (e}
() 53
92%
o
\(\ HN o)
O
Lo
\// 54
] 39%

12%

Scheme 36

Recently, it has been reported that BF;.Et;O or H,SO4 induces oxidation of some 4-
hydroxycyclobutenone 56a to furnish the corresponding cyclobutenediones 56 (Equation 8).”

Ph 0 Ph O

jz/( BF3.0Et, or H,S0, ji
S S
56a 56
73-98% (8)
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4.5. Phosphine derivatives of cyclobutenedione

1,2-Bis(diphenylphosphine)cyclobutenedione 58 was prepared by the reaction of
dichlorocyclobutenedione with diphenyl(trimethylsilyl)phosphine 57 in ether at —-78 °C
(Equation 9).%°

CeHs

(CHa)sSI—R CeHs
cl 0 . CeHs CeHg P 0
cl o} ~(CH3)3SiCl CeHs—P o}
CeHs
58
55% 9)

4.6. Alkyl, alkenyl, alkynyl and aryl derivatives of cyclobutenedione

Arylcyclobutenediones can be obtained by the reaction of halocyclobutenediones with [Irenas
under Friedel-Craft acylation conditions. Dichlorocyclobutenedione 27 affords either mono 29 or
diarylcyclobutenediones 9 depending upon the amount of catalyst (AlCls), the molar ratio of
reactants and reaction conditions (Scheme 37).”"®

Ar O Ar o] Ar. O
Ar- H/A|CI3 ArHIAICI;
or
1 —
! X, X2 =Clo py o cl o)
9 29

X
X =Br, X! =Ph 5-71%

X Ar=Ph  79% >50%
X =cl, X!=H 21-27%

Fluoryl 68%
Scheme 37

A new class of cyclobutenediones containing quinoid rings have been prepared by Friedel-
Crafts reaction (Scheme 38). Reaction of 1,2-dichloro-3-cyclobutene-1,2-dione with AlICl; and
2,6-di-t-butylphenol in refluxing dichloromethane yields 59. Compound 59 is readily oxidized to
1,2-diquinocyclobutanedione 60 using PbO,.”

- t-Bu
%/k HO t-Bu N
a O t-Bu O
Cl O t-Bu O PbO, N\ O

);ﬁ AICl3 [ Benzene /
c O cH,Cl, t-Bu O o t-Bu O o
O
HO t-Bu t-Bu
59 60
34% 50%

Scheme 38
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3-Amino-4-aryl- and 3-aryl-4-hydroxy-3-cyclobutene-1,2-diones have been obtained by the

Meerwein arylation reaction of diazonium salts with squaramides and semisquaric acid,
respectively (Equation 10).%

XL )
H o] \ O
L
ji + Afi, G _CUCl/ACONa (10)
R o -5°C to 25°C R 1)

X =F, Cl, Br, Me, OMe R=0H 31-65%

NO,, COOH R=R;N 24-67%

Dichlorocyclobutenedione as well as bromophenylcyclobutenedione 29 condenses with

electron rich olefins such as enamines, ketene acetals in the presence of triethylamine (Scheme

39).2b’61 Similarly, phosphrous and sulphur ylides react with 29 to give the products 61 and 62
with cyclobutenedione moiety acting as a stabilizing acceptor (Scheme 40).%

d N‘@

Cl O

: i \__/ . N,>
EtsN (j o o} Q—o

Cl ()] o 25%

NR,

R R RN R
Br O R-HC=C c=Cc_ 0 Cc= o
R RoN ji R
+
P 200 BN P’ 0 P 0
- 0,
Et3N‘ (C,H50),C=CH, 48-68% 30-54%
Q
(CZHSO)ZC=C o C,Hs0—-C—CH, O
1N HCl K
Ph o) Ph o)
35% 62%
Scheme 39
Ph
Ph.!_Ph
HsC.__CHs
h H T H O
HecTc: o (HsC),S=C~C~CHjy Br: io (CeHs)sP=C—R R/: :
° Ph o)
Ph o) Ph o
61 29 62
40% R = Ph 7%
COOMe  20%
COOEt 28%
COPh 12%
COOCH,Ph  40%
Scheme 40
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Functionalised cyclobutenediones were obtained by the reaction of squarates with
compounds having acidic hydrogen on carbon atom in the presence of sodium alkoxide in
alcoholic solution. For example, alkoxycyclobutenediones condense smoothly with
diethylmalonoate and 1,3-diketones to afford 63 and 64 respectively.” Also, diethylsquarate
condenses with 2-methylpyrrole in acetic anhydride to form dipyrrolyl cyclobutenedione 65
(Scheme 41).%

Ccor! R'oc. ,COR?
CH  HC

~cor! R COR!
+
(@)

(0] (0] (@)
64a 64b
22-78%

CH,(CORY),| R = OEt

NaOEt R2 R? R?
R3OOC\ R m\ CHy— | \ \,—CHjs
~ 3
RPooc”S\__ PN CHyCOORY), |c,i.0. O N~ CHy  HN NH
NaOEt K H
o = o) 0
63 © R =Ph R (e} R =OEt 65
- 0,
55-75% RZ=H 45%
R?>=Me 45%

Scheme 41

Alkyl and alkenyl derivatives of cyclobutenedione have been prepared by the reaction of
diazoalkanes with phenylcyclobutenedione through an unusual nucleophilic substitution (Scheme
42).%

] L HOL__pp
, . _R N=N-CH—C—Ph 2

RCH 0o N=N-C_ H o) i H-C. O

ji R [ or [

\

Ph 0 Ph O ¢ “N-cHy—c—ph " °

66D —/+ I 66b

0,

R =Ph 34% 62%

Scheme 42

3-Ethynyl-4-methoxycyclobutene-1,2-dione 67 was prepared by the addition of vinyllithium
to dimethyl squarate followed by quenching of the resulting alkoxide with trifluoroacetic
anhydride. Compound 67 undergoes facile 1,6-addition of carbon and non carbon nucleophiles to
form a variety of substituted cyclobutenediones (Scheme 43).%
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OH \/ji TN\
S CH30 N _—
S

67b
o 93% S o

X
\/ji Hs Y Bra ,LX"S% \/ji
CH30 0 o, NHO CH,Cl, / CH30 0
672~ 4o, <~ TP erc

73% 4)1 79%
CH30 67 O | Anye
OOO (\%\(\ UDfat Ar. o
S \
i- PrCu(CN)ZnBr

CH30 o)
67d

CHgO 43%
CH3O

O%
69%

Scheme 43

A few simple alkyl derivatives of cyclobutenediones are prepared by the reaction of
diethylsquarate 32 with Grignard reagents. These reactions proceed in lower yields.*” An
efficient process was independently developed by Moore® and Liebeskind® via nucleophilic 1,2
addition of organolithium to dialkoxycyclobutenediones followed by hydrolysis of the resulting
hydroxycyclobutenone 68 (Scheme 44). Also, differentially disubstituted cyclobutenediones 5
obtained through step-wise addition of two different alkyllithium reagents (Scheme 44, Path b).%

RO o)
Rojio RILi RO O  TFAAorHCI M
]z/’:Rl path a Rl o
0,
RO O THF, -78 C RO OH 69
32 68 R=Me 50-91%
R =i-Pr -
t-Bu(Me),SiCl R=i-Pr 65-98%
path b
RN
OH R 0
| _—
R! o j:_Rl
78°C R Yo
RO oT1BDMS RO oT1BDMS :
R! R?=n-Bu, t-Bu, Ar  CH, 78-96%
—Bu CH3
Scheme 44
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These methods, which rely on the introduction of substituents on to cyclobutenedione core as
organolithium nucleophiles, are restricted to substituents that are compatible with strongly basic
and nucleophilic conditions. Liebeskind et al.”’ developed a general method involving stable 3-
(tri-n-butylstannyl)-3-cyclobutene-1,2-dione 70 which was readily prepared by the treatment of
3.,4-diisopropoxy-3-cyclobutene-1,2-dione with n-Bu;SnSiMe; in the presence of catalytic
amount of cyanide ion (Equation 11).

i- + = i-
i-PrO, O cat. Bu;N CN i-PrO O
+ Bu38nSiM63
ipro” 0 THF, 23°C Bussn” O
70
65% (11)

Stannylcyclobutenedione 70 undergoes cross-coupling with organic iodides attached to sp’,
sp” and sp-hybridised carbon atoms and with vinyl trifluoromethanesulfonate esters in the
presence of PhCH,CIPd(PPhs),/Cul catalyst to provide a wide variety of substituted

cyclobutenediones’'™”" including porphyrin derivatives 73 (Scheme 45)."
0
H203P/\/j;‘ﬁ
H,N o)
72
40%
Ph
cat. Pd ’ le_~_PO3EL,
. R
Ol oo [ oo |a-s A
|| S
cat. Pd BusSn o) cat. Pd
N e 70
H Ph
71 73
61% M = Zn or 2H 75-86%

Scheme 45
Also, a variety of acyl substituted cyclobutenediones were prepared following a similar

strategy (Equation 12).”"
R o) R 0
M rR'cocl
BusSn o (Ph3P),PdCly/Cul R o

O74

Rl= Ph (E)-propenyl p-OMeCgH,

R = NH, 84% 93% 98%
Oi-Pr 79%  68% 65%
N-piperidinyl  92% 83% 67%
N-morpholinyl 73% (12)
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Bisquaryls, a novel class of compounds derived from squaric acid, have been prepared
(Equation 13). "

R 0]
R O (PhsP),PdCl,/Cul
0] (@)
BU3S” (6] o) R
R= NH2 83% 75
N-piperidinyl 60%
N-morpholinyl 63% (13)

Also, a reverse reaction of above methods has been reported in which cyclobutenediones act
as halide partner of Stille cross-coupling, to give a broad array of substituted cyclobutenediones
(Equation 14).”

RO AL cat. (PhCH,)CIPA(PPhy), AP
2 + R™SnBuj (v4)
cat. Cul

1
0
X ° THF, 50 °C Rs (14)
R = CHg, OCHj
R! = Ph 70-87% =—TMS 56-57%
X = Cl, Br, OCHj
PhS 80-88% =——Bu 50-58%

) ) OEt
p-MeCeHs  76-83% < 62-70%
p-CIC¢H,  81%

3.,4-Dialkynyl-3-cyclobutene-1,2-diones 76 were synthesized by the reaction of 3,4-dichloro-
3-cyclobutene-1,2-dione either with tri(n-butylstanyl)alkynes in the presence of catalytic
amounts of Pd(PPhs)4 or with the soluble copper (I) acetylides (Scheme 46).”*

CI: io
cl 0
R=Ph 70% L
n-Pr 51% RTSnBU3
SiMes  30% Pd(PPhs),
ph——= 11%
n-BuLi/ZnIzlAlkyne) R n-BuLi/Cul/Alkyne
Cl [¢) \\ O <_ Cl 0
)i R————7Zn R———=~Cu )i
cl o  Pd(PPhy), // 0 Cl o}
R=Ph 47% R 76 R =SiMe; 27%
(i-Pr)sSi 21%
t-BuSiMe, 57%
MesSi—— 59%

Scheme 46
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Analogous method for the preparation of highly functionalized cyclobutenediones was

developed by Knochel et al.” based on zinc-copper reagents (Scheme 47).

1 R! FG-R! 0
FG-R! o FG ReXE:gCS:N)Z”X C': io FG-RICU(CN)ZnX K
J E 2

erl Yo cl N FG-R?Cu(CN)ZnX FG-R o
unsymmetrical
symmetrical 77b
77a FG-R = functionalised alkyl 57-81%
67-89% o

Scheme 47

5. Synthesis of benzocyclobutenediones

As discussed in section 1.2.7, some benzocyclobutenediones were prepared via Diels-Alder
addition reactions of some dienes with olefins. Benzocyclobutenediones were also synthesized
starting from certain aromatic compounds. Benzocyclobutenedione 78 was first synthesized by
Cava et al.”® using simple organic transformations from 1,2-diiodobenzocyclobutene as shown in
Scheme 48.

ONO o}
<):(l 2AgNO4 @:{ 2 2EtgN @i
I ONO, (¢}

78
75%

Scheme 48

Bromination of  3,8-diphenylnaphtho[b]cyclobutene 79 with NBS  generates
tetrabromoderivative 80 along with a mixture of other bromides. The tetrabromide 80 reacts with
silver trifluoroacetate and water to give 3,8-diphenylnaphtho[b]cyclobutene-1,2-dione 81
(Scheme 49).”

Ph Ph Ph
Br 0
COo = O ==
B 40 0
Ph ph Bf Ph
79 80 81

41%

Scheme 49

Also, 3-aminobenzocyclobutenedione 83 has been prepared via the oxidation of luminol 82
using t-butyl hypochlorite (Scheme 50).”
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NH, O NH, O NH,
I}IH t-Butyl hypochlorite h‘ Decomposition °
NH N 25 9C
(0}
o ) 83
82 70%

Scheme 50

It has been reported that the vapour phase pyrolysis of indanetrione 84,”* and 3-
bezyloxyphthalide 85 give traces of benzocyclobutenedione 78,  whereas
phthalamidodiphenylsulphoxide 86 gives benzocyclobutenedione in 35-70% yield under similar

conditions (Scheme 51).”*

O ) 7 O
o]
o 600 °C/ 0.02 mm 420 “C/ 0.01 mm N—N:g\—R
0 o -N2 and sto R

o)
ga © 78 R=Me 35% 86
sau ‘ R=Ph 70%
0
PhCOO_ H .
560 °C/ 0.1 mm
o o
-PhCOOH
o o
85

Scheme 51

Synthesis of benzocyclobutenediones, on multi-gram scale, was achieved by flash vacuum
pyrolysis of the Diels-Alder adducts of phthalazine-1,4-diones 87 with anthracene,
cyclopentadiene® or indene® (Scheme 52). Among these, the anthracene adduct 88a gave better

. 81
yields.
Q \ ¢
N 500°C
N 71-98%
Anthra-
o o cene O gsa o
NH,NH, N ©;K Eq. 44
o] il o)
Pb(OAC), N 78
(0] o) (0]
87 Cyclopenta 500°C
i N
diene ) @ 64-88%
N
(0]
88b
Scheme 52
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Conclusions

In view of applications of cyclobutenediones as versatile starting materials in the synthesis of
multifunctional carbocyclic and heterocyclic compounds, biologically active molecules and NLO
materials, the methods of synthesis of these important class of compounds should be helpful in
further development in these areas.
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