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Arenechromium Tricarbonyls in Organic Synthesis

V.N.Kalinin

The characteristic features of the chemical properties of arenechromium tricarbonyls, caused by the change in the reactivity of
the aromatic groups and the organic substituents linked to them on passing from ArH to ArHCr{CO);, are examined and data

concerning the application of arenechromium tricarbonyls in organic synthesis are surveyed.

The bibliography includes 167 references.
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I. INTRODUCTION

The present stage in the development of organic synthesis
is characterised by the wide-scale application of organo-
elemental and organometallic reagents in order to effect
chemoselective, regioselective, and stereoselective processes,
which are frequently impossible within the framework of the
usual "organic" scheme. During the last 15—20 years, transi-
tion metal complexes (TMC) have been vigorously employed
in organic synthesis together with traditional derivatives of
non-transition metals (Grignard reagents, lithium alkyls),
etc.). It is possible to differentiate two main aspects of the
application of TMC in synthesis—catalytic reactions and
reactions in stoichiometric proportions. The latter pre-
suppose the existence of three stages: (a) the formation of
a complex between the organic substrate and the transition
metal (TM); (b) the use of the characteristic features intro-
duced by the TM for the chemical modification of the organic
residue; (c) decomposition of the complex and isolation of
the altered organic molecule. For the effective employment
of TMC in synthesis, these stages must proceed with high
yields and the complex itself must be cheap and readily avail-
able. These requirements are to a large extent satisfied by
derivatives of benzenechromiumtricarbonyl (benchrotrene), +
which are readily obtained from organic derivatives and
Cr(CO)¢ or L;Cr(CO); (L = Py, MeCN, or NHj).

The synthesis of BCT has been examined in detail in
various chapters of existing monographs.’™® The preparative
method has been described specifically in two communica-
tions. % The physicochemical properties of BCT, the nature
of the bonding in these compounds, and the principal factors
influencing the orientation of the ChTC relative to the arene
ligand have been discussed in a review.® The reactivity of
BCT and their applications in organic synthesis in individual

+ The following notation has been adopted in the text of
this review: BCT = benchrotrene (PhH)Cr(CO;) and its
ring-substituted derivatives (Arene)Cr(CO), also the
benchrotrenyl residues (CO),Cr(Ph7);
Cr(CO); group.

ChTC or [Cr] =

stages have been described in monographs, 78 and in greater
detail in reviews. ¥ ** Striking examples of the employment of
BCT in synthesis have been published recently.

The present review deals both with studies having a bear-
ing on specific applications in organic synthesis and studies
of the reactivity of BCT which may find applications in the
future. The ligand exchange reactions of BCT and the :
metallotropic rearrangements in a series of condensed sys- !

‘tems containing ChTC will not be discussed. Earlier studies

included in previous reviews ®:!2

sary and in a more concise form.

are quoted whenever neces-
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The influence of the formation of a complex with ChTC on the
reactivity of the arene ligand.?

The formation of a complex between the arene ligand and
ChTC imposes characteristic features on the reactivity of the
ligand. The changes in the properties of the ligand and the
groups linked to it are illustrated in the Figure.!’ The
introduction of ChTC leads to strong withdrawal of electron
density from the arene ligand (the electron-accepting effect
of ChTC is comparable to the influence of the nitro-group),
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which is manifested by the high acidity of the ChTC deriva-
tives of benzoic acids, *>® phenols, !’ and anilinium ions*®
compared with the corresponding benzene compounds.

The ability of the aromatic system to transmit the electronic
effect of the substituent is significantly reduced in BCT.*
The correlation of the thermodynamic dissociation constants of
38 substituted ChTC-benzoic acids in 50% aqueous ethanol
at 25 °C within the framework of the Yukawa—Tsuno equation
showed that the reaction constant (p = 0.8) is significantly
lower than for benzoic acids (p = 1.4).

The complex formation reaction between the arene and
ChTC promotes the stabilisation of o-carbenium ions and to
some extent also B-carbenium ions, increases the acidity of
the C—H bonds in the arene ligand and in the a-position in
an alkyl substituent, and facilitates nucleophilic addition and
substitution reactions. ChTC exerts an appreciable steric
influence on the reactions of BCT. These effects are used
in synthesis.

Arenes are usually isolated from BCT by oxidation with
iodine !® or cerium(IV) salts, '° exposure to light, 2° or dis-
placement with n-donor ligands: amines?! and phosphines.??

1l. REACTIONS PROCEEDING VIA a-CARBENIUM IONS

A characteristic feature of the BCT substituent, and in
general of metallocenyl substituents, ?® is its great ability to
stabilise the carbenium centres in the a-position relative to
the aromatic ligand. This is indicated by the high rates of
solvolysis of (PhCH,C1)ChTC and (Ph,CHC1)ChTC in 80%
aqueous acetone, amounting to 2.2 x 107 s~ and 7.0 x107%s7?,
which is respectively 10° and 10° times higher than the rate
of solvolysis of benzyl chloride and diphenylmethyl chloride.?*
These kinetic results are in good agreement with the thermo-
dynamic stability constants of the carbenium ions:?* pKg+ =
~11.8 for (1-PhCH3)ChTC. pKg+ < -17.3 for PhCl}, and
pKg+ = —13.4 for Ph,CH*.

The formation of complexes with ChTC appreciably increases
the rate of isomerisation of benzyl thiocyanate to benzyl
isothiocyanate [(PhCH,SCN)ChTC + (PhCH,NCS)ChTC];?®
the rate-determining stage of the process is ionisation.

The formation of complexes by benzyl alecohols with ChTC
and the subsequent generation of carbenium ions lead to
extensive possibilities for the synthesis of N- and O-benzyl
derivatives. The reactions of ChTC-containing carbenium
ions with NH;, amines, and aleohols provide convenient
methods of synthesis of the corresponding derivatives: %’

1|?1 "é'.’;fa, = ‘?l HX = l{?‘

_ ¢ _ - e Y— T\ Cx
Y\,COH -Y\,* \l,cx

1) ® iCrl e i ¥
—OR’ NH,. NHMe, NMe, .
=1,
R, i, ® Me, Ph
Ri=Me, Et

This approach greatly expanded the range of alcohols used
in the Ritter reaction. Tertiary alcohols usually afford satis-
factory yields of amides in this reaction, while the use of

primary and secondary alcohols leads to unsatisfactory resuits.

The primary BCT-carbinols react smoothly with various

nitriles, forming N-benzylamide complexes: 28:2°
¥-_)—CH,0H +RCN —ee— Y=__J—CHNHCOR
| |
[Ct] [184]
Y=H, O

R=Me, Pr Ph, 0-MeCeH,, PhCH,, CICH,, CH,=CH

The formation of complexes with ChTC imparts character-
istic features to the stereochemical course of the reactions of
This is clearly illustrated

the intermediate carbenium ions.

. of configuration and the formation of exo-products:
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by the total stereospecificity of the reactions of the car-
benium ions generated from (endo-1-indanol)ChTC (1) and
(endo-1-tetralinol)ChTC (1I): the reactions with H,O,

MeOH, and RCN are accompanied by the complete inversion
29=31

NHCOMe
NCN
-—
Hy80,

(cha n

[c]

(1), (Imy

R=H,Me; Awxd (D, 2 (1)

The racemisation of opt1cally actwe complexes is not observed
in these reactions and the photochemlcal decomposition of the
complexes also proceeds with almost 100% retention of con-
figuration.

Even in the acyclic series the reaction of BCT-carbinols
via carbenium ions proceeds with an appreciably stereoselec-
tivity. 2%%2 The high degree of retention of optical purity. in
the products formed has been demonstrated in relation to the
reactions of optically active S-(+)-(o-hydroxyethylbenzene)-
ChTC, for example

‘lHCOMe "‘IHCO\IQ
c - By +1 Moy c - @—c"u
Mn _[Ctj \Me
[c [cr] [ EE.92%
E.E. = enantiomeric excess.

The retention of configuration in acyclic systems can be
explained by exo-attack in the formation of the carbenium
ion and in its subsequent reactions, i.e. of the two poten-
tially feasible carbenium ions (A) and (B), namely

+, N
and

[Cr]

the ion (A) is formed and the interconversions (A) = (B)
are hindered by the high energy barrier to the rotation about
the C(1)—C(a) bond. *

The stable o-carbenium ions with two ChTC, isolated in
the solid crystalline state, are of special interest. ** They
are formed in the reaction of doubly complexed diphenyl-
methanol in propionic anhydride with 55% HPF;. On treat-
ment with alcohols, these complexes give rise to esters,
while their reactions with primary and secondary amines
afford secondary and tertiary amines respectively. Reactive
aromatic substrates, namely dimethylaniline, pyrrole, and
N-methylpyrrole are alkylated by carbenium.ions but anisole
and less nucleophilic aromatic derivatives do.not react with
them. 3**5 The reaction with tetrabutylammonium fluoride
yieldeg the corresponding m-complex of diphenylmethyl fluo-
ride:

|
[cr]

? HPF¢ PF; fg) i
@ (lhcu)g | Bunr @_; !

[cel ] e
on (gl
iz, o 7
w1 0
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The ChTC-~derivatives of endo-benzyl alcohols and their
acetates are convenient sources of alkyl derivatives, which
are obtained by reaction with Me;Al or Et,Zn in the presence
of TiCl,:3®

MezAl or

EtyZn/TiClg
30°%c >
[ce] nlo"’ A2 [cr] £ ‘ "

R'=H, Ac; R*=H, Me; R®= Me, Et °

Depending on the conditions, when the substrate contains
two types of benzyl hydroxy-groups, it is possible to intro-
duce stepwise different alkyl groups:

MagAl

68%

The BCT-carbenium ion, formed in situ, reacts rapidly with
aromatic derivatives containing electron-donating groups and
with B-dicarbonyl compounds, forming exo-substituted com-
plexes: %7

HRF* OMey
1) ———

{é

R=H, OMe
1) HBF - OMé,
H 2) M'.COCH,R
OMe ¢ = COMe, COsMe
1cr) : [é:]

The acetates of o.-BCT-carbinols are active alkylating
agents and produce ketones smoothly in reactions with silyl
enol ethers, 3® for example:

OMe

L, OO

—> [é&]) R?

o /05IMes
M o M
N ZEedeh, N M0
<T/ \OAc \_‘_/ {
(o531 [cn Me

The reaction of a distereoisomeric mixture of indanyl
acetates, bound in a complex, with 1-t-butyl-1-trimethyl-
siloxyethylene leads to a single exo-substituted complex via
an intermediate carbonium ion with planar chirality:

,OSiMe3 -

Bu-t

&

9%

The alkylation of enol ethers by the acetates of a-BCT-
carbinols provides a convenient preparative method for the
stereospecific formation of a C—C bond.

1t is noteworthy that it has been suggested that BCT with
t-hydroxy-groups in the ligand, which exhibit an increased
tendency towards the formation of carbenium ions, be
employed for the transfer of ChTC to other arenes. %"
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The reaction is used for the synthesis of BCT with func-
tional-group substituents:

1

R
2
o
HS

Llo] —m0m———
t-BuOH

Triton B

{

fe
Ph DYPh E
H o Me oH

II. NUCLEOPHILIC SUBSTITUTION AND ADDITION

The strong electron-accepting effect of ChTC facilitates
reactions involving nucleophilic substitution in (n®-halogeno-
arene)ChTC. The fluorine and chlorine atoms.in BCT are
readily substituted by O-, S-, and N-nucleophiles, the
fluorobenzene complex (III) exhibiting the highest reac-
tivity: '01—‘0’;,75:

:—\—F HX (or Nnx)_, <==‘\_x

c |
Cr) [Cr)
111}
X=RO, RS, RNH, RN 1

The relative ease of substitution of the halogen by the MeO
group in halogenobenzenes activated by complex formation
increases in the following sequence for different m-linked
organometallic residues: *5:*¢

(0C)4Cri<< (OC)sMo << (n*-C;H;)Fe* < (OC),;Mn+

Difluoro-BCT readily exchanges both fluorine atoms for
methoxy-groups. *’

The halogen in (halogenbenzene)ChTC is readily exchanged
for the mercapto-group under the condition of phase-transfer
catalysis. *®

In (dichlorobenzene)ChTC, the substitution of the halogens
can be carried out consecutively. *%5°

The possibility of the stepwise substitution of chlorine
atoms in (1,2-dichlorobenzene)ChTC permitted its use in the
synthesis of dibenzo-18-crown-6 ether by reaction with the
sodium salt of diethylene glycol via the complexes (IV) and

(V) : 51
/M Na
G}

O __NaO(CHOCH.OH
IQ']
NN
( W 1) - |

/\/
Cr

(D)
OO~
The yield of the crown ether is 27%.

Under the conditions of phase-transfer catalysis, BCT reacts
smoothly with acetone oxime, forming O-aryloximes: 5

Mo, C=NOH
KOH
@ — Q—on:cm,—» @—ohcm,
ou‘m;r I
(13}

75=-85%
R = H, 0-Me, m-Me, p-Me; X =CL, F.

l/ \]—o/—"\o/_\on .

[cl
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wnen (chloroarene)ChTC is heated with non-solvated MeOK in
benzene or acetonitrile in the presence of 18-crown-6 ether,
(methoxyarene)TC is formed in high yields: s3

R N
Mmjg 2
OMB——ﬁ OMe
n -

[cCr] [cr
R, R'=H, Me, OMs, NMe,
@ =x*/18-crown-6 ether

Intramolecular nucleophilic substitution in the series of BCT
is an effective method of synthesis of benzocyclic systems,

for example, chromans: >*%%
t-BuOK, DMSO
20 °C, 10 min
or
i30-PrONa, iso-PrOH
/\/(CH,),OH 20°C,15h
l - )
N7 \p No”
[Cr 75%
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to be called "addition/oxidation", 5¢*°® The protonation of
the complex by strong acid liberates alkylcyclohexa-1,3-
diene (“addition/protonation", pathway b).35:5%8% "Addi-
tion /oxidation" has potentially many applications in organic
synthesis for the phenylation of organic compounds (Table

) 10,56

Reactive organolithium compounds are effectively pheny-
lated by BCT under mild conditions in tetrahydrofuran (THF).

T 61,62

Table 2. The mode of addition of carbanions to BC

Dena] 2

3

x MY Prodlfc( 'ratios

B o:m:p

Me LiCH2CO2Bu-t 28:72:0
Me LiCMeCQ2Bu-t 3:97:0 -
Me LiCMe,CN 1:97:2

S—
Me i TN 47

Li s > 51:47:2

OMe LiCH2CO2Bu-t 4:96:0
Cl LiCH2CO2Bu-t 54:45:1
Cl LiCHMeCO2Bu-t 53:46:1
Ci LiCMe2CO7Bu-t 5:95:1
Cl LiCHCOBu-t © 76:24:0
Cl LiCMe,CN - 40:89:4

i N .53,

Cl Li \S—/ 46:53:1
SiMe, LiCMe,CN 0:2:98
3 LiC(CN)(OR)Me 0:30:70
NMe, LiCMe,CN 1:99:0
Et LiC(CN)(OR)Me 0:94:6
iso-Pr LiC(CN)(OR)Me 0:80:20
t-Bu LiC(CN)(OR)Me 0:35:65
CH(Bu-t)2 LiC{CN}(OR)Me 0:0:100

Table 1. The coupling of carbanions to BCT [Eqn.(la)].1%%¢
Carbanion Product Yield, %
LiCMe,CN PhCMe,CN 94
LiCH,CN PhCH,CN 68
S—
_TTN A
Li \S s Ph— \S— / 93
N .
Li—/c PhCO(CHy)oMe 90+
il _/ .
Li \OR < PhCOPr-iso 88*
LiCH(SPh), PhCH(SPh), 84
LiBu-t PhBu-t . 97
2N / N
Li Q >—Me Ph— Q >—Me "
LiCH2CO3Bu-t PhCH,COBu-t 87
LiCHMeCO2Bu-t PhCHMeCO,Bu-t 88
LiCMe2CO2Bu-t PhCMeCO2Bu-t 88

In substituted BCT the nature of the substituent has a

*R = CHMeOEt;

the products were isolated by successive
acid and base hydrolysis.

A notable property of C-nucleophiles is their ability to add
to BCT with formation of n°-cyclohexadienyl complexes, which
are formal analogues of Meisenheimer complexes. The reac-
tion takes place rapidly at 0 °C. It has been shown from the
products of the addition of the lithiodithiane complex to BCT
that the entering substituent occupies the exo-position in the
structure, where one of the ring carbon atoms is deflected in
the opposite direction relative to ChTC. %’ Anionic complexes
are capable of two types of reactions:

(@ [0] @_R
@ W
Loyt Q
L >
'R

[cr] [Ce]™ Lt
1)

The oxidation of the complex leads to the formal substitution
of the hydride ion by the carbanion (pathway a) and the
formation of a substituted benzene. The process has come

decisive influence on the regioselectivity of the addition of
nucleophiles (Table 2).°%V%% To a lesser extent the ratio of
the isomers is influenced by the nature of the nucleophiles.
The direction of attack by the reactants on BCT is qualita-
tively correlated with the coefficients of the lowest unoccupied
molecular orbital of the free arene, which is associated with
the distribution of charge density, and attack by the nucleo-
philes Nu is directed preferentially to the carbon atom -
eclipsed by the CO group, while that of the electrophile E

is directed to neighbouring atoms. ®*"%® Despite the low
energy barrier between the hindered (C) and eclipsed (D)
conformations (~0.3 kcal mol™), BCT's with an electron-
donating substituent exist preferentially in the syn-eclipsed
conformation (E), while those with an electron-accepting
substituent exist in the anti-eclipsed conformation (F):

' R
? .
E—>. <—E N> <N
<——-N E—> «—E
4
N
© D) (E) F)

Nucleophilic substitution takes place in the m-position in
complexes with R = OMe or NMe, and in the p-position in
those with R = CF; or SiMe;. Alkyl-BCT are an exception.®’
With increase of the bulk of the alkyl group, p-attack become
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preferred to m-attack. The attempts to obtain the complex
(VII) by the selective oxidation of the adduct (IX), obtained
by the reaction of the BCT with 2-lithio-2-methylpropio-
nitrile (VIII) on treatment with I,, FeCl,, benzoquinone,
CuCl,/DMF, # and cerium(IV), led only to the formation of
2-methyl-2-phenylpropionitrile. When electrophiles are used
as hydride ion acceptors, the initial arene complex is regen-
erated as a consequence of the abstraction of the carb-

anion: 5857
cN
Me o
ne_ e
H [o]
[°]
Me o (e
[Cr] [C ] N
(vin (1x) “Me
[Cr]

E =Ph,CO, Mel, PhCt

The intermediate (IX) reacts rapidly with proton donors
(H,0, AcOH, CF;CH,0H) to regenerate the initial BCT in
70~90% yield, while on treatment with CF;COOH (5 equiv.) and
subsequent oxidation a mixture of isomeric cyclohexadienes is
formed and can be readily aromatised: 37

In the case of the adduct of (n®-anisole)ChTC and com-
pound (VIII), proton transfer results in the formation of
dienol ethers, whose hydrolysis affords 3- and 5-substituted
cyclohexenones; the ratio of the latter depends on the dura-
tion of stirring with acid:

Me Me N Mo MeO
Me 1t Me stow Me
Tast CN | <=—= CN
1 Me Me
[c1™ fcr] [C]

If the adducts of nucleophiles with BCT are treated with
CF;COOH in an atmosphere of CO, then Cr(CO), is readily
regenerated together with dienes or arenes. ®®

The reaction involving nucleophilic substitution of chlorine
in (n®-chlorobenzene)ChTC by stabilised carbanions, which
can be regarded as a preparative phenylation method, has

# DMF = dimethylformamide.
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been discovered: ¢%7°

_mec
\/—\/_Cl +R —5on < /"R — M_/
lé"] (X) [Cr]

R=CMe,CN, CMe,CO,Et, CMe,CO;, CH (CO,Ef),,
C (Ph) (CN) (OCHMeOE!)

The lithio-derivatives of 1,3-dithiane, 2-methyl-1,3-dithi-
ane, t-butyl acetate, acetophenone, 5,6-dihydro-2,4,4,6-
tetramethyl-4H-1, 3-oxazine, and acetonitrile are not phenyl-
ated under these conditions. Primary and secondary
carbanions are apparently relatively ineffective in this reac-
tion owing to the presence of an active hydrogen atom. The
diethylmalonate anion, which reacts slowly with the complex
(X), is an exception.

It has been shown that the fluorine-containing complex (III)
reacts rapidly with the carbanion (XI), giving rise to methyl
a-(t-butylthio)~-a-phenylpropionate in 94% yield after the
decomposition of the complex:

SBu-t SBu-t
- A .
<=>—F+ Gcote By {T5—C-cOMe
[Cr] Me (X1 Me

(I

The rate of nucleophilic substitution of the halogen in
(ns—halogenobenzene)ChTC depends on the character of the
leaving group and diminishes in the sequence F > C1 >1.7°
The mechanism of the nucleophilic substitution of the -
halogen in halogeno-BCT is complex. For example, when
(chlorobenzene)ChTC (X) is treated with 2-lithio-2-methyl-
proprionitrile (VIII) at —78 °C and is then oxidised, a 1,3-
disubstituted benzene is formed. However, at 20 °C the
intermediate (XII) slowly isomerises to the complex (XIII),
which loses Cl” and gives rise to an unco-substitution

product: *¢

Me
AN) + (VI —>»

Me
N
¢ Me
[e] [cr]
(X111)

Nucleophilic substitution and addition reactions have found
applications in fine organic synthesis. Thus substitution of
the fluorine atom in (PhF)ChTC (III) by the carbanion
derived from 4-ethoxycarbonyl-1-methylpiperidine leads to
the analgesic demirol in 85% yield: %®

\ CO:Et

u MmN {u

am 22—, MeN/_\//)
N—"\co,Et

The regioselectivity of the nucleophilic attack has been used
in the synthesis of polysubstituted benzenes. The roie of
the MeO and Me,Si groups as m- and p-directing groups
respectively is a decisive factor in the synthesis of 1,2,3-
and 1,2,4-trisubstituted benzenes: 52

/OMe 1) R /OMe
4 | S—oMe 22 z—om
1c R
R=CH,CN, CMe,CN
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CN

DR 0=/
B
\—,—( Me ————— —OMe
K‘}’\SiMe,

It has been shown’* that (diphenylether)ChTC reacts with
stabilised carbanions to form m-substituted diphenyl ethers
after oxidation. If the anionic complex (XIV) is treated with
CF;COOH at ~78 °C or is heated to room temperature, then
the product of the substitution of the PhO group by the
nucleophile is formed:

Nu
I
r————)- Pk
NuLi ©—O

‘2
&

-78°¢
@——ﬁ?h —_— OPh —{1) CF3c00H,
~78%¢
L9 2) -78" >~z
[en [cr] hdina Al Nu
{X1V)

[cr]

Nu=CH,CN, CHMeCN. CMe,CN, CHMeCO, Bu-t , C(Ph}~8—(CH,);—$
I |

The high regioselectivity of the substitution of the phenoxy-
group has been established for the reaction of (o-phenoxy-
toluene)ChTC with compound (VIII): treatment with CF,COOH
leads to a p-disubstituted complex, while heating to room tem-
perature affords the o-disubstituted complex:

Me
CF3CO0H,
-'c
Me Me
PhO Pho
(vim) fer] CMeaCN
. 03 ]
—78"C Me
y - Me,CN
[¢:] [ CMe,on | crg0imasee QC :

[¢]
The nature of the product formed has been investigated as
a function of the number of methylene units separating the
aromatic ligand and the CN group for systems capable of
intramolecular addition.’? 1-Cyanotetralin is-formed from the
complex (XV, n = 3);

-
) < NLi, THF
/ (CH,),.\ _/< N\ (CH;),,
/—> (IIHCN 2 [0] | \I I
& - Vs
! XV) NC \R

When n = 4, the position where the nucleophile adds
depends on the reaction time and temperature:

~
» {  NLi, THF/HMP =%
/(CHI)I\ —

N CH,
S CHCN ) o1 A
< TS FC I
Cl.r AVAN
“ vk
(XVI) 79%

With increase of temperature and of the reaction time, the
fraction of high-molecular-weight products also increases.
High yields of monomeric products are retained under
protonation conditions, but their ratio also depends on the
reaction time and temperature. For example, the amounts of
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condensed and spiro-products at 0 °C are 25 and 75% after
4 h and 3 and 97% respectively after 24 h:

T CN
1) QL:,THF ‘/th
+
(XvD) -2)—"——————-> ©\/c\ +
x¢& h

The most rational explanation involves the initial formation of
compound (XVII) as the kinetically controlling product; a

1, 2-carbon shift converts this adduct into the thermodynam-
ically more favourable complex (XVIII):

: /—CH—GN /\
{CH,),
—>

CN—CH1 (GTp)
[Cr]- [C r]_

s (XVID) (XVID

For low homologues (XIX, n = 2), the formation of both
spirocyclic and condensed products is favourable, so that
dimeric compounds are formed:

CN
|
(CH’) iso-Pr- i
< T § Ny /\/2
K!-r] (XIX) \l/\/

The characteristic features of the addition of nucleophiles
have been used in the synthesis of spiro[4.5]decane sys-
tem—acorenone (XX) and acorenone B (XXI):!*

; 0 ;
(XX) (xx1)

The strategy used in the synthesis is based on the m-direct-
ing effect of the methoxy-group in the nucleophilic addition

to the anisole complex; exo-attack is then controlled by the
configuration of the spiro-carbon:

1) Li~C(CN)(OR) Pr-iso »

MeQ, o Mo
3) i
[Cr]
N
/(CHZ)SCN 1) R,NLi
My c§ 2) CF;S0,H
Priso 2 on
Me0” [¢&] 4
(xx11) s
+ +
Me 1)
N . _ACHIsCN o N
{Pr-iso
]
xny

The diastereoisomeric mixture of the complexes (XXII) and
(XXIII) was separated by preparative liquid chromatography;
the low efficiency of the spirocyclisation complexes vitiates
the prepartive importance of this synthesis.
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Complex formation with ChTC has been a convenient method
of preparation of synthons on the way from frenolicin to
deoxyfrenolicin—antibiotics based on the isochromanquinone
skeleton. ™ The fundamental factor is the use in the initial
stages of the p-directing effect of the Me;Si group and the
m~directing effect of the MeO group in the nucleophilic addi-
tion of the complex (XXIV); this results in the selective
formation of compound (XXV), from which the Me;Si group
can be readily removed. It is noteworthy that the lithio-
derivative of the complex (XXIV) does not react directly with
2-hexenyl bromide and was therefore converted into an
organocopper derivative:

(!)Me OMe Pr
Me,Si 1) BuLy Me,Si
o Y B eﬁ'\n/\_r' .
N 4
()] 1)
(XX1V)
OMe pr @
Me,Si = NN\
LiCHICN)CH,CH,CH=CH, \( e NN ﬂ \, ?
Y AN \/\Il/ N \I
[cn C'N (o] CO,H
(XXV)

The overall yield of deoxyfrenolicin is 4% after a 15-stage
synthesis.

The decisive role of the conformation of ChTC in the mode
of nucleophilic attack on the BCT has been confirmed.’® The
reaction of 2-lithio-2-methylpropionitrile with the complex
(XXVI), for which the syn-eclipsed conformation is character-
istic, and subsequent oxidation yielded a mixture of mono-
substituted diphenylmethanols with the ratio m/p = 9/1:

(SiMeg
g : C

(¢
C(xxvy)

1) (v

(lm,
NN cH tIJN
3) Nahsog ©/ Gcmeg

The addition of nucleophiles to polycyeclic aromatic com-
plexes is of considerable interest. In this case the steric
requirements of the arene substituent and the nucleophile
have a marked influence on the regioselectivity of the nucleo-
philic attack together with the conformational effect and the
nature of the substituent in the nucleus.’® The reaction of
the small LiCH,CN molecule with the complex (XXVII) affords
mainly the a-substitution product, while the more bulky com-
pound (VIIl) gives rise to the R-substitution product:

ferd

OMe ?Me}'? ?Me
AN pLR AN AR
| l\/j—lcﬂ 2 kﬂ [+ 1

N A\

OMe OMe CI)Me
{(XXVIH

Depending on the reaction time and temperature, different
ratios of the o.- and B-products are observed and the B-addi-
tion product rearranges via dissociation with elimination of a
carbanion to the thermodynamically favourable o-addition
product.

In the case of 2-lithio-2-methyl-1,3-dithiane, the f-addi-
tion is irreversible and this reaction has been used to syn-
thesise 6-acetyl-1,4-dimethoxy-5,6-dihydronaphthalene—the
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synthon in the synthesis of daunomyecin:

5( N
OM
b Li (Me)s(d‘lﬂ ¢

I OMe
THF/H]
Py ce(»fn.r)f&é).).c (j/ \/ e R n ﬁ/ \/
OMe

XxXvi)) ——————

However, carbanions add to (naphthalene)ChTC in the
o -position:

R
|

VAN "R,‘/THF_’ VAVAN
0000

{cn
R=CMe,CN, CH,CN, CHS (CH,)s S
—

The ability-of S-stabilised carbanions to add irreversibly to
BCT with formation of anionic complexes, which react with
electrophiles (Mel), is the basis of a general method of syn-
thesis of disubstituted dihydronaphthalenes and cyclohexa-
dienes: ’®

OMe

de /O
R
v 2 i".f.. Oe
Cr]_

OMe

R= ?(H)s(cmh? C(Me)S(CHz)as

o= @E - @i

1) (XXVIIN

R=C(H)S(CH,);S. C(Me)S(CH,),S, Ph, t-Bu.
e ) S

The insertion of CO has been observed when the reaction was
carried out both in an atmosphere of carbon monoxide and in
its absence. Other electrophiles also proved to be effective
in the synthesis of 5,6-disubstituted cyclohexa-1, 3-dienes.®
The ability of nucleophiles to add preferentially to the
eclipsed carbon atoms of the arene liquid is manifested strik-
ingly in the reactions of 1,1-disubstituted indan complexes. %8
The reactions of cyano-stabilised carbanions with the com-
plexes (XXIX) and (XXX) and subsequent oxidation lead to
5-substituted indans:

N
S
V4

i
(XXIX)

z 1) LiCHMsCN
8 2) [o]
§ 3a

4

Mo—c{c
N

{Xxxr)

N iv]")
2, Me\/ \/

3= B

(XXXII)
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Hydrolysis of compound (XXXI) affords the pharmacolog-
ically valuable 5-substituted acid (XXXII). According to the
results of X-ray diffraction analysis of the complex (XXX),®?°
the CO groups are in the eclipsed conformation relative to the
3a, 5-, and T-positions in the arene ligand.

The method involving the addition/oxidation of reactive
i C-nucleophiles to BCT has been extended to complexes of
N-substituted indoles, N-methylindoline, and benzofuran.
The attack by the nucleophiles is then directed to C(4) and
C(7) and the product ratio is regulated by electronic and
steric factors determined by the size of the substituents at
the nitrogen atom and C(3) and also by the nature of the
nucleophile:

81,82

Compound (VIII) adds to the C(4) atom in the complexes
with Y = H and X = NMe (XXXIII), NCH,Ph (XXXIV),
NSiPh,Bu-t (XXXV), and NCO,Bu-t (XXXVI) with a selec-
tivity in excess of 90%. In the reaction of the complex
(XXXIII), the less bulky anion LiCH,CN exhibits a lower
selectivity [C(4)/C(7) = 75/25]. On the other hand, 2-lithio-
1,3-dithiane and 1-lithio-3-dimethylsilylprop-2-ene reacts
with the complex (XXXIII) preferentially at the C(7) atom,
forming a mixture of substitution products [C(7)/C(4) = 6/1].
In contrast to the N-methylindole complex (XXXIII), the
dithiane anion acts only on the C(4) atom in the N-methyl-
indoline complex (XXXVII), which, bearing in mind the ease
with which the indoline system can be converted into the
indole system,

'cI:H,SiMe,
( \] \ (XXXVII) m/\\ (XXXVII)
/\/\N NN
€ e 1 e

leads to the possibility of the selective synthesis of 4- and

7-substituted indoles. The addition of nucleophiles to the

benzofuran complex is directed mainly to the C(4) position

[C(4)/C(T7) is 73/27 for R = CMe,CN, 63/37 for R = CH,CN,
/SN

and 86/14 for R = —\S +1. The introduction of substitu-

ents at the C(3) atom in the indole system reduces the yield
of the 4-substituted product and, in the case of the complex
(XXXVIII), for example, C(4)/C(7) = 17/83 for R = CMe,CN.
o - The opposite effect is produced by bulky substituents at the
nitrogen atom [the complexes (XXXV) and (XXXVI)].

An elegant study of the reaction of (ns-methy1—1,2,3,4—
tetrahydroquinoline )ChTC with compound (VIII) revealed the
influence of kinetic and thermodynamic control on the ratio
of the regioisomers: %

O l) wm) ijQ =+ Me

¢ Bee Ne
Me Me
CN
(XXXIX) (XL) (XLD

The isomer (XLI) is formed in small amounts (1-2%) and the
ratio of the isomers (XXXIX) and (XL) depends on the reac-
tion time and temperature and also on the nature of the sol-
vent, the increase of the relative content of the isomer (XL)

689

when the reaction is carried out in THF indicating the thermo-
dynamic control of the reaction, while the more highly substi-
tuted anion (XLII) is converted into the sterically more
favourable anion (XLIII):

N Me

Me

) N
[é Me
(XLID)

Me [ Cr]_ Me

(XL11I)

In the presence of added hexamethylphosphoramide (HMP),
which strongly solvates the lithium cation, a constant ratio of
the regioisomers, reflecting the kinetic control of the nucleo-
philic addition, is retained and in this instance there is no
isomerisation. The combination of these results constitutes
convincing evidence for the reversibility of the addition of
nucleophiles to BCT.

s

1IV. REACTIONS OF LITHIO-DERIVATIVES

One of the most important properties of BCT is the increased
acidity of the ring hydrogen atoms, which is the reason for
their ability to be substituted by a metal on treatment with
metallating agents. The nature of the metallating agent has
a decisive influence on the direction of the process—soft
nucleophiles add to the complex, while hard nucleophiles
substitute a hydrogen atom.

The metallation of BCT was first achieved, by Nesmeyanov
and co-workers, on treatment with BuLi; the yield of the
acid after carboxylation was 19%: %

Buli, THF
4 | ) e \’ S—Li < S —CoOH
icrl (&
[\2)] (XL1V)

It has been shown%%5®7 that BCT reacts with BuLi to form
the complex (XLIV) almost quantitatively at —20 °C in THF
but heating of the solution to 0 °C or the addition of BuLi to
the BCT solution at 0 °C leads to butylbenzene in a yield
greater than 80%:

N
\_/

lCrl
VD

BuLi/THF, O'C_’ e\
_— —Bu
u

The oxidation stage is not then required. The mechanism of
the formation of butylbenzene is obscure but it is undoubtedly
different from the mechanism of the coupling of soft nucleo-
philes to BCT.

The lithio-BCT (XLIV) is readily obtained by the trans-
metallation reaction between dibenchrotrenylmercury and
butyl-lithium and readily reacts with chlorophosphines,
chlorosilanes, and pyridine: ®®

PRPCL | /=N
S Panii
(o]
2BuLy St TN SiMe,
B

[Cr]
Lo o)

|

(o]
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In relation to the metallation of (p-fluorotoluene)ChTC, it
has been shown that the monomeric compounds of type (XLIV)
formed at a low temperature are in equilibrium with the
dimeric complexes (XLV) and (XLVI). This is manifested in
reactions with electrophiles having more than one potential
leaving group, for example, methyl chlorocarbonate, where-
upon derivatives of benzophenone and carbonate are formed:®®

OoLi
. I s
slgo -n"c Q‘U - H CK:\:/G0 i \ '/m
Mo & M g h Cr Mo M Me

Cr r  OLL
\V AN
<L o LN
(XLV) (XLVI)
acn,u- tam,n.
03] 7 0<°
/) @
! N\ laco
M M Cr, - ‘e
TN

F

A characteristic property of lithio~-BCT is their anomalously
low nucleophilicity compared with their basicity and the set
of electrophiles which react with them is therefore limited.®?>®°
Lithio-BCT do not react with propyl iodide and alkanesulpho-
nates, giving rise to low yields of products even in reactions
with active electrophiles such as MeCOCl and CH,CHCH,Br.

It has been found®® that the addition of the complex CuBr.
.SMe, to compound (XLIV) leads to copper-BCT, which react
successfully with a large set of electrophiles, affording sub-
stitution products. The application of palladium catalysis
made it possible to extend the scope of the reaction to include
the products of cross-coupling with vinyl bromide and iodo-
benzene:

o-ni =2, (T8 u - SMe —pgemi— __p—CH=CH,
| |
[Cr] ICr ] [Cr]

(XLIV)

The reaction of (o-fluorophenyl-lithio)ChTC with the com-
plex CuBr.SMe, and the subsequent coupling of the Cu-deriv-
ative with 2-bromoallyltrimethylsilyl ether give rise to the
complex (XLVII), which undergoes intramolecular cyclisation,
after desilylation, to the 3-methylene-2, 3-dihydrobenzofuran
complex:

CH, (f'“z
Cu - SMe, 1
/ / A\
O e - (YL (0
MNF $ NS\ OSiMe, /\/\0/
(<) \siMe, 1G] <)

A characteristic feature of the latter is the lack of a tendency
towards isomerisation to the 3-methylbenzofuran isomer,
which is the product of the aromatisation of 3-methylene-2,3-
dihydrobenzofuran not bound in a complex.

Metallation of (veratrole)ChTC by BuLi with subsequent
silylation leads to a mixture of the mono- and di-silylated
complexes in approximately equal amounts: 92

SlMe, IiMe.,
O/"“‘ Dmesia S (j/"‘“’ (\/0”“-
/ \OMC \OMe
G [Cr] SiMe, [&1
(XLvIID)
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According to 'H NMR and X-ray diffraction data, the com-
plex (XLVIII) in solution and in the solid state has the con-
formation in which the bulky Me;Si group is eclipsed by the
CO group. ®

Protection of the hydroxy-group in (phenol)ChTC leads to
marked shielding of the o-positions and the metallation takes
place in the m-position to the extent of 90%. % The yield of
the o-substituted product does not exceed 3%:

OSi (us0-Pr)s |y +puLi, THF OSi (iso-Pr);
! -78°C; 1.5h |
7 2) Mel
l - +
Vs e
(s}

Cr]
0Si (iso-Pr),
Sl(lSO-Pl‘)3

ARy

The methylation of (N-butyldimethylsilyl-N-methylaniline)-
ChTC proceeds with a high regioselectivity in the m-position;
m-substituted aniline can be obtained by subsequent reactions
of the electrophile and the removal of ChTC. %% The complete
absence of o-substitution is noteworthy:
SiMe,Bu-t

Me\N / Me\N /Ac

“/j .2“)":,0/&' . ﬂ/j
N \\x

7/
1G]
E+=PhCHO, MeCHO, HCONMe,, Mel, MeSSMe, PhCN;
X=CH (OR) Ph, CH (OH) Me, CHO, Me, SMe, COPh

The substitution of resorcinol and m-aminophenol by lithium
takes place exclusively in the 5-position, so that the 1,3,5-
trisubstituted complexes (XLIX) and (L) are formed after
reactions with electrophiles:

CI)Si (iso-Pr), 08Si (iso-Pr),

|
/

X N N0Si (isoPr); XN \NMeSi (iso-Pr); *
én &

(XLIX) ©
X=Me, SiMe;, CO,Me

The metallation of tri-isopropylsilyl derivatives of p-fluoro-
phenol and p-fluoroaniline, where the hydrogen atoms in the
o-position relative to the fluorine atom are substltuted, is
especially noteworthy:

R
l.
. 1) Buli
0+ O\.
ot A

R=N (Me) Si wiso-Pr)3, OS1 (iso-Pr)s;
R’=Me, SiMe;, COMe

These results are the opposite to those of the metallation of
sterically unhindered arenes and arenes not bound in a com-
plex, for example, p-fluoroanisole and p-fluorodimethylaniline,
where the metal always enters the o-position relative to the
heteroatom.

The change in the regioselectivity of the metallation of the
benzene ring after coordination to ChTC can be traced dis-
tinetly in relation to benzyl alcohols. °*°? (3-Hydroxymethyl-
1-methoxybenzene)ChTC reacts with two equivalents of BuLi
to form the benzofuranone (LI) and the benzoic acid ester
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(LII) in proportions of 23: 77 after carboxylation and methyla-
tion, while the analogous sequence of reactions with -the arene
not bound in a complex yields the ratio 9: 1, With increase

of the bulk of the metallating agent, the content of the
S-methylated product (LII) increases (85% for s-BuLi and 95%
for t-BulLi):

l)2BuLl TMED

2) C
( \]/\OH f?'é‘sff’n‘. (\/ No . H/\'/ on
\)\/ /N
il 0 MeO,C |
[CF] OMe MO O MeO
w o

The coordination of a hard system, such as, for example,
T-methoxy-1-tetralinol, to ChTC leads to metallation exclu-
sively in the 6-position, while the substitution of free tetra-
linol by lithium yields the 8-substituted product:

1) BuL1

' /\l B /0 )
/"\ N/ “/ N/ NoH E = CO,, MeySiCl, ArCHO
MeO,/ { R=CO.H, MesSl, ArCH (OH)
o3} OH RN

|
OMe

Alkyl benzyl ethers and the acetals of benzaldehydes are
not o-metallated owing to the tendency towards deprotonation
in the benzyl position with subsequent Wittig rearrangement
or cleavage of the acetal linkage. The formation of a complex
with TC.makes it possible to metallate successfully the aro-
matic ring containing the above substituents with the pre-

dominant formation of 1,2, 3-trisubstituted-produects:
1) BuLt
7\oMe 3%‘/:&“‘ ( N \OMe Y\OME
e /\ k
\ COMe MO,

Cl)Me OMe OMe
- 85% 15%

The reaction of m-di-isopropylbenchrotrenyl-lithium with
CO and subsequent methylation with trimethyloxonium tetra-
fluoroborate lead to a dinuclear complex in 15% yield: *®

iso-Pr iso-Pr
| 1)co,_2c |
I W 1) MetOBF, 7 \' (I)Me P
iso-Pr/ M \Li 1so-Pr;I\/\|/ % et
(o3 [C) MeOQ t )
1
iso-Pr

A novel application of the characteristic features of ben-
chrotrenyl systems in synthesis has been achieved by Chav-
show and Widdowson, ®® who showed that the metallation of
the complex (III) results in the formation of (o-fluorolithio-
benzene)ChTC (LIII), which react smoothly with various
electrophiles; depending on the ratio of the substrate and
the reactant, substitution products [Eqn.(2)] or cyclisation
products [resulting from the simultaneous nucleophilic sub-
stitution of the fluorine atom—Eqn.(3)] are obtained:

F F
_BuLi / /
(—\—F t-BuLi, I;l.FéTMED I E { ) )
T \\u AR
1G] [Q'l/ 1
(Im (LIH)

E=CICO,Et, PhNCO, a-CyH,NCO, PhyC=C=0,.
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The method proposed for the synthesis of benzo-condensed
systems may find an application in the chemistry of hetero-
cyclic compounds.

The metallation of (l—methylmdole)ChTC (XXXIII) occurs in
the first place in the 2-position. If this position is occupied,
then attack is directed to the aromatic ring in the 7- and
4-positions in the proportions 24 : 1:1%°

ﬂ/\/\ BuLi, THF/TMED

U _pjMesict | Me,ySICI
\/\N/ oo \N
G ke
(XXXIII)
- /\/\—SIM Buli, Tl'fF/TMED m/ SiM
/\N -°C \/\N/ iMes +
i<t Me G L

@)

{\/\—&Mc.

Me
V)

The reactions of the complexes (LIV) and (LV) with CICO,Et,
Mel, PhCHO, CH, = CHCHO, PhSCl, and Me,C = CHCH,Br
followed by the chromatographic separation of the products,
decomposition of the complexes, and desilylation have been
recommended for the synthesis of 7-substituted indoles.

According to X-ray diffraction and *H NMR data, obtained
in solution, the structure (XXXIII) corresponds to the direc-
tion of nucleophilic attack on the 4- and 7-positions in the
ligand, °* which is in the eclipsed conformation.

If the 1-position in (indole)ChTC contains the bulky tri-
isopropyl group, then the metallation of the complex is
directed mainly to the 4-position together with formation of
a certain amount of 5- and 6-isomers.'’? Decomposition of the
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complexes and desilylation lead to 4-substituted indoles in
70% yield:

(\/\

3R (\
/\/ \N \/\N/ \N/
1c] Si (iso-Pr); 1cr sx (iso-Pr),

R = Me,Si, Et0,C, Me0,C, PhS, Me,C—=CHCH,

/\/\

Buli, THF/TMED
-78°C

The metallation of BCT combined with nucleophilic addition
or substitution has been used to synthesise trisubstituted
benzenes: &’

OMebr OMePr
1) Buly | 1
_ R “/ j/ Nome _PHecuey AN ome
Me.
OMe \ /L J
(l [Cr{ NG \Me
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X
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Favourable prospects for the employment of (lithioarene)-
ChTC in synthesis, especially for the preparation of natural
products, have become apparent. The synthesis of natural
anthraquinones, namely 3-deoxyrabelomycin (LVI) and
aclavinone (LVII), %% ig illustrated in Eqns.(4) and (5):°*

1) NaH/Mel, DMF
2) LiAlHg
Ice 3) BuLi, TMED, —-78 °C
——

Me
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The metallation of the (tetralinol)ChTC complexes proceeds
regioselectively, yielding the 6-lithio-derivatives (LVIII) and

(LIX).

Temporary coordination to ChTC has been used in the syn-
thesis of cis- and trans-7-hydroxycalamenenes.** The com-
plex of 4-(p-methoxyphenyl)-5-methylhexanoate and Cr(CO),
was hydrolysed to the acid and the exo-isopropyltetralinone
complex (LX) together with a small amount of the endo-isomer
(LXI) were obtained by cyclising the acid chloride with AlCl;:

~

+

Met
G

(L)

The reaction of the complex (LX) with MeLi leads to the

1) Buli
2) DMF
3) EtySiH,

EtyN=—m0
.) &!
Me

2) hv/Oy

Me.

CF3COOH
—_

(22

1) (iso-Pr)oNLi K OSiMe3

2) B(OC2Hg)3,EH 1) Me3SiCl, Net3 1) DMF

3) LiAlH 2) BuLi, TMED, 78 °C 2 /0y
{cr)- B ———— %] el (™) —

1) Ay =0, Me

u¥
2)

HO

exo-methylated product, which was metallated with BuLi in
DMF and a benzaldehyde derivative was obtained.
course of ionic hydrogenation, the reduction of the aldehyde
functional group to the methyl group and hydride substitutior
in the benzyl position were observed simultaneously:

In the

1
'

Ne
(LX)

——
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Decomposition of the complex and O-demethylation lead to
trans-T7-hydroxycalamenene (LXII) in a satisfactory yield.
cis-T-Hydroxycalamenene (LXIII) was obtained from the endo-
complex (LXI) in accordance with an analogous scheme:

N/
Me.

\,
0/\/\)

Me
LXII)

V. BENZYL ACTIVATION OF ALKYL-SUBSTITUTED
DERIVATIVES

The reduced electron density on the arene ligand in BCT is
responsible for the considerable increase of the acidity of the
benzyl hydrogen atoms. According to an approximate estimate,
their acidity in BCT derivatives is greater by two orders of
magnitude than the acidity of the corresponding hydrogen
atoms in the substrate not bound in the complex. 105:1%

The acidifying effect of ChTC was estimated by measuring
the rate of abstraction of a proton by the methoxide ion from
the complexes (LXIV)—(LXVI) in the MeOH—Me,SO system:

Ol O O

[Cr] [Cr]

e

g‘@}

(LXIV) (LXVD

(LXV)

Actually their kinetic acidities are similar, which has been
explained by the unfavourable steric influence of the second
ChTC group in diphenylmethane on the rate of ionisation of
the exocyclic CH bond. However, their thermodynamic acid-
ities increase in proportions of 1: 2.6: 7.4, which reflects
the greater stability of the carbanion formed following the
introduction of electron-accepting groups. ?

The a-hydrogen atoms of alkyl-BCT are involved in fairly
rapid protophilic deuterium exchange; for example, (n®-1,4-
diphenylbutane)ChTC can be involved in the exchange with
0.5 M t-BuOK in DMSO-d; and after the decomposition of the
complex affords 1,1-dideuterio-1,4-diphenylbutane: *°®

140.5M t-BuOK,
DMSO-dg
/=N 2 CslV
N—7

{ —CHCH,CH,CH,— TN
}
[Ce] )

- p—cocHcHcH

It is striking that (indan)ChTC exchanges only two of the
benzyl protons, which constitutes convincing proof of the
exo-attack by the base on the complex:

0.5M t-BuOK
DMSO-dg

(651 fea

The effect of the formation of a complex with ChTC is strik-
ingly manifested in the alkylation of phenylacetic acid esters
and acetophenones. 2*°® Whereas methyl phenylacetate is
not alkylated by MeI/NaH in DMF, its ChTC complex forms the
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dialkylated derivative almost quantitatively under these condi-
tions and the reaction with 1,3-dibromopropene affords
cyclobutane:
Me
____Nbl_’ / =\—é—C0,Me
[ e
Ni
L cnioe 5 97%
|
ICr)

CO.Me CO,Me
BrCHMBE  /==\___/ —Ph—
NI =X

87%

The complexes of the esters (LXVII)—(LXIX) are alkylated
smoothly by the active alkyl halides RX (Mel, PhCH,Br, CH, =
CHCH,Br, and HC = CCH,Br) not only in the NaH/DMF system
but also under the conditions of phase-transfer catalysis

using cetyltrimethylammonium iodide: 10712
[Cr]
O O O
[ ' ) ~COMe
(LxvID (LXVII) LX)

The stereochemistry of the reactions is virtually the same, the
electrophile attacking from the side opposite to that of ChTC.

The reaction of alkyl-BCT with formaldehyde and benz-
aldehyde in the presence of t-BuOK in DMSO has been used
to obtain 8-hydroxy-compounds, but in many instances the
preparative value of the method is low owing to the low yield
of produets: 113114

R R! R?
S~ t-BuOK [
\I p=~CH+ RICHO 5 \| ,—C——CH(GH)
iy R icr) o

If the carbonyl compound is capable of giving rise to the
enolic form, the arene complex enters only into the proton
exchange reaction with formation of the corresponding alcohol:

t-] BuOK

/-\-—CH

o, Buok O—CHCH R, (T s cHDCH, +
1 ' 550
Gl (& & g
+{  >—cnicH,
&1

The attack by the acyclic carbanion is stereospecific and
gives rise to the exo-product only.

It has been shown™® that, in the presence of an alkoxy-
group in the benzene ring, there is a possibility of the selec-
tive formation of a-carbanions in the m-position, while
p-alkyl groups are inert:

(Y™ mox (Y o
+ HCHO ~—555— CH,OHT ' CH,0F
MeO/ \/‘ MeO? NN MeO? \/\|/ »
[Cr l [Cr] 8% [Cr) CH,0H
53%

These features are responsible for the successful regio- ar
stereo-specific addition of formaldehyde and alkyl halides to
alicyclic compounds, especially oestrogens. 115116

The interaction of [6-O-t-butyl(dimethyl)silylcodeine JChT!
and {3,6-bis[t-butyl(dimethyl)silyl Imorphine}ChTC with
(Me;Si),NNa and Mel leads to 10(S)-methyl derivatives. On
subsequent decomposition of the complex with pyridine and
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desilylation, 10(S)-methylcodeine and 10(S)-methylmorphine
are formed smoothly respectively ;117

R =R?=Me, R1 = t-BuMe,Si; R = R! = t-BuMe,Si, R2=H.

The presence of a strong electron-accepting group in the
aromatic rings of the complexes alters the regioselectivity of
the attack by the aldehyde in the presence of t-BuOK and
activates the alkyl groups. For example, the diol, triol, and
alkenol complexes (LXXIII)—(LXXVI) are formed from the
complexes (LXX)—(LXXII) on reaction with formaldehyde: '®

[¢d
t-BuO2C t-BuO,C t- BUOZC
xxr
a2, R=H
6 B=)\e
¢l (CH,0H), Teed ¢
,OR
t-Bu0,C t-Bu0,C
{Lxxam (LXXIV)
a) R = CH0H
b) R = Me -
Y Il CH(CH,0H),
OH
+-Bu0,C 1-Bu0,C Me
XXV} xxvn

The reaction of (toluene)ChTC with t-BuOK in the presence
of diethyl oxalate leads to a stable enol, derived from phenyl-
pyruvic acid, whose structure has been demonstrated by
X-ray diffraction: 11120

x)t':]guox. DMSO0, 25 °C
o me+ coEn,

{~ >—CH=C(OH) CO,Et
]
[Cr) [{e5]
The a-protons in alkyl-BCT are readily abstracted in the
reaction with t-BuOK in THF and the carbanions formed react

with Mel, 22122 dijethyl oxalate and benzaldehyde, *2 and
PhCOCIl, 1% for example:

f HF, 25 °C CDPh [Cﬂ
1) t-BuOK, T 2
_apcoct’ T TN /“"'\
\Z)"CH'_C\ <_I_/‘? N
[Q] [&) CoPh
(LXV) 56%

The a-metallation of alkyl-BCT by the KH/18-crown-6
ether system has been described.?*

The o-metallation of certain BCT derivatives is achieved
effectively with the aid of butyl-lithium and in this respect
the ChTC derivatives of alkyl benzyl ethers and alkyl benzyl
sulphides exhibit interesting features.'?®* The a-carbanions
derived from alkyl benzyl ethers and sulphides readily
undergo the Wittig rearrangement, while coordination with
ChTC leads to the possibility of achieving smoothly alkylation
by various agents with formation, after the decomposition of
the complex, of a-substituted benzyl ethers:

R
n-BuLi l)lwlon _/
CI>—\XR THE : Q \XR
Cr IG
G} X=05 1

/\'
"N

Russian Chemical Reviews, 56 (7), 1987

The formation of the transient complex between the aromatic
ring and ChTC proved to be useful in the selective synthesis
of 4-substituted 1,2, 3,4-tetrahydroisoquinolines, which
exhibit a selective pharmacological activity.?® Metallation of
the complex (LXXVII) leads to the substitution of the exo-
hydrogen in the 4-position and the formation of a lithio-
derivative, which is alkylated smoothly by alkyl halides, is
phenylated by (fluorobenzene)ChTC, and reacts with oxodi-
peroxomolybdenumhexamethylphosphoramide (MoOPH) to form

a 4-exo-hydroxylated product:
1) RI
2) D0
NMe

1) (1)
Li R
n-BuLi, THF, g
I \ 200 |
. Me Me
13 P ) x-)) xg:om

(LXXVI)

=5 @
[¢:]

The coordination of NN- dlmethylamphetamme to ChTC sta-
bilises the corresponding benzyl carbanion in relation to the
elimination of the amino-group and makes it possible to carry
out smoothly stereospecific benzyl substitution, 1%’

Metallation of the complex (LXXVIII) by n-Buli at —40 °C
and above leads to the elimination of Me,NH and the formation
of (E-B-methylstyrene)ChTC. However, at —78 °C the anion
formed initially is stable and readily reacts with electrophiles
(Mel, MoOPH, CD;0D) to form derivatives of the complex
(LXXVIII), from which free radicals are readily produced:

OH
1 Moo AN M
——| | |
\/ N
/
Me Me
Me
I
sy
\ N
N
Me Me
AN /\]/\/Me
Oy =0
VAN /
[c Me Me ich)
LXXVIII
( S LN
#-BuLi U I
N
/
(5] Me Me
1) BuLi I
D D
(\/\,'“‘ o SN Me
coop e I
NN \/ N
Me Me Me }le

A notable feature of the above substitution reactions is their
high stereospecificity .

g
H
i
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The increased acidity of the a-hydrogen atoms in BCT con-
stitutes the basis of the synthesis of certain condensed sys-
tems, modelling natural products, from indanone and tetra-
linone complexes. *2%:12° Thus the diastereoisomers (LXXIX)
and (LXXX), which exist in equilibrium in acid and basic
media, readily undergo the Michael reaction with methyl vinyl
ketone in the presence of 1,5-diazabicyclo[4.3.0Jnon-5-ene to
form two adducts—the exo-adduct (LXXXI) and the endo-
adduct (LXXXII) in proportions of 13: 87. The complexes are
able to undergo a base-catalysed cyclisation and compound
(LXXXII) affords mainly (>90%) the products of cyclisation at
the benzyl position, the unsaturated tricyclic system
(LXXXIII) being obtained after dehydration:

[é1 ) ]
HO Me
o

(LXXIX)

2] é 3 v |
(LXXXTY

LXXX11) \

[Gr]

(LXXXI)

The system (LXXXIV) has been obtained analogously from
tetralinone complexes:
Me

50

[Cr] h
(LXXXIV)

The, at first sight, anomalous exo-attack by the ketone on
the benzyl position becomes readily explicable from the stand-

point of the activating effect of ChTC on the hydrogen atom in

the a-position. In view of the regioselective activation of

the benzyl CH bond, the stereochemical control of the annela-
tion reaction, and the ease of the regeneration of the arene
ligand from its TC complex, the method is exceptionally use-
ful for the synthesis of various optically active compounds.

VI. STEREOCHEMICAL. FEATURES OF ARENECHROMIUM
TRICARBONYLS

The coordination of an arene to ChTC leads to the steric
shielding of one of the sides of the aromatic ligand, which is
the reason for the exo-attack by various agents on this ligand
and for the direct binding of the functional groups with it.

The hydride reduction of (indanone)ChTC, (tetralinone)-
ChTC,*® and various (alkylindanone)ChTC (exo and endo-,
a- and B-) 131713 proceeds stereoselectively and leads to the
formation of endo-alcohols. The amount of exo-alcohols did
not exceed 10% in any one instance, amounting to 3% as a rule.
Together with the quantitative decomposition of the complexes,
this property provides an effective pathway to cis- and trans-
indanols, for example:

. semioxamazide with subsequent chromatography.
* hydrolysis results in the quantitative regeneration of the
1 optically pure aldehydes:
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The reduction with di-isobutylaluminium hydride of the
ketoalcohol (LXXXV), obtained by the reaction of the complex
(LXXXVI) with diethyl-N-trimethylsilylamine in the presence
of toluene-p-sulphonic acid and subsequent cross-aldol con-

densation with paraldehyde, affords only the trans-diol:!%®
1) Et,NSiMey
NN 2 EROn 2 VAN is0-Bug ALH
{cn;(\ | 7 &+ [[ [ l\ -
N/ Ve
Meo " e Qe
(LXXXVI) (LXXXV)
\/\/‘“e
OH OH

In the absence of the ChTC group, a mixture of the trans-
and cis-diols is formed in proportions of 12 : 88.

When the o- and B-alkyl-substituted benchrotrenylpropionic
acids are cyclised, a definite: regular behaviour is observed—
the amount of exo-isomer increases with increase of the bulk
of the substifiient. The 2-indanone complexes formed can
undergo the exo = endo transitions via the intermediate

enolic form: }31-132
R
--B
i . ¢
Q HCH,CO0H o2 H
R
{C]
fc]
R
SH
1
CH,CHCOOH FRA
(&3]
[C:

PPA = polyphosphoric acid.

Chiral BCT with functional-group substituents, character-
ised by both planar and central chirality, are of special
interest for asymmetric synthesis. BCT with two different
substituents in the o- or m-positions are chiral and can be
resolved into optical isomers.'3*71*3 For example, the resolu-

i tion of the racemates of aldehydes has been achieved with a

high yield via their reaction with (S)-(—)-5-(a-phenylethyl)-
Acid

Lk

R

: 8 —r—
Ph Ph(
+ CHNHCOCONHNH, —>  CHNHCOCONHN==CH-
/ M n/
cHO  Me

L =)

The aldehydes (LXXXVI)—(XC) have been resolved into the
optically pure isomers by this method:

(?Me M OMe
eO
AMe /\] _OMe | |/ OMe N l/l\
/\) \CHO /\/ \CHO \/\CHO \) \CHO
ICrl [Cr] [Cr) [cr
(LXXXVII) (LXXXVHD [LXXXIX]) (XC)
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The reaction of the optically active aldehyde (LXXXVII)
with ethylmagnesium bromide of perfluoroethyl-lithium gives
rise to alcohols with an enantiomeric excess of 100 and 88%
respectively: 1*°

C
sm,m c,r,m & z ,Oﬂ
x(,o Et,
[c] ™ fcr) ™ e
E.E. 100% (H)45~(LXXXVII) E.E. 88%

The chiral alcohols obtained were used in the Prelog type
synthesis:

H? ,R’
o0 Ry O—C/ gt
a \o % \,

[Cr] 'Me

0,
Nl

R'=Me, Ph; R?=C;F;, Me, PrC=C, Ph

The asymmetric synthesis proceeds with a high enantio-
meric excess (between 85 and 100%); for example, (+)-S-
atrolactonic acid has been obtained by the addition of MeMgl
to the optically pure ketoester and subsequent hydrolysis:

MI\\C ,OH
HOOC/ \Ph

(~dicis = (XCUD
RLALEY R e 5, Mo OMe
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The reduction of a chiral a-ketoester by various reductants
to a-hydroxyesters has been investigated: "

Nn "‘\ /"l

/ ~—R
o \

| 2N, )
Q™ O
Me

] Cr] Mo
ted R=Me,Ph )

A high percentage of asymmetric induction is observed when
"L-selectide" LiBH(Bu-s), is used as the reductant (E.E. =
84—90%). Just as high a degree of asymmetric induction has
been obtained in reactions of Grignard reagents with com-
plexes of aromatic Schiff bases (XCI): "’

TN TN\
¢ R ¢ R
C—N /R' + RMgBr —— CH—NH R? ¢
W < RS ¥ =<
N —RS
o (S R
(e (o))
R = Me, PhCH,;

Rl:==H, Me, OMe, Cl;
R?=H, Me, Et, Ph;
R3=H, Me

When an asymmetric Grignard reagent was allowed to react
with (benzophenone)ChTC and (fluorenone)ChTC, partly
resolved tertiary alcohols were obtained.*®

The formation of complexes with ChTC had led to a simple
and universal method of the synthesis of optically active
benzospirans with a specific chirality from optically active
(1-indanone)ChTC. 1*%1%°

The condensation of the complex with phthalic monoaldehyde !
[o-formylbenzoic acid?] produced a benzylidene complex from !
which the endo-benzyl derivative (XCII) was obtained after
esterification and hydrogenation. On alkaline hydrolysis of :
the latter, epimerisation at the C(2) atom of the indanone was
observed. Cyclisation of the complexes with polyphosphoric
acid leads to a readily resolvable mixture of diastereoisomeric
spiroindanone complexes—the cis- and trans-isomers of com-
pound (XCIII). Optically active 2,2'-spirobi-indans (XCIV)
were obtained by the decomposition of the complexes to 2,2'-
spirobi~indan-1, 1'~-diones and subsequent catalytic hydrogen-
ation:

+)-(r)-(xc1v)
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A cycle of reactions with the optically active complexes (1)
and (I1I) has been carried out by Jaouen and Meyer. 51,152
The racemic compounds (I) and (II) were resolved into their
enantiomers by the fractional crystallisation of the cinchonid-
inium salts of their acid succinates. Optically active indanone
and tetralinone complexes are obtained by oxidising the cor-
responding alcohols with MnO, and the decomposition of the
complexes of the enantiomers leads to optically active alcohols.

The exo-alkylation of the complexes in the 2-position leads
to the formation of a new asymmetric centre in the system and
creates a convenient preparative method of synthesis of
optically active 2-methylindanones, 2-methyltetralinones, and
the trans-alcohols. The possibility of obtaining the cis-alco-
hols from 2-methyl-endo-ketone complexes has been demon-
strated in principle, although the separation of the exo- and
endo-isomers requires a special technique. The reactions
involved (indanone)ChTC, but all the characteristics are
valid also for (tetralinone)ChTC: 151152

e
— [ —
“H
(o (
@ €,
Q@’ “’,..
- ~" “
‘Mo +)- (ts 25)
H
‘Ma
—tpm 0
)-{25)
{=)-2m) e
Me //
\‘n
om
(=)=(is5,2R)

Taking into account the stereospecificity of the exo-attack
by Grignard reagents on (indanone)ChTC and (tetralinone)-
ChTC, % this method was used successfully to obtain opti-
cally active tertiary alcohols of the indan and tetralin series:

Q?N R¥MgX ”/ “"
e
] 8 [é1

VIl. OTHER REACTIONS

The reaction of vinyl-BCT with carbanions opens up wide
prospects for organic synthesis. % It has been shown that a
fairly large set of nucleophiles add to the B-position of the
né-styrene ligand with formation of benzy! anions capable of
being protonated or of reacting with electrophiles. *** Decom-
position of the complex leads to the formation of benzyl anions
capable of being protonated or of reacting with electrophiles.'™
Decomposition of the complex leads to the formation of arenes
with functional-group substituents:

1 R' R! R

: — )E

X x- 2[o]
— ——

® R
] [cr]
R!= H, Me, SEt; R = CMe,CN, CMe,CO,Bu-t, Bu, Ph, Me, etc;
E=H*, Mel, MsCOCI, PhSSPh; R?=H, Ms, MeCO, P2S
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OOy C&( ©5X

¢ [¢]

E=HY, Mel, PhCOCI! R=H, Me, PhCO

The application of BCT to the synthesis of 11-deoxyanthra-
cyclinones, exhibiting an anti-cancer activity, has been
described.*® The method is based on the characteristic fea-
tures of the addition of the carbanion to alkenyl-BCT and on
the regioselectivity of the metallation of the coordinated
methoxyarene:

f) LiAlHg AMe
0 ")LHSO‘, . (SN

Na
:;’e‘(‘: MgC—OCH.——OEt R
—
mr —1f—>-9°
RCOP S [ﬁ] dxte ;

{62 dne

1) BuLi, TMED, -78 °C

Among the practical aspects of the application of the BCT,
mention should be made of their use as catalysts of the
hydrogenation of dienes and polyenes!¢°157 and as a label in
molecular biology . >%8718¢

On reaction with aldehydes and ketones, benchrotrenyl-
sulphonium ylides form mixtures of an oxiran and an olefin,
while purely organic sulphonium ylides produce only oxirans
in this reaction: ¢!

t-BuQK,
+ D2'g°sg
&) —3Me,BF] +Ar,C0 —25— > Ar,C=CH,+AnC—CH,
- N
[Ce]

Preliminary results on the activating effect of the formation
of complexes with ChTC on the oxidation of diphenylmethane
to benzophenone have been published. %2> Whereas diphenyl-
methane is not oxidised by KO, in dimethyl sulphoxide, the
complexes (Ph,CH,;)Cr(C0O); and (Ph,CH,)[Cr(C0O),], are con-
verted into benzophenone in 59 and 63% yields respectively.

A general method has been proposed for the oxidation of
benchrotrenylcarbinols to aldehydes without the removal of
ChTC, in 55-75% yield: '%?

o, SHOH Acy0/DMSO N\, /CHO
11 —we =i | |
N7
/ /\/
(Gl [Cr}

Mono- and bis-(trimethylsilyl)-BCT readily enter into
reactions with aldehydes and ketones catalysed by t-BuOK or
CsF, forming products of addition to the C=0 groups: *%*

OSIMe3 0SiMe,
SiMey 1 ]2 Rl—C—R?
}?3
C—0SiM
@, 20°C at.20°C L es
Té:1 ¢ X=SiMeg  [Cr]

The electrochemical reduction of (benzophenone)ChTC,
(benzophenone)(ChTC),, and (fluorenone)ChTC in the
presence of 1,3-dibromopropanel®® and acetic or benzoic

anhydride *°® has been recommended for the synthesis of
diphenylmethyl derivatives.
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The reaction involving ring expansion in the aromatic ligand
in alkylbenchrotrenes on treatment with PhCH,Cl and lithium
di-isopropylamide is of interest: }¢7

O~
[ce1 [c:] [ce]
According to X-ray diffraction data, the phenyl group has

the endo-orientation. The reaction has been extended to
Ph,CHCI and CH,=CHCH,C1.

H H
R -Ph Ph

LiN(iso-Pr), R,
PhCH,Cl
- +
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