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Arylated Cyclopentadienes and Cyclopentadienylides
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Information on the synthesis of arylated cyclopentadienes and their ylide derivatives is systematically reviewed, and the
chemical reactions of the compounds are discussed. A list of 110 references is included.
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1. INTRODUCTION the intermediate carbinols®~1°:
Several phenylated cyclopentadienes have found application
ips s s Rz R® R® Re R? R Rr2 R3
as photosensitisers, but arylcyclopentadienes are of interest N N N ~
mainly as starting materials for the synthesis of cyclopenta- N RieX s Ut - o TN ete
A ) JQ N or ReLi N \ N S
dienylides, fulvenes, ferrocenes, and other compounds. Rt \l/ R4 R N Rt Rt 4 Re RT WV e
The Review covers only those arylated cyclopentadienes in 0 RS OH Rs R6

which the double bonds of the cyclopentadiene ring do not
form part of an aromatic system (indenes are not covered).

II. METHODS FOR THE SYNTHESIS OF ARYLATED CYCLO-
PENTADIENES

1. Synthesis from Cyclopentenones

Cyclopentenones are used to obtain substituted cyeclopenta-
dienes because of the readiness with which the carbonyl
group undergoes reduction and the Grignard reaction:2.
Cyclopent-2-enones are usually employed, for they are more
stable and more readily available than cyclopent-3-enones®:

R2 R3 R2 R3 Rz\ /Rd
>—~< reduction . . >_-/\ —H.O_) /,(_\>\
R‘/\\//\R‘ . /\\// Re Rt N/ Re
It

OH
(@) R1=R?=R3--R*=Ph;
(b; RI=R?==R®*=Ph, R‘=H o

Selective reduction of the carbonyl group in the conjugated
enone system is effected with lithium tetrahydroaluminate

in ether at room temperature® or with sodium tetrahydroborate
in aqueous dioxan?. The yields of cyclopentadienes reach
70—90% of theoretical, and the preparation can be accom-
plished in a single stage without isolation of the intermediate
cyclopentenols. 1,2,3,4-Tetra- and 1,2,3-tri-phenylcyclo-
penta-1,3-dienes have been obtained in this wayl:2,

An attempt to use this method to obtain 1,2-diphenyl-
cyclopenta-1,3-diene was unsuccessful®»*, since 3,4-diphenyl-
cyclopent-2-enol resinifies on acid dehydration, and the
desired product is formed in small quantities, while the iso-
meric 3,4-diphenylcyclopent-3-enol does not eliminate water.
1,2-Diphenylcyclopenta-1,3-diene has been obtained in low
yield by reducing 4-chloro-2,3-diphenyleyclopent~2-enone
with lithium tetrahydroaluminate®.

Substituted cyclopentadienes are most often obtained by
treating cyclopentenones with organomagnesium and organo-
lithium compounds and then dehydrating without isolating

(@) R'=R2=<R8=R*=H, Rs=Ph;

(b) R'=R3=R4=H, R*=Ph, Ré==Ph or Akk; k;
(¢) R's=R2==R3=-R4==Ph, Ré=pH or Alk; ::

(d) R*=H, R1==R2=-R3-=Ph, Rs— P-Me—-CgHg—;
(e) R*==R?=:Ph, R3==R%=H, Ré=Ph

This method has been used to obtain the following cyclo-
penta-1,3-diene derivatives— 1-phenyl®, 1,4-diphenyl”’®,
1,2,3,4,5—pentapheny19, 1,2,3-triphenyl-4-p-tolyl, and
1,2,3-triphenyl®’.

The structure of the resulting cyclopentadienes cannot
be predicted from that of the starting material, in the
present case the cyclopentenone, since substituted cyclo-
pentadienes that are isomeric with respect to the cyclic
double bonds are in a state of thermodynamic equilibrium?®.
The potential barriers to interconversion of isomers are
quite high, so that within certain temperature limits in
effect only the thermodynamically more stable isomer can be
isolated, but it is not so easy to predict which is the more
stable form. Thus 5-benzyl- and 5-ethyl-1,2,3,4-tetra-
phenyleyclopenta-1, 3-dienes are stable, but the methyl
analogue has the structure 2-methyl-1,3,4,5-tetraphenyl-
cyclopenta-1,3-diene®:

Ph Ph Ph Ph Ph Ph

N_/ N /S N S

// \\ ; ///_\\ ; /</_\\
Ph \i/ Ph Ph \‘/ Ph Ph \l/ Ph .

CH,Ph CH, CH,

Therefore establishment of the structure of arylated cyclo-
pentadienes requires careful examination of their proton
magnetic resonance spectra.

Because of the complexity of determining the structure of
the final product doubt attaches to the structure of several
cyclopentadienes’»®:*%12,  For example, it has not been
established whether both isomers—1,3- and 1,4-diphenyl-
cyclopenta-1, 3-dienes

Ph 2N
o AV
AV

exist or only one of them. It appears more probable that
only the 1,4-derivative can exist, since this structure is
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supported by the *H n.m.r. spectra8 and ozonolysis products
of the diene!!, as well as by the identity of its properties
with those described much earlier’ for 1,3-diphenyleyclo-
penta-1,3-diene. The authors of this last work ascribe to this
compound the structure of 1,3-diphenyleyclopenta-1, 3-diene,
although its properties conform to those of 1,4-diphenyl-
cyclopenta-1,3-diene. However, this is contradicted by a
recent report!? that two diphenylcyclopentadienes have been
obtained, giving different fulvenes on reaction with benzal-
dehyde.

2. Preparation of Arylated Cyclopentadienes from
1,5-Diketones

Arylated cyclopentadienes were first obtained from
1, 5-diketones, in two stages. The first stage involves
reductive cyclisation to cyclopentanediols (by prolonged
boiling with zine in acetic acid*® % or by means of aluminium
amalgam in aqueous ethanol!’). In the second stage these
diols are dehydrated by boiling with alcoholic hydrochloric

acid'®!* or by fusing with oxalic acid®>!*. The yields vary,
but do not exceed 50%. Many arylcyclopentadienes have been
obtained in this way!37?:
COR? COR® R?2 OH OHR? R? R3 R? R3
(lZH C‘H L‘:ﬁl >l ‘/ =20 \—/\ or //_<\
FI?“ }lzs ke ke

(@) R1=R?=R%—=Ré=Ph, Ré=H;
®) R, Rz, R®, R*=X—C¢H,— (X=CI, Me, OMe, NMe,), Rs==H;
(¢) R?=R3=p-MeO—CeH,—, R‘ R*=R5=:H;

(d) R'=R*=R®=Ph, R*=Ré=

(¢) RZ=R3=R5=Ph, R!=R*=

In acid media 1,2,3,4- and 1,2,3,5-tetraphenylcyclo-
pentane-1,2-diols eliminate water to form the same
1,2,3,4-tetraphenyleyclopenta-1, 3-diene'®, which appar-
ently is thermodynamically the most stable isomer.

3. Preparation of Cyclopentadienes from Cyclopenta-
dienones

Cyclopentadienones (cyclones) are very reactive, with a
strong tendency to dimerise by diene synthesis, so that
mono- and di-arylcyclones can exist only as dimers?’
Therefore cyclopentadienes can be obtained from tri- and
tetra-arylcyclones, which are readily formed by the con-
densation of diaryl-o-diketones with ao’-diarylacetones?!™27:

reduction

R R?
N_/
=
e
O

R?—CO—CO—R?  R*—CH,—C—CH,R!
Il

R'.! RS
N
2
FAVEY
(@) RI=RE-RS—R'—Ph
(b) R1=Ré=-Ph, Ri= ppn~cgm
(&) R'=R*=n-Ph—C¢H,, RE=R?=
(@) R!'=R?=-R3=R*=p-Ph—C,H,;
PAVAN
(¢) RI=R*=Ph, R?, R’=| ‘ ;
NV

AN
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() RI=R'=Ph, R?, R°= j

—
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Selective reduction of the carbonyl group in tetra-
phenyleyclopentadienone (tetracyclone) was first attempted
by Sonntag et al.?!, who obtained mixtures of various
reduction products by the use of such reductants as zinc
dust and lithium tetrahydroaluminate and by Clemmensen,
Wolff—Kishner, or Meerwein—Pondorff reduction. Thus

% and 12% yields of 1,2,3,4-tetraphenyleyclopenta-1, 3-diene
were obtained respectively on distillation with zinc dust at
270 °C and on reduction with lithium tetrahydroaluminate in
dibutyl ether.

Recently, however, methods have been found for
reducing tetra-arylcyclones to the corresponding cyclo-
pentadienes. A fairly general scheme for obtaining tetra-
arylcyclopentadienes is??

R R? R! R? R! R2

\——< NaBH, \ < _Soch, >-—/ Zn

-

PO N
o N b

I
[e]

aq. dioxan

OH
R i

/\/\ DMF

S CH,Co0H
h/ \\l/ \Ph
Cl

R?
/

N
// \\
Ph \/ Ph
(@) R'=R?=Ph;
NN\

\I/ \I/

-

(b R', R*=

Sodium tetrahydroborate in aqueous dioxan converts tetra-
arylcyclones quantitatively into tetra-arylcyclopentadienols,
in which the hydroxy-group is then replaced by a chlorine
atom by means of Vilsmeier's reagent. The resulting tetra-
arylchlorocyclopentadienes are dechlorinated with zinc in
acetic acid to form tetra-arylcyclopentadienes (in 60% yield
based on the cyclones). This method can be used?? to
obtain a bistetraphenylcyclopentadiene:

Ph Ph Ph Ph
| — |
7 N
/ A /\/ \_ph e N NN
7 aq.dioxan _/\__/ N/ T
Ph / \ / \\ N
Ph 0] OH Ph Ph  OH
Ph Ph

| e |
7 AN
soCly Ph~/\\/\=>\//\—P Zn
DMF N/ N\

h 20
e Ci1,COOH

AN /
Cl Ph Ph Cl
Ph
- Ph- // \/\ : \//\

Ph Ph

A better yield (93%) of tetraphenylcyclopentadiene was
obtained?® by the reduction of tetracyclone with a mixture
of lithium tetrahydroaluminate and aluminium chloride, and
a 55% yield by the two-stage reduction to 2,3,4,5-tetra-
phenylcyclopent-2-enol with sodium tetrahydroborate
followed by elimination of water. However, other workers
have been unable to repeat these experiments?*25, Tetra-
phenyleyclopentadiene is formed only on prolonged boiling in
the presence of a large excess of reductant?”, and isolation of
a chromatographically pure product is possible only in an
inert atmosphere in the dark and at low temperatures®®. It
has proved possible to reproduce the earlier experiments?® in
only one case®®. Extending to other cyclones the method of
reduction with a mixture of lithium tetrahydroaluminate and
aluminium chloride has given mixtures of products, from



856

which corresponding cyclopentadienes have been isolated in
yields of 10—20%2":25:27,

Tetracyclone can be reduced also with hydrazine dihydrate
and dihydrochloride in diethylene glycol?®, under which con-
ditions 1,2,3,4-tetraphenylcyclopenta-1,3-diene is formed in
80% yield.

An interesting route from tetracyclone to tetraphenylcyclo-
pentadiene was discovered?® in an investigation of the action
of tervalent phosphorus compounds on the former: with the
hexamethyltriamide of phosphorous acid an unstable adduct is
formed having the structure of an internal salt

o— M .
I;‘_(N 0,)3

This adduct is readily split by acids to form tetraphenyl-
cyclopentadiene derivatives, but with hydrogen-donors it is
reduced to 1,2,3,4-tetraphenylcyclopenta-1,3-diene in 87%
vield. There have been no reports of the reactions of other
cyclones with the triamide.

4.  Fulvenes for the Preparation of Cyclopentadienes

Several tetra-arylcyclopentadienes can be obtained from
tetra-arylfulvenes, which are formed by the action of methyl-

magnesium bromide on cyclones?®:3%:
Rz RB R‘] Rﬂ Rﬂ RS Rz R3
/ N/ N/ iperidi N
D N e S S e O A
R ‘/\Rl R‘/\/\/\R‘ R'/\”/\" Rl/\/\R‘
ol CH; OH CH,

(a) RI=R*=Ph, R¥=R?*=Ph or p-MeO—GHj;
(b) R'=R2=R*=Ph, R%—p-Me—CoH,—;
() RI=R%:=Ph, R?=Ri=p-Me—CgH,— .

The mechanism

b ph b pn .
h
e KO
Fh b O h Ph +
N 21 Ph A\
CH, H, N
X A
- H
HN
h  ph
g /} g\ + { N—CH~X
L1 Ph AT

was suggested?®. The ease of occurrence of this reaction
(on boiling for a short time) is attributed to formation of the
stable delocalised anion of tetraphenyleyclopentadiene.
However, the reaction cannot be extended to other tetra-
aryleyclones (R? =p-X.CgH,, where X =Cl, (CH3),N, CH;0),
because the carbinols formed from cyclones and methyl-
magnesium bromide are unable to eliminate water?®®,

Tetraphenylfulvene can be used to obtain alkyl- and
arylalkyl-tetraphenylcyclopentadienes by the series of
reactions??,31:32

Ph Ph Ph Ph P\h\ /Ph
{ 1) RMgCI N HI
7N\, oo N CHLCOOH 77N
/ / AN
PRV Ph\//\Ph N b

~N
'J;H. RCH, OH (%H;;R
R = Me, t-Bu, Et, n-Pr, H
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in which the yield is low. If R =CHs;CH, or t-C,H,, the
carbinols are converted at high temperatures into the corres-
ponding cyclopentadienes (without use of a reductant)®®,

5. Special Methods of Preparation of Arylated Cyclo-
pentadienes

1,2,3,4,5-Pentaphenyleyclopentadiene can be obtained in
two ways from 5-substituted derivatives. In the first method
1,2,3,4,5-pentaphenylcyclopenta-2,4-dienol is treated with a
Lewis acid (boron trifluoride® or antimony pentachloride®®)
or with a strong acid, e.g. sulphuric acid?:%7, to form the
pentaphenylcyclopentadienyl cation, stable only at low
temperatures (—70 °C) which with a donor of a hydride ion
gives 1,2,3,4,5-pentaphenylcyclopentadiene:

Ph h Ph Ph Ph Ph
acid cyclohepta-
ie:
h Ph Ph Ph triene h Ph .
Ph OH Ph Ph

anion”
The second method may involve the photo-oxidation of
5-methoxylated®®:3° or the reduction with zinc dust or
lithium tetrahydroaluminate of 5-chlorinated 1,2,3,4,5-penta-

phenylcyclopenta-1, 3-diene!*»3¢:
Ph Ph P Ph
NS ; N
FON D FoN
ph \/(/ Ph P \\|/ Ph
Ph OCH, Ph
Ph Ph Ph  Ph
N/ NS

\ Zn/CHRCOOH -
///_‘\\\ or LiAlHgq - // \\
= \/\/ Ph ph V Ph .
Ph CI Ph

Completely phenylated cyclopentadiene has been obtained
by the isomerisation of 1,2,3,4,5-pentaphenylcyclopenta-2,4-
dienol in the presence of sodamide into 2,2,3,4,5-penta-
phenyleyclopent-3-enone, which reacts with phenylmagnesium
bromide and then eliminates water to give a 30—40% yield of
hexaphenyleyclopentadiene*?:

Ph Ph Ph Ph
/>A<\ NuI\Z‘lg_) />:< <ph PhMgBr
ph \>\/ Ph Ph \”/ Ph
Ph OH fo)
Ph pPh Ph Ph
N_/ CH,CO), O N/
- Ph’—l/ \\ (CHLON O (—\
AN
Ph\/\/ Ph ph >/ Ph
Ph OH Ph Ph

The single-stage formation of 1,2,3,4-tetraphenylcyclo-
penta-1,3,diene from acetylenic compounds has still been
little studied. In the presence of lithium, diphenylacetylene
dimerises to form 1,4-dilithiotetraphenylbutadiene, which is
alkylated by dibromomethane to give a 66% yield of tetra-
phenylcyclopentadiene*’; when alkylation is effected with
benzylidene dichloride, a 24% yield of 1,2,3,4,5-pentaphenyl-
cyclopentadiene is obtained"?:

N
Ph Ph CHaBry__ 7N (66%)

14
Ph—C=C—Ph 5 Ph- C—C—C—C—Ph— Ph Ph
Lit Lir NIV
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Yields of 1,2,3,4-tetraphenylcyclopenta-1,3-diene obtained by
the action of diphenylacetylene on trimethylchromium*? or on
cyclopentadienylmethylmolybdenum tricarbonyl** are below 5%.

I11. CHEMICAL REACTIONS OF ARYLATED CYCLO-
PENTADIENES

1. Acid-Base Reactions

Unsubstituted cyclopentadiene is a carbon—hydrogen acid,
whose aqueous solution has pKy =15.6.%° Such high acidity
is attributed to stabilisation of the cyclopentadienyl anion by
cyclic delocalisation of the six m electrons. The acidity is
enhanced by the introduction of aryl substituents into the
cyclopentadiene ring: thus for 8H-cyclopent[alacenaphthylene
in chloroform pKg =14+0.5."® For other arylated cyclo-
pentadienes pKg has not been determined, but their acidity
is evident in reactions with bases and in many reactions
involving condensation, in which they behave as containing
an activated methylene group.

The sodium or lithium salt of 1,2,3,4-tetraphenylcyclo-
penta-1,3-diene is formed by the action of sodium in oxolan"’,
sodamide“®*°, or sodium hydride in dimethyl sulphoxide
(dimsylsodium)*” or of phenyl-lithium or butyl-lithium5%51,
Salts of 1,4-di- and 1,2,3,4,5-penta-phenylcyclopentadienes
have been obtained by reaction of sodamide (or better
dimsylsodium) with other substituted cyclopentadienes"®.
Phenyl-lithium has been used to obtain salts of 1,2,3-tri-
and 1,2.3,4-tetra-phenylcyclopentadienes*®:?, and those of
1,2-di-p-methoxyphenylcyclopenta-1,3-diene by the action of
methylmagnesium bromidel”,

Salts of arylated cyclopentadienes are readily oxidised by
atmospheric oxygen and other oxidants, e.g. iodine, to form
fulvalenes or, when this is prevented by steric hindrance,
1,1-dihydrofulvalenes?:

h Ph Ph ]2 b
Bh Ph " »
0]
tol @ ] { 1’
3, R'=Ph, RzPh or H v+ R =Ph,R=H
R Rt ) .
R R Li Ph

Ph
Salts of cyclopentadienes are therefore obtained in an inert
atmosphere, and are immediately subjected to further
reactions without isolation.

The reaction between salts of arylated cyclopentadienes and
iron(II) chloride provides the only method for obtaining
polyarylated ferrocenesl7:18:48:49;

@ R'=R’=R’=R‘zPk:

() R*=R’=H, R'=R'=Ph:

() R'=R?’=R°=Ph, R'= H;

(d) R'=R*=p- MeOCgH,, R*=R'=5 ,

Almost all such compounds have been obtained in this way,
with the exception of decaphenylferrocene, which was
attributed"® to steric hindrance.

The sodium and lithium salts of tetraphenylcyclopentadiene
undergo nucleophilic substitution with 3,3-dichloro-1,2-
diphenyleyclopropene®?, with methoxydiphenyleyclopro-
penylium®!, 4-chloro-2,6-dimethylthiopyrylium®®, and
2-methylthio-1, 3-dithiolium®* perchlorates, and with tropylium
bromide"*’ to form deeply coloured compounds of fulvene type,
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possessing large dipole moments:

ph Ph - Ph Pb Ph Ph
+ Jf . — -« @
@ 1o
Fh bh 7N\, Tt Fh 3 Fr 1 TN
Na+ R R N
N
¥ « v

In the presence of bases arylated cyclopentadienes con-
dense with aldehydes'?5%5% p-nitrosodimethylaniline!®:,

and toluene-p-sulphony! azide?2*,5%:36759,

ph  Ph Ph  Ph Ph  Ph
N NS AN
//,_\\\ ;:EHO /_\\ Hgi(g ///_ N
R \"/ Ph R NS Ph R \/ Ph
CHPh NEt, | 1)p-ON-Ci.NMe, CH,
‘ pTsN; D HCLH;0 '
Ph ¥ ph Ph ¥ ph
N2 NIZ
// \\ //j\
e N
Ng 0

The reactions with formaldehyde and benzaldehyde yield
fulvenes, but that with p-nitrosodimethylaniline after hydro-
lysis gives cyclones. These reactions have been used
repeatedly to characterise newly obtained cyclopenta-
dienes*:18,29,

The reaction with tosyl azide involves the formation of
diazocyclopentadienes, which are starting materials for many
cyclopentadiene derivatives, including ylides of arylated
cyclopentadienes (Section IV). It is interesting that the
reaction of 1,4-diphenylcyclopenta-1,3-diene with tosyl
azide in the presence of piperidine gives a mixture of
1-diazo-2,4(and 2,5)-diphenylcyclopentadienes in yields
of 30% and 58% respectively®®. The explanation is that in an
intermediate species—the anion of 1,4-diphenylcyclopenta-
1,3-diene—the negative charge is delocalised to give an
appreciable negative charge on the C(2) atom®®:

32
/@\ piperidine
Ph Ph CHsCN Ph Ph Ph Ph
l p-TsNy

Ph
+
Ph Ph Ph .
2 N,

An analogous phenomenon was observed by Freeman and
Lloyd®®, who obtained 2,4-diphenyl- 1-triphenylarsoniopenta-
dienylide in the reaction between 1,4-diphenylcyclopenta-1,3-
diene and triphenylarsine oxide in triethylamine. The
course of this reaction is also explained by formation of a
conjugated anion of 1,4-diphenylcyclopentadiene. Hence it
can reasonably be expected that conjugated anions of mono-,
di-, and tri-aryleyclopentadienes will contain more than one
nucleophilic centre, owing to delocalisation of the negative
charge in the ring.

2. Arylated Cyclopentadienes in Diene Synthesis
Like other cyclopentadienes the arylated derivatives are

able to undergo diene synthesis with various dienophiles,
including cyclopentadienes, although the introduction of
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aryl substituents results in steric hindrance to the inter-
action of two cyclopentadiene molecules.

Crystalline phenyleyclopentadiene is monomeric, but its
recrystallisation from ligroin leads to formation of a dimer
(the structure of the latter has not been established, but
dimerisation is supposed to occur by a mechanism of diene
synthesis)®.

On prolonged heating at 120 °C, 1,2-diphenylcyclo-
penta-1,3-diene dimerises to a mixture of products (with
structure A predominating)*5:%1:

Dimerisation of the 1,4-diphenyl isomer has not been
observed, although this compound readily undergoes diene
synthesis with maleic anhydride*'’®? and with vinyl acetate®?

/O\ C 0
Ph Ph Sy, ot Ph Ph

0OCOMe 0OCOMe

Dimerisation by a mechanism of diene synthesis does not
take place in the presence of three or more aryl substit-
uents. Perhaps interaction between the phenyl ortho-
hydrogen atoms "twists" the phenyl groups out of the
cyclopentadiene planel®:®*, This impedes a frontal arrange-
ment of two substituted cyclopentadiene molecules and forma-
tion of the transition state necessary for diene synthesis.

3. Photo-oxidation and Free Radicals of Penta-
arylcyclopentadienes

1,4-Diphenyleyclopenta-1,3-diene has been recommended®®:®®
for use as a photosensitiser, and is also an oxygen-acceptor
(with formation of compounds of the type MO,). Photo-
oxidation has been studied on 1,2,3,4-tetraphenylcyclo-
penta-1,3-diene and its alkyl derivatives®®’, and on the
1,2,3,4,5-pentaphenyl®® and 1,2-diphenyl®*®! compounds.
Oxygen was found to undergo 1,4 addition to the diene
system to form endo-peroxides:

I 3 R’ 3
R R

(@ R'z=®’=R*=R'=Ph, K°=H, Ph, Alk;
() R'=R’=Ph, R®°=R'=R°=H;:
(©) R'=R*=R*=R°=Ph, R°=Me

The structures of the latter have been confirmed by various
chemical reactions. For example, reduction of the endo-
peroxide of 1,2-diphenylcyclopentadiene with lithium tetra-
hydroaluminate gave 3,4-diphenylcyclopent-4-ene-cis-1,3-diol,
but alkaline hydrolysis gave 4-hydroxy-3,4-diphenylcyclo-
pent-2-enone®?
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When subjected to light or heat, endo-peroxides undergo
further changes with fission not only of carbon—oxygen and
oxygen—oxygen bonds but also of carbon—carbon bonds, so
that the photo-oxidation of arylated cyclopentadienes usually
gives a complicated mixture of products. For example, under
the influence of light and of high temperatures the endo-
peroxide of 1,2,3,4,5-pentaphenylcyclopentadiene undergoes
the reactions®®

+ PhCO—CPb=CPh—0—CPh=CHPh +
Ph O Ph

+ PhCO—CPh=CPh—COCH(Ph), .

The oxidation of cyclopentadienes in the dark or by means of
other oxidants has not been investigated, with the exception
of the oxidation of anions of tri- and tetra-phenyleyclopenta-
dienes by iodine?.

Many extremely stable, deeply coloured free radicals of
1,2,3,4,5-penta-arylcyclopentadienes are known. However,
they have been obtained not by the direct oxidation of cyclo-
pentadienes but by the action of silver or potassium hydrox-
ide on penta-arylbromocyclopentadienes*®9~7¢:

Ph Ph Ph Ph
Hozia
P Ph  KOH/CgHg Pl Ph .

Phr Br Ph

4. Halogenation of Cyclopentadienes

The action of halogens on arylated cyclopentadienes may
involve either addition or substitution depending on the con-
ditions and also on the halogenating agent used. Substi-
tution occurs more readily.

Boiling 1, 2, 3-triphenylcyclopenta-1,3~diene with N-bromo-
succinimide in tetrachloromethane for 1 h gives a mixture of
the 1-bromo-2,3,4-triphenyl- and 5-bromo-1,2,3-triphenyl-
cyclopentadienes’’; boiling for 2 h yields 5,5-dibromo-
1,2,3-triphenyleyclopenta-1,3-diene?. Under the same con-
ditions 1,2, 4-triphenylcyclopenta-1,3-diene forms the
5-bromo-1, 2,4-triphenyl derlv.eltlve2 10,

With bromine in carbon disulphide all three hydrogen
atoms in the 1, 2,3-triphenylcyclopentadiene are successively
replaced?:

Ph Ph Ph Ph Ph Ph Ph Ph

__/ Bry \__

< \\ & ?S' N &, / \\

N \/ \( N
Br Br Br Br.

The action of bromine on the 1,2,4-triphenylcyclopentadiene
involves a mechanism of addition and elimination with the
formation of 2,5-dibromo-1,3, 4-triphenylcyclopenta-1,3-
diene®®

With bromine both methylene hydrogen atoms in 1,2,3,4-
tetraphenylcyclopenta-1,3-diene are substituted at once to
give the 5,5-dibromo- derlva’mre13 To obtain the monobromo-
compound it is necessary to use N-bromosuccinimide or
bromopyridinium nitrate’® Similarly, iodopyridinium
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nitrate gives 5-iodo-1,2,3, 4-tetraphenyleyclopenta-1, 3-
diene’®, and S-chloro-S-p-nitrophenyl-N-phenylsulphonyl-
sulphidimine yields the corresponding 5-chloro-compound’®.

5. Hydrogenation of Arylated Cyclopentadienes

The hydrogenation of arylated cyclopentadienes to cyclo-
pentane derivatives is used to establish and confirm the

structure of cyclopentadienes obtained for the first
timel1,13:19,80,

R? Re R? R3
NS It N S
e TN
Rl\l/\R: R \\l/\‘pJ
Rs RS

(ay R' Rt .Ph, R?-R3=-Rs=H;
(b) R'= R . p-Me—CgH,; R? ~R¥-=Rs=H;
¢y R*. R¥==Rs-=Ph, R'- R* -H:
@ R'=R*=R¥:R? - Ph, R5 -H .

Hydrogenation is effected with hydrogen in the presence of a

12% or palladium black!'—or with

13,19

catalyst—Raney nicke
hydriodic acid in the presence of red phosphorus

1V. PREPARATION OF ARYLATED CYCLOPENTADIENYLIDES

Much information has been published on the preparation
and properties of tri- and tetra-aryleyclopentadienylides,
but only in 1974 were the first diarylcyclopentadienylides—
1-triphenylphosphonio- and 1-triphenylarsonio-2,4- and
-2, 5-diphenyleyclopentadienylides—described®®, since when
1-N-pyridinio-2,3- and -3, 4-diphenylcyclopentadienylides
have been obtained®?. Ylides of monoaryleyclopentadienes
are at present unknown.

Two main methods—the salt method and the decomposition
of diazocyclopentadienes—have been used to obtain arylated
cyclopentadienylides. In addition, triphenylarsoniocyclo-
pentadienylides have been obtained by condensing substi-
tuted cyclopentadienes with triphenylarine oxide in the
presence of bases®®”” or phosphorus pentoxide®!

1. Salt Method

In the salt method onium salts of arylated cyclopentadienes
are treated with bases to abstract the proton. Its limits of
applicability depend on the accessibility of the onium salts®?
These can be obtained in three ways, firstly from halogen
derivatives of the substituted cyclopentadiene®%77,83 -85,

R 3 R R B2 N
Yi OH,
' ‘ 3 t 4 2> D @ ]
R R R R R R
X Y X" Y*

X =Clor Br;

NR
2 4 P

(a) R'=R°=R*=Ph, R'=H, Y:= || . :PPhy, sAsPhy, :SMe,, :S=C ;
\ \NRZ

(b)RRRRPhY- (Ij 1PPh,, ss=c” ‘:
\nR,

NN Z N,
N .o
N

MeSO4

869

In the second process an onium salt of an arylated cyclo-
pentadiene is obtained by the action of a base on a dibrom:-
cyclopentene?*:°7:

RS R4 R; R‘ Rl 1{’:
Lpe
Br, - =
Dol o A= ¢
R R 2,08 R’ 7y
RI R! Rl
2
(@) R'=R*=H, R*=R*=Ph, Y: = @:

() R=R'=Pb, R, R-“ O
o O OO ><

The starting compound in the third method is a halogenated
cyclopentane, but in this case it is necessary also to
dehydrogenate the onium salt®:

Ph h l'h Th

/
—
<\u =
1. uspupis L N-bmmosu«;cmimide | /n/\mm
+ —_—— \+ .+
)

2. HC10, N, 2. OM

AN cio; 2 AN
Br l H
N N N

b h

In all cases aqueous—ethanolic sodium hydroxide was used
as the base.

Two limitations have been found in obtaining onium salts
of arylated cyclopentadienes, the first involving steric
hindrance to nucleophilic substitution of the bromine atom.

If the cyclopentadiene ring contains 2- and 5-phenyl substi-
tuents, the yield of onium salts in the reaction of the corres-
ponding bromocyclopentadiene with 2-methyl- or 2,6-
dimethyl-pyridine is 6%, but with quinoline reaction does

not occur®* From the corresponding chlorocyclopentadiene
and quinoline the onium bond is formed in low yield®®, but
when the decomposition of diazocyclopentadienes is used, a
method in which steric hindrance is absent from the reactant
species (a carbene), onium salts are obtained in good yields®®
The second limitation is due to dehalogenation in the reaction
of halogenated cyclopentadienes with triphenylphosphine in
acid solvents. This reaction involves the formation not of
onium salts but of the original substituted cyclopenta-
dienes””®5, which is attributed to attack by triphenyl-
phosphine on the bromine atom.

2. Decomposition of Diazocyclopentadienes

The thermal decomposition of arylated diazocyclopenta-
dienes in the presence of nucleophilic species has been
used to obtain a number of tetraphenylcyclopenta-
dienylides®%8,88,90-9% ' gince diazotetraphenylcyclopenta-
diene itself is readily obtainable®
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Ph Ph Ph Ph Ph Ph
140 -160°
Ph Ph * P’ Ph Ph’ Ph
N, Y Y*

Y:=I1PPhy, :AsPhy, iSbPh;, :BiPh;, :SPhMe, :SPh,, :SePh,, :Telh,,

Me X
Z 7 7 7 Me Me
| . . U x=0s .
N X X NN
N N Me N Me” N "Me
S

With copper bronze powder as catalyst the temperature can
be lowered and the reaction conducted in such solvents as
benzene, cyclohexane, and ethanol, when the yield of ylides
is increased®’.

1-Triphenylphosphonio- and 1-triphenylarsonio-2,3,4-
triphenylcyclopentadienylides have been obtained by the
catalytic decomposition of 1-diazo-2,3,4-triphenyleyclopenta-
diene®’, although it had been reported earlier’’ that the
decomposition of diazocyclopentadienes could not be used
to obtain onium betaines of cyclopentadienes unsubstituted
at position 2 or 5.

The decomposition of 1-diazo-2,5-diphenylcyclopentadiene
in the presence of triphenylphosphine and triphenylarsine
yields respectively 1-triphenylphosphonio- and 1-triphenyl-
arsonio-2, 4-diphenylcyclopentadienylides. The explanation
proffered®® is that positions 3 and 4 in the intermediate
1-carbene of 2,5-diphenyleyclopentadiene are sterically
more favourable than position 1 to nucleophilic attack by
triphenylphosphine or triphenylarsine.

Theoretically ylides can be formed from diazo-compounds
in two ways. The nucleophile (triphenylphosphine,
triphenylarsine, etc.) may add initially to the diazo-
compound, and the resulting adduct breaks down to the
ylide with the evolution of nitrogen. Alternatively the
ylide may be formed via the carbene, which is partly sup-
ported by thermogravimetric investigation of these
reactions?°,

V. PROPERTIES OF ARYLATED CYCLOPENTADIENYLIDES
1. Physical Properties and Structure

Arylated cyclopentadienylides are crystalline, sparingly
soluble in water, ethanol, ether, and hexane, and soluble
in benzene and chloroform. Phosphonium, arsonium,
sulphonium, and selenonium ylides are stable, and decompose
only when illuminated. Pyridinium, other N-heteronium,
and stibonium ylides are stable in the solid state, but
decompose in solution. Telluronium and bismuthonium ylides
decompose slowly in the solid state, but rapidly in solu-
tion® %1, The stability of ylides depends not only on the
onium moiety but also on the aryl substituents in the cyclo-
pentadiene ring. For example, known pyridium ylides of
arylated cyclopentadienes can be arranged in the stability
sequence

The stability of ylides is usually explained®® by the nature
of the bond between the heteroatom and the five-membered
ring, which in turn depends on the charge distribution in the
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molecule (on the "contribution" by the dipolar structure B):

R2 RJ Rz RJ

Increase in the volume of the heteroatom enhances the
diffuse character of the d-orbital, while the efficiency of
interaction between the 2p-electrons of the carbanion and
the vacant d-orbitals of the heteroatom diminishes (the
contribution by structure A decreases). The stability
diminishes also as electrostatic interaction between carbanion
and onium heteroatom becomes weaker (with decrease in the
electronegativity of the heteroatom, with lengthening of the
carbon—heteroatom bond).® Arylated cyclopentadienylides
are less stable if aryl or onium substituents are "twisted"
out of the cyclopentadiene plane owing to the steric hin-
drance in the molecule.

Table 1. Long-wavelength absorption by tetraphenyleyclo-
pentadienylides®5:96,

Y PPhy AsPhg SbPh, BiPh, 8Phy
Amax, nm | 288% (EtOH)| 201* (EtOH)| 349 (CHC,) | 525 (EtOH); 292%;
(solvent) 1 596 (benzene) 3%12:(()5}1;;*

— NN
Y SePhy TePh, D r ]
~—" N
Amaxs nm 294%; 335 (MeOH) 538 (EtOH) 587 (EtOH)
(solvent 347* (sh**) (EtOH) 347" (benzene) 595 | (benzene) | 645 \(benzene)

*Absorption maximum independent of solvent (solvatochromism
not observed).
**sh = shoulder.

Table 2. Long-wavelength absorption by pyridinium ylides of
arylated cyclopentadienes??,

T
‘ g ¢
Amax in g rh
’ Py" Ph @ Ph
Py
Benzene 572 582 589 590 630 650
' Ethanol 530 530 547 535 572 590
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The structure of an ylide can best be characterised by
X-ray examination, but only a few ylides of unsubstituted
cyclopentadiene have been studied in this way!?2~1%,

All ylides are yellow with the exception of N-heteronium
and bismuthonium ylides, which in the crystalline form are
intensely coloured (Amax = 500—800 nm) 8%%7:1%1 (Table 1).
With several ylides (Y =(C¢Hs)sP, (C4Hs)3As, (CgHs)3Sb,
(CsHs),S, (CgHs),Se) the longer-wavelength absorption maxi-
mum is independent of the solvent, but negative selvato-
chromism is observed with bismuthonium and telluronium
ylides of tetraphenylcyclopentadiene®® and with all
N-heteronium ylides of arylated cyclopentadienes??:77:8%,87
(Table 2). Slight solvatochromism has been found in
1-triphenylphosphonio-2,3,5-tri- and -2,4-di-phenyleyclo-
pentadienylides®”. It is assumed that betaines in which
solvatochromism is observed have structure B in the ground
state, or that the contribution by this structure is large,
and that the longer-wavelength absorption is due to intra-
molecular charge transfer.

Table 3. Dipole moments of arylated cyclopentadienylides!®s.

Ph\ /.Ph
N

AN
Ph v Ph
Y

Y u,D Y u, D
SPh, 6.69 Ph Ph
SPhiMe 6.90 N_(
PPh 7.75 { > 6.99
AsPhy 8.32 " b
SbPhy 2.2 i

PPh,

Dipole moments in benzene solution at 25 °C have been
determined for several tetra- and 2,3,4-tri-phenylcyclopenta-
dienylides (Table 3)!°, The results indicate that the con-
tribution by the ionic structure (B) increases in the series
of betaines with sulphonio < phosphonio < arsonio. The low
dipole moment of triphenylstiboniotetraphenylcyclopenta-
dienylide is explained by association of the betaine with the
solvent or with itself'°>, The dipole moment is larger in
tetra- than in tri-phenyleyclopentadienylides and ylides of
unsubstituted cyclopentadiene®®®; hence substitution by
phenyl groups increases the contribution by the ionic
structure in the ground state of the molecules.

Ionisation potentials have been determined for several
ylides of 7,9-diphenyl-8H-cyclopent[a]acenaphthylene by
spectrophotometric examination of intermolecular charge-
transfer complexes®®. These ylides are found to constitute
a novel class of strong electron-donors with ionisation
potentials of 6.7—6.75 eV.

2. Reactions of Arylated Cyclopentadienylides
(a) Acid-base reactions

Arylated cyclopentadienylides are bases, forming with
acids such as perchloric, hydrobromic, etc. salts that are
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readily hydrolysed to the original ylides:

Ph  Ph o o
N_ .
PN SO N
=
ph \”/ Ph ph \l/ bh
Y Y+CIO;

Y=PPhy, AsPhy, SbPhy, Py «

This procedure is the only method for purifying ylides that
are unstable in solution®. However, several cyclopenta-
dienylides of diphenylsulphonium!®?, diphenyselenonium,
and diphenyltelluronium are too weak bases to be protonated
by mineral acids.

Table 4.
arylated cyclopentadienylides

Acidity constants pKg of protonated forms of
101,107

- ; : 2,3,4-Triphenylcy clopenta-
Tetraphenylcyclopentadienylides dienylides
Y=PPh, ’ Y=AsPh, Y=8bPh, Y==PPh, l Y==AsPh,
5.3 { 7.6 7.6 4.2 ! 5.6

Acidity constants of the protonated forms in 95% ethanol
have been determined for several tetra- and 2,3,4-tri-
phenyleyclopentadienylides!®+1%7,  Table 4 shows that the
basicity of the ylides is closely related to the polarity of the
molecule. The basicity diminishes in the sequence
stibonio > arsonio > phosphonio with decrease in the degree
of interaction of the 2p-electrons of the anion with the vacant
orbitals of the heteroatom. Values of pKg are smaller for
tri- than for tetra-phenyleyclopentadienylides, which
indicates greater thermodynamic stability of the former!®!,

The site of protonation depends on the structure of the
ylide. Investigation of the proton magnetic resonance
spectra of cyclopentadienylides in trifluoroacetic acid has
established®’}°? that the unsubstituted carbon atom is
protonated, for example positions 5 and 3 respectively in
2,3,4-tri- and 2,5-di-phenyleyclopentadienylides. On the
other hand, 2,3,5-triphenyleyclopentadienylides are not
protonated in the vacant position 4, as the n.m.r. spectra
do not contain the signal of a methylene group.

(b) Reaction with a polar double bond

Reactions with aldehydes and with p-nitrosobenzene have
been studied for tri- and tetra-phenyleyclopenta-
dienylides®?:83:%6,101 " Only triphenylarsonium, triphenyl-
stibonium, and thiouronium ylides react with benzaldehyde
or p-nitrobenzaldehyde, forming fulvenes:

Rl RX Rﬂ RS
N _CeH = N_/
2N, TEET N
O
Y

A
CH

/
X—Ph
Y=AsPh,, SbPhy, S—CN (HMe),;
R!=R?==R8=Ph, R'==Phor H .
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Formation of the latter is explained®® by nucleophilic
addition of the ylide to the carbonyl group with further
change in the resulting adduct:

R R R R
R R
+ aﬂo’lﬁ;/ﬂ —> —
Ak
R R N, w R N g YO
N

Y C—R C

The reaction between 1-thiouronio-2,3,4-triphenylcyclopenta-
dienylide and p-nitrobenzaldehyde yields mainly strongly
coloured products having the structurk®?

Ph\ /Ph Ph Ph
N/
/ﬂ\\ 7N\
Ph N \sI ph/\”/ \s|
No,ceﬁ,\N/ NMe, NO,CGH(\N< \N .
| —/
Me

This is attributed®® to attack by the aldehyde at the unsubsti-
tuted position 5 (not position 1) in the cyclopentadiene ring
followed by attack on one of the nitrogen atoms. Ylides
having Y = (C¢Hs) P, (C¢Hs),S, (CeHs),Se, (C¢Hs),Te do not
react with aldehydes.

Ylides of tetra-arylcyclopentadienes react with nitroso-
benzene to form the tetra-arylcyclopentadienone anil, [its
N-oxidel, or a mixture of the two®3%,101;

P{ /Ph Ph\ Ph Ph  Ph
— 7 N/
// ~\\ _PhN=0 //_ N and for //—\
Ph \”/ Ph Ph \”/ Ph Ph \U/ \Ph .
Y NPh N—-O
Ph

Diphenysulphonio- and -selenonio-tetraphenyleyclopenta-
dienylides, when boiled with nitrosobenzene in tetrachloro-
methane for 18 h, form the anil N-oxides of tetraphenyleyclo-
pentadienone in 5% and 80% yields respectively. Under the
same conditions triphenylarsoniotetraphenyleyclopenta-
dienylide forms a mixture of the anil and the anil N-oxide
(respective yields 35% and 48%), but the corresponding
stibonio-ylide forms only the anil N-oxide (yield 80%) even
with a shorter period of boiling®®.

2,3,4-Triphenyleyclopentadienylides are more reactive than
their tetraphenyl analogues towards polar double bonds,
although the former are less basic: i.e. the nucleophilicity
of the ylides (Sb > As > Se > S > P) does not parallel their
basicity (Sb > As >P » S = Se) owing to the great sensitivity
of nucleophilic reactions to steric factors'®”.

(¢) Electrophilic substitution

Electrophilic substitution in ylides of unsubstituted cyclo-
pentadiene have been well studied!?%1%®"11° and arylated
cyclopentadienylides are found to follow the same pattern.
Substitution occurs more readily at position 2(5), but if this
site is occupied, it occurs at position 3(4),®° which is
explained by the more favourable transition state with sub-
stitution in position 2(5).%®

1-Triphenyl-phosphonio- and -arsonio-2,3,4-triphenylcyclo-
pentadienylides are acylated by acetic anhydride®® and
undergo Vilsmeier formylation!®! to the corresponding
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5-substituted ylides:

h  Ph
(CH3C0),0
Ph  Ph CH,CO Ph
4 3 Y
5
{ "Ph Ph Pk
Y POCI;+ DMF|
HCO Ph
Y=PPh,, AsPh, - ¥

2,5-Di- and 2,3,5-tri-phenylcyclopentadienylides are
acylated at position 4:%°

. R CH,CO R
5 ) (CH,C0),0
Ph (" “Pb Ph Ph
AsPh, AsPh,
R= HorPh .

1-Triphenylphosphonio-2, 4-diphenyleyclopentadienylide forms
a mixture of 3- and 5-acylated products in which the latter
isomer predominates, but Vilsmeier formylation gives the
disubstituted 3,5-diformyl-2,4-diphenyl-1-triphenylphos-
phoniocyclopentadienylide®’.

Azo-coupling has been investigated in 1-phosphonio- and
l-arsonio-2,4-di-, -2,5-di-, and -2,3,4-tri-phenylcyclopenta-
dienylides. The products are quite stable red 2(5)-azo-
compounds®’.

1-N-Pyridinio-3,4-diphenylcyclopentadienylide reacts with
p-chloranil to form as electrophilic substitution product a
stable betaine having two absorption bands in the visible (at
480—520 and 800 nm). The former absorption maximum
exhibits negative solvatochromism, but the latter is indepen-
dent of the solvent. Thus the interesting phenomenon is
observed of simultaneous intramolecular charge transfer from
the 3,4-diphenylcyclopentadiene anion to the onium substi-
tuent (~500 nm) and to the 2-substituent (~800 nm):??

(d) Oxidation

N-Heteronium, stibonium, telluronium, and bismuthonium
ylides of arylated cyclopentadienes are relatively
unstable?*86:2%  Their instability is connected with their
ready oxidisability by atmospheric oxygen, since they are
more stable in an inert atmosphere. However, the decom-
position (atmospheric oxidation) products of ylides have not
yet been studied. It has been shown merely?? that oxidation
by bromine of 8-N-pyridinio-7,9-diphenyl-8H-cyclopent[a]-
acenaphthylenylide gives a salt of a radical-cation:

solve
Ph @ Ph —M/fo%r‘ Pk @ Ph

N
4 | Br
NS X

Amax = 570 nm (in CH3CN) Amax = 640 nm (in CH3CN) .
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In the crystalline state the yellowish-green product is
extremely stable, but it decomposes readily in solution.
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