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INTRODUCTlON 

The requirement to introduce a bond between two aromatic rings, either intra- or inter-molecularly, is 
a problem familiar to many organic chemists. Fortunately there is a wide variety of procedures that 
may be adopted, some of which are based upon named reactions, Needless to say, these traditional 
approaches are individually well documented so that it is not the intention in this report to deal with 
them in depth, but rather to describe most of them together with some of the newer oxidative 
techniques which have emerged in the last decade or so. Where possible the various methods will be 
critically examined against one another so that the choice between them is, ho~fu~ly, made easier for 
the synthetic organic chemist. The extent of the coverage is not uniform and a somewhat heavier 
emphasis is laid on those areas which are within the direct interests of the author and where the review 
literature is out of date. 

1. PSCHORR REACTION 

The Pschorr reaction has a long history;’ it involves the intramolecular substitution of arenes by 
aryl radicals which are generated by the reduction of arene diazonium salts with copper(I) ion.2-4 
Aryl diazenyl radicals are intermediates in the reaction, and these rapidly eliminate nitrogen affording 
the required aryl radicals for C-C bond formation. ’ - lo Yields may be lowered when protic solvents 
are employed, for hydrogen abstraction from the solvent now competes with arylation:” - ls 

The application of the Pschorr technique to organic synthesis has been comprehensively 
reviewed,16 - ’ r, so that only a few examples need be cited here. These are selected so that com~risons 
nay be made later with similar reactions which utilise modern reagents, 

TypicaI Pschorr cyclisations are illustrated by the synthesis of 6-m~syl-6,7~dihydro-(5~)- 
iibenz [c,e]azepine (2) from the diazonium salt of 2-amino~~-methanesulph~nyl dibenzylamine” (1) 
md [ + )-thalicsimidine (4) from the corresponding salt of the 2kminotetrahydroisoquinoline (3).21 
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Starting compounds for Pschorr cyclisations are not always easily prepared and the yields of ring- 
closed products are modest, on the other hand the position of bond fo~ation is usually 
unambiguous. Naturally steric effects are important thus in the ease of 2’-aminopapaverine (5) for 
example, a Pschorr reaction gives the imidazole 6 and the indenoisoquinoline 7 rather than the 
dehydroaporphine that might have been expected. Unlike that of the tetrahydr~is~quin~ii~~ 3, 
however, the I3 ring of 2’-amjnopapaverin~ is rigid and direct C2’-C8 attack is no longer favoured? 

MQ i) 

In a similar manner the size of the N substituent in l-~nzyltetrahydroisoquino~in~s (8) influen~s 
the amount of aporphine formed. 23 The larger the group the more ring C is forced to assume a 
position underneath and close to ring A, thus the yield of the a~rph~n~ (9) increases in the order 
R = H(7.2%) > R = Me(23”/) > R = CH,Ph(25,4 %). A further increase in substituent size is not 
advantageous, and when R = CH(Ph), the yield falls to 15.7 %* 
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Modifications to the Pschorr reaction include the decomposition of di~~nium salts by theft 
and photochemical means,24 and these techniques may be used to form inte~ol~ularly coupled 
products.2s Ele~roch~ical reduction has also been employed,26 but yields in al1 these procedures 
are poor. On the other hand a Pschorr-type reaction between aryl di~o~um salts and phenols 
promoted by ti~nium(II1) ion gives rather better yields of arylphenols than are obtained with 
traditional Pschorr or photo-Psch~rr methods.27 

The ~~rn~rg, ~achmann, Hey reaction is another of the classical routes to biaryls, the scope and 
limitations of which have been reviewed. 28 - 30 Recent references to the so-called “‘G-B-H” reaction 
are few since yields are generally poor. Foxily this and the Pschorr pro~dur~ are related : they both 
require the decomposition of diazonium salts, one typically in alkaline solution and the other in acid. 
A comparatively recent example of the “‘G-B-H” reaction is provided by the synthesis of 2-(2,4- 
dinitr~phenyl)thiophen~ (10) from thiophene and the diazonium salt of 2,~dinitroaniline.31 

An improvement on the classical approach has been reported by Gokel et ~21,~~ whereby the 
reaction is conducted in a non-aqueous solvent making use of the phase-transfer catalyst 1%crown-6 
Productivity is significantly greater and in an illustrative experiment 4-chlorophenyldiazonium 
tetrafluoroborate was reacted with thiophene to produce 2-(~~hlurophenyl)thiophene (11) in 62 % 
yield. 

3. ULLMANN BIARYL SYNTHESIS AND RELATED REACTIONS 

The Ullmann reaction like the Pschorr reaction has long been employed by chemists to generate a 
bond ~tween two aromatic nuclei. Typically two molecular equivalents of aryl halide are reacted 
with one of finely divided copper to form a biaryl and copper halide. This procedure which is closely 
related to other reactions employing copper or organs-cop~r compounds has been extensively 
surveyed,33-37 and it seems that electronegative functions such as nitro or methoxycarbonyl groups, 
especially when substitute ortho to the halogen atom in the aryl halide, provide an activational effect, 
Some others particularly amino, hydroxyl or free carboxyl groups limit the reaction by prodding 
alternative sites at which the second aryl halide can attack. Large functions in the~rf~~ positions exert 
an inhibitive steric influence. 

One major advantage of the Ullman reaction is that unsymmetrically substituted arenes may be 
coupled and it is common practice to react an activated aryl halide with another which is relatively 
inert. Thus the sIow addition of excess 2-~hl~ropy~dine to a suspension of copper powder in N,N- 
dimethylfo~amide containing 3-iodopyridine affords 2,3’-bipyridyl in 42 “/o yield.38 

Scheme 1. 
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Another route to unsymmetrical biaryls requires a two-step sequence and stems from the generally 
held view that mechanistically the Ullmann reaction proceeds through the agency of aryl-copper 
intermediates. 3yq40 A development of this approach has been used by van Koten and Noltes4’ to 
prepare symmetrical biaryls in very high yields. Here an aryl copper compound is reacted with 
copper(I)trifluoromethanesulphonate in an exact 1: 1 molar ratio to give copper metal and the biaryl. 

This reaction is thought to require the formation of a precursor complex by a process involving 
valence disproportionation inside the Cu, core, followed by the reductive elimination of the biaryl: 

nr\ ,F” Ar \ CU / 
. 

4 + ~F3S03Cu--- cl’ CF SO 
‘\I 3 3 

Ar ‘+‘c,” Ar’ =Cu 

n 
Precursor comptex 

Scheme 2. 

In yet another varient, Zeigler et uI42 have developed a technique which achieves a low 

temperature and consistently productive coupling reaction between unsymmetrical aryl halides. Here 
a copper(I) aryl species 12, stabilized intramolecularly by a heteroatom, is generated from one aryl 
halide and reacted with another bearing an ortho substituent which may also function as a ligand. The 
strategy is summarized in the following sequence: 

R 
/ c f / z 
\ cu 

12,Z=Nor s 

Scheme 3. 

This concept is not new and intramolecular ligand-stabilized aryl-Cu,43 -Pt,44 -Pd45 and -Ag4’ 
complexes have been used before, but only to couple symmetrically substituted aryl halides. As ar 
illustration of the new method the oxathiolane 13 was reacted with the imine 14. hydrolysis of tht 
product 15 gave the biaryl aldehyde 16 as a mixture of diastereois~mers in 82 (x yield. The aldchyd~ 
was then employed as an intermediate en route to the cytotox~c lignan (~)steganacin (17). 
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15,X= NC6H1, 17 

16,X=0 

Improved yields in traditional Ullmann reactions can be achieved through the use of an activated 
form of Cu powder, made by the reduction of copper(I) iodide with IL4’ The major advantage, 
however, is that the reaction can now be carried out at lower t~m~ratur~s than nasally employed: 
thus pentafluorophenyl iodide in 1,2-dimethoxyethane solution at 85” with this catalyst affords 
deca~u~robi~henyl in 133 % yield. hitherto a sealed vessel and t~m~ratures of 300’ were n~~ssa~ in 
order to achieve a 72% conversion.48 

Classical UIlmann reaction procedures are still commonpIace in the literature of organic 
chemistry, but for symmetrical biaryl syntheses, at least, the use of zerovalent Ni appears to be more 
productive. The original method discovered by Semmelhack49 utiiises isolable bis(l,5- 
cyclo~tadiene) nickel (O), or tetrakis(triphenyl~hosphin~) nickel (0) as catalysts-both of which are 
air sensitive and rather difficult to prepare. By reacting bis(triphenylphosphine) nickel(H) dichloride 
and triphenylphosphine in ~,~-~methylfo~amide solution the more stable tris- 
(triphenylphosphine) nickel (0) can be prepared and Kende et al. have recommended5* this 
compound as an Utlmann catalyst. It may be, however, that interest in the original procedure will be 
revitalized now that Mori et al. have showr? that tetrakis(triphenylphosphine) nickel (0) can be 
prepared in situ. Additionally, Zembayashi et al. claim s2 that aryl-aryl coupling can be achieved 
betw~n aryl halides with catalytic amounts of nickel(II) ion and Zn powder as the ultimate redu~tant, 
and Takagi et al., suggesP3 the use of Ni species derived from the reduction of nickel (II) chloride with 
Zn in tris~trimethylamino)phosphine oxide solution. 

Whatever eventually turns out to be the best system Semmelhack and Rono’ss4 yields (shown in 
brackets below) for the cyclisation of bis(24odophenyl)alkanes are impressive: 

Scheme 4. 
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The mechanism by which nickel (0) alkylphosphine complexes react with aryl halides has been 
analysed in detail by Tsou and Kochi and consequently this topic will not be discussed here. 

Grimshaw et al? have shown that the electrochemical coupling of aryl halides is possible. 
Cathodic reduction of the amide 18, for example, gives the phenanthridone 19, accompanied by the 
dehalogenated products 20 and 22. The last compound is presumed to arise via a Spiro radical 
intermediate 21 which is further reduced and then cleaved by protonation. In this and similar 
reactions57v5s the nature of the halogen atom is Important and the optimum yields of 
phenanthridones are obtained with chlorocompounds. 

Ze 

x= Halogen 

1 

NMe 

& \ / \-/ 
. 

19 MQ 

22 

4. COUPLING OF ARENES WITH PALLADIUM(II) COMPLEXESSY 

Biphenyl can be obtained by heating benzene with palladium(H) chloride and sodium acetate at 
903 in acetic atid solution?’ As the reaction proceeds Pd metal is deposited, but no coupling occurs 
unless acetate ion is present. The rate determining step is considered to be the formation of a a-bonded 
aryl-Pd(I1) complex, followed by a fast breakdown of the complex. The latter is initiated by attack of 
acetate anion. 

C6H6 

C6H5 PdCI 

C6H5-C6H5 

pdc$ - $$15PdCl + H Cl 

JO A c 

c6H6 
NaOAc . 

Pd + HOAc + N&t 

Scheme 5. 

AryIation of substituted benzenes follows the usual orientation pattern expected for electrophilic 
attack, but the total reaction is extremely rapid in trifluoroacctic acid solution.61*“2 However, the 
obvious extension to the use of palladium(II) trifluoroacetate as a reagent for arene coupling is not 
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always practical since polynuclear complexes containing Pd(I) and Pd(II) are formed, as well as 
polyarenesF3 

Palladium(I1) acetate, on the other hand, is avery useful oxidant and may be employed, usually in 
acetic acid solution, to couple arenes and heteroarenes. Benzylic oxidation can be a problem with 
alkylbenzenes, however, and toluene, for example, yields benzylacetate, benzaldehyde and 
benzylidine diacetate, as well as 4,4’~dimethylbiphenyl.64*65 In the case of N,N-dial~ylanilin~s 
intermolecular coupling is replaced by carbon abstraction, probably from a Me group of 
palladium(I1) acetate, N,N-Dimethylaniline, for example, yields N,N,N’,N’-tetramethyldiaminodi- 
phenylmethane (23; 72 y(,), crystal violet (24; 16 “/) and a trace of N,N-dimethyl-4-toluidine’~ (25). 

23 

24 25 

1 -Benzoylpyrrole couples normally to give I,I’-dibenzoyl-2,2’-bipyrrole (26)” and carbazoles 
afford dicarbazyls (27)“’ in about 50% yields. 

Intramolecular cyclisations are in general much more successful, and in a clear demonstration of 
the versatility of the approach Eberson er a/? have ring-closed a number of compounds of the general 
formula 28 (Percentage yields of products 29 are shown in brackets). 

29 
28 

X-0 (90 %), X=NH (70x), X==NMe (80”/), X-CO (65x), X=CONH (75 %) 

Coupling ~tween systems of differing oxidation potentials is also possible; thus the 3- 
benzoylindole 30 (R = Me) affords the tetracycle 31, When R = H the linear compound 32 is 
produced? In similar substrates other oxidants often yield dehydrodimers rather than stimulating 
intramolecular coupling, the new bond forming from the more easily oxidised unit (see p. 14). 
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Biaryl synthesis can be made catalytic with respect to Pd if oxygen is present. It is claimed,71 for 
example, that bitolyk can be made in 20,600 yO yield (based on palladium(l1) acetate) from toluene 
and oxygen at 150”’ for 16 hr. Radical species are probably involved, but the precise mechanism is 
uncertain. Thiophene dim~riz~s to 2,2’~dit~ienyl and 2,3’-dithienyl under similar ~r~umstan~s.‘2 
P~ladium(I1) salts react with arylmercury(I1) compounds to afford biaryls, the following 
mechanisms are proposed.73 

ArHgX -t- PdX, + ArPdX + HgX, 

ArPdX + ArH -+ Ar-Ar + Pd + HX 

or 
ArPdX + ArHgX --+ Ar-Ar + Pd -t- HgX, 

Arylmercury(I1) derivatives are readily available and may be purified by crystallisation. Men 
reacted with copper and a catalytic amount of palladium(I1) chloride in pyridine these compounds 
are readily converted to biaryls under mild conditions. This, together with the fact that the reaction is 
efI&ztive with substrates containing amino and substituted amino substituents, makes it a useful 
adjunct to the Ullmann procedure (see section 3). 

Using this technique 4,4’-di~hlor~biphenyl is obtained from ~~hlor~ph~nylmercuriG acetate in 
62 Y$ yield and 4,4’diacetamidobiphenyl from 4-acetamidophenyl mercuric acetate in 69 “/o yield.74 
However, substrates bearing free hydroxyl or carboxylic acid functions fail to couple. 

5. P~~T~C~E~I~AL RETARDS OF ARYL-ARYL BOND F~R~ATr~~ 

One of the earliest examples of ph~t~chemical aryl-aryl bond fo~ati~n is the G~nversi~n of trans- 
stilbene in cyclohexane solution to give phenanthrene? Since stilbenes are readily available, 
photocyclisation forms the basis of a very convenient route to phenanthrenes and related compounds. 
Me~hanisti~lly the irradiation of stilbenes involves trans-cis isomerisation and reversible ring- 
closure to a ~~~~~~4a,4b~dihydr~phenanthrene which then undergoes dehydrogenation to the fully 
aromatic species. The relative stereochemistry of the dihydr~phenanthrene intermediate follows from 
simple orbital symmetry considerations whiGh have been discussed by many authors.7”-78 

Various “so called” hydrogen abstracters are sometimes added to improve the yield, the 
commonest being iodine, although Bendig et al? recommend t~tracyan~th~ne as the most effective 
reagent. The range and limitations of the photochemical synthesis has been surveyed a number of 
times 8o - 82 and an interesting and useful modern development has been the utilisation of the double 
bond’character of amides to produce phenanthridones.83*84 For example, anhydrolycorine (34) has 
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been synthesised by photolysis of the o-bromobenzanilide (33) derivative, followed by reduction of the 
product tetracycle with lithium alwminium hydride.85 

mode) 

Scheme 6. 

L iAt H4 

Trienic systems or their aza-equivalents are not always necessary where the intramolecular 
cyclisations of aryliodides and bromides are concerned. Presumably aryl radicals are now generated 
and Kihara and Kobayashi have showna for example, that the photoiysis of N-benzyl-2-iodo-4,5- 
methylenedioxy-P-phenylethylamine (35) affords the corresponding dibenzoazocine (36) directly. 

35 36 

Similarly, irradiation of the 2’-bromo- I-benzyltetrahydroisoquinoline (37) in alkaline solution 
furnishes the aporphine 38 in a significantly higher yield than is possible by chemical oxidation of the 
2’-debromo analogue.87 
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HO 

37 
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38 

In the case of amines the success of most other methods of coupling depends upon the need to 
protect the N atom. This is not required here, so that the photocyclisation of the appropriate halogeno 
derivatives is a valuable technique, despite the fact that extra steps are necessary in order to introduce 
the halogen substituent. An interesting comparison of the effectiveness of a number of aryl-aryl 
coupling methods is provided by the synthesis of myricanone (40, Y = O) and (+__)-myricanol (40, 
Y = H, OH). ~ Direct oxidation of the parent phenol 39 (R = X = X' = H, Y = O) with potassium 
hexacyanoferrate(IlL) (p. 3337), silver(1) oxide, (p. 3337), manganese(IV) oxide, or vanadium 
oxytrichloride lP. 3347) gave only tars, whereas thallium tris(trifluoroacetate) (p. 3352) caused C - O  
coupling within the substrate affording the 14-oxa[7,1 ]metaparacyclophane 41 analogous to the 
natural products acerogenin-A (42) ~9 and gleon 143). 9° 

Reductive coupling of the bisiodide 39 (R = Bz; X = X ' =  I; Y = O )  with tetrakis- 
(triphenylphosphine) nickel (0) (p. 3331 ) led, after debenzylation, to myricanone in ~ 10 % yield. The 
acetate (R - Bz: X = X ' =  1; Y = H,OAc)similarly gave (+)-myricanol.  

Irradiation of the bromide 39 (R = Bz; X = Br; X' = H, Y = O) also afforded myricanone, after 
debenzylation. The yield being almost the same as with the nickel reagent. 

OR 
Me 0~/~'~ 

39 

OH 

MeO 

HO-.~ 

40 

Me 

41 42", X=H,OH'Y=H2 :R'-H 
&3', X = H2:Y=O: R=OM¢ 



Modern methods of aryl .aryl bond formation 3337 

6. PHENOLIC OXIDATIVE COUPLING 

The biogenesis of many natural products occurs through the oxidative coupling of phenols, and 
the recognition of this fact has stimulated an immense amount of work aimed at achieving biomimetic 
syntheses, particularly of alkaloids, lignans and their cogeners. Fortunately there are numerous 
reviews and monographs on this subject”’ - ” and it is not the object of the present work to do more 
than comment upon some modern developments. 

The major drawback to the use of traditional oxidants such as iron(lII) chloride or potassium 
hexacyanoferrate(I1~) to achieve coupling between hydroxylated arenes in aqueous alkaline solution 
is the probability of over oxidation of the products which are themselves phenols. Nowadays, two 
phase systems are frequently utilized in which the phenolate anion is oxidised in the aqueous layer 
and, hopefully, the products are then protected from further oxidation by rapid difl’uslon into the 
organic phase. The addition of a phase transfer catalyst is helpful and with cetyltriethylammonium 
bromide and using a two phase system a 44?4, conversion of the bisphenol 44 (X = CH,) into the 
crysodienone 45 has been achieved.Y6 

However, with the corresponding amide 44 (X = CO) only St,‘, 01 the azoninone 
46 was obtained.97 iron(III)chloride-N,N-dimethylformamide (DMF) complex’” [Fe- 
(DMF)3C12 ] + [FeCI,] - failed to yield any azoninone. Manganese( IV)oxide with silica as diluent 
caused over oxidation, 99 but vanadium oxytrichloride’~~~ efiected a 16’<;b yield (see Section 8). 

Part of the problem with this particular substrate is undoubtedly the adverse geometry of the 
amide unit (see p, 3342) but such a low yield in the p henolic oxidation reaction IS quite common 
and em phasises most dramatically the differences be stween reactions in rim and in citra Indeed the 
general assumption that the oxid ative coupling of phenols in Nature always proceeds through 
the dimerization of aryIoxy radicals has been challenged. lo ’ * lo2 Silver(I) oxide has found some 
application in phenolic coupling, but it is a more vigorous oxidant than potassium 
hexacyanoferrate(II~). Thus, whereas the latter reacts with 4-t-butyl-2-methylphenol (47) to give the 
C-C coupled biaryl48, silver(I) oxide brings about two further C-O couplings with the incorporation 
of a third molecule of the phenol to furnish the tetracycle 49.1°3 

Copper(lI)benzoate is sometimes used as an oxidant, affording in the case of 2-t-butyl-rl- 
methyIphenoI the ortho-ortho coupled dehydrodimer 50,’ *’ but when ~pper(II)amine complexes 
are employed in the presence of oxygen the ortho-para coupled Pummerer’s ketone 51 is obtained.’ O5 
This last compound is also a by-product of the potassium hexacyanoferrate(lII) oxidation of the same 
phenol. * O6 With other phenols, copper-amine complexes may cause polymerisation.‘*‘* 1 *’ 

~is(salicylidene~thylenediimino cobalt functions as a catalyst in the oxidative coupling of 
tocopherol models’ Og (e.g. 52 -+ 53) and in a series of patents Rutledge has demonstrated that it is 
possible to oxidativefy “dimerize” simple phenols using as catalysts first row transition metal chelates 
of diketones, I ’ *’ dicarboxylic acids,’ ‘Oh aminoketones,l lo’ guanidine’ lad and polyimino acids.’ 1 Oe 
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48 

5f& 

iCUCi, /Cl2 /Py 
. 

ii NaHSC+ 

H 

H 

Me 

Py= Pyridino 

Kametan~’ I * claims that copper(I)chlori pyridine and molecular oxygen’ ’ 2 is the system of choice 
for phenolic ~uplin~ especially with isoquinoline substrates. For example, reticuline N-oxide (54) 
affords corytuberine (55) in 28 u//O yield.’ ’ 3 The r~~os~~~city of the tousling reaction is assumed to 
be due to the participation of a copper-organo complex. 

7. ANODIC OXIDATION 

In 1916 Fitcher showed’14 that oxidation of phenol in dilute sulphuric acid solution at a lead 
diuxid~ anode gave a small yield of 4,4’-dihy~oxybiphenyl, together with catechol, quinol and p- 
benzoquinone. 
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Scheme 7. 

Later, the same author reported’15 that methoxylated benzenes also underwent oxidative 
coupling to form the corresponding methoxylated biaryls in moderate amounts, thus providing the 
basis for a very versatile route to a wide variety of biaryl derivatives. However, this information was 
largely ignored until Vermillion and Pearl studied’ ’ 6 the oxidation of phenols by voltammetric 
analysis and demonstrated that sodium vanillate (56) could be coupid to the biaryl57. In a parallel 
study Bobbitt et ul.’ I7 produced the d~hydrodimer 59 by anodic oxidation of the alkaloid corypalhne 
58 at a carbon electrode. 

NaO’ 

56 

59 

In these and related pioneering studies,“” intermolecular reactions were being ~nsidered. 
However, the greatest application of anodic coupling to date has ~ntred on intramolecular 
~y~l~sations. Thus RonEm and Parker’ I9 were the first to describe the synthesis of the phenanthrene 
61 by the oxidation of 3,4,3’,4’-tetramethoxybibenzyl(60) in acetonitrile solution containing lithium 
perchlorate as supporting electrolyte at a Pt electrode, 

It will be noted that here, in addition to ring-closure, further oxidation of the alkyl chain has 
occurred, illustrating a problem common to all oxidative procedures, namely how to prevent over 
oxidation of products as, or more, easily oxidised than the starting materials. In this case it was 
overcome simply by reversing the current direction at the end of the reaction, and in this way the 9,1@ 
d~hydrophenanthrene 62 was obtained? 

This type of cyclisation procedure is not restricted to the formation of &membered rings, and bis- 
(3,~dimethoxyphenyl)alkanesof the type 63 where n ranges from l--16 have been oxidised to afford 
varying yields of tetracyclic products..“’ 
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60 61 62 

63 

The mechanism by which methoxylat~d diarylalkanes undergo coupling is the subject of much 
debate. In the first place the aryl-aryl bond usually forms paru to existing OMe groups. This is a fairly 
obvious result which corresponds with electron density calculations made by Zweig et ~1.‘~~ from 
data provided by electron spin resonance spectra of various methoxylated benzenes (see formulas 64, 
65 and 66). 

65 
66 

A more subtle point, however, concerns the order ofevents in the coupling process itself. Thus does 
the conversion 67 + 71 proceed by attack of a radical cation (68) upon the other unionized aryl ring, 
followed by further oxidaton of the product radical cation (69),12j or are a pair of radical cations (70) 
necessary before coupling occurs, 3124 The first sequence is an example of an e.c.e. reaction (electron 
loss, chemical reaction electron loss) and the second an e.e.c. mechanism. 

RonEm et al.’ 2o have shown that in the case of the unsymmetrically substituted bibenzyl 67; 
R = H, n = 2 the dimethoxylated ring is oxidised at + 1.2 V, whereas the monomethoxylated nucleus 
is not ionized until the anode pot~nti~ is raised to + 1.6 V. 

In a preparative experiment at the lower potential the major product was the dehydro dimer (72) 
but at the higher voltage, when presumably both rings may exist as radical cations, the intramolecular 
coupled product (71) was formed. These observations provide very strong evidence that two radical 
cations are necessary for aryl-aryl bond formation, but in extending this study to substrates with 
varying length alkyl bridges between the two aryl nuclei these same authors et a1.‘2i found it necessary 
to propose that both e,c.e and e.e,c, mechanisms may operate depending upon the substrate. Not 
surprisingly, successful intramolecular coupling depends not only upon electronic factors, but also 
upon the adoption of geometrically favourable transition states. Thus intr~olecular cyclisatioln 
occurs with symmetrically substituted biarylalkanes (67) when n < 4, but if n > 6 dehydrodimers (73) 
areobtained. In thespecificcaseofthediarylalkane67(R = 0Ne)wheren = 5, the benzocyclohept~ne 
(74) is produced. 
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MQO 

Me 

Me0 

MQO* 

MQ 

The description e.e.c. implies ~~ns~utive loss of two electrons rather than simultaneous jonization 
of both aryl nuclei, but even this summa~ is probably an over-simpli~~tjon since Miller et al., I 25 
working with the bib~nzyl(75) have analysed the kinetics oftheintr~~l~cular coupling reaction which 
leads ultimately to the di~none 78. They canctude that the radical cation 76, formed from the most 
highly substituted ring, undergoes electronic disproportionation into the dicationic species 77 and 
unionised starting material. The latter reaction, which is second order in terms of the radical cation, is 
especially probable near the efectrode where there is a locally high concentration, Both the formation of 
the cation radical and its subsequent 
ET %iZl - R 

reversible reactions, but the rate 
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determining step is cyclisation of the dication. In the case of this particular substrate the rate 
determining step is followed by deprotonation and rearrangement (not necessarily in that order) to give 
the stable cation. 

Finally, work-up effects demethylation of this cation releasing the dienone 78. 

75 

MQO 

78 

MQb 

76 

H2Q 
- MeOH 

Me b 

-He 

Med 
77 

i 

Me 

It seems likely that this composite mechanism may have wide application, but it is probable that 
the disproportionation step may only occur in diarylalkanes where the ionization potentials of the 
two aryl nuclei are similar, and that substituents replacing methylene groups and appropriately 
positioned in the bridging chain may strongly influence the mechanism. 

Sainsbury and Wyat t1 26 sought to apply anodic cyclisation to the synthesis of nitrogen 
heterocycles 79 utilising amides 80 as starting materials, but whereas intramolecular coupling 
occurred with the tertiary amides 80 (R = Me) only intermolecularly bonded products were formed 
by the oxidation of the secondary amides 80 (R = H). This result is easily understood in terms of the 
preferred stereochemistry of the amides: secondary amides existing almost exclusively in the Z-form, 
whereas the tertiary derivatives are a mixture of E- and Z-forms. Interestingly the yields of 
intramolecularly cyclised products 79 correspond closely with the proportion of the E-form in the 
mixture suggesting that E - -2 inter-conversion is slow relative to either intra- or inter-molecular 
coupling. 

Me 

79 80 
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The cyclisation of amides has been employed very successfulIy by Kotani and his colleagues’ 27 in 
the synthesis of (+)-oxocrinine 81 (R,R = OCHIO) and (k )-oxomartidine 81 (R = MeO) from 
the N-trifluoroacetyl derivatives of N-(4-methoxyphenylethyl)-3,4-methylenedioxy- and N-(4- 
methoxyphenylethyl I-3,4-dimethoxy-benzylamines respectively. 

81 

Yields in these electrochemical cyclisa tions are good w 60 y0 despite the fact that the aryl rings have 
different oxidation potentials. However, in a related experiment Sainsbury and Wyatt’ 28 observed that 
the amide 82 failed to ring-close on anodicoxidation, decomposing instead to 4hydroxyphenylacetate 
(83) and other “low” molecular weight products. A possible rationalization for this reaction is as 
follows : 

-2e 

H20 - 
Me0 

82 

83 

This “mechanism” implies that hydration occurs early in the electrolysis reaction, seemingly a fairly 
common event in many other oxidations conducted in acetonitrile for this solvent is difficult to obtain 
free from water. Interestingly, however, a repetition of the reaction in anhydrous di- 
chloromethane/trifluorocetic acid also gave some 4-hydroxyphenylacetate. In both cases water was 
added during the work-up procedure. A further illustration of hydration is provided by the oxindole 
derivative 84, which on anodic oxidation in acetonitrile gave both the intra- and inter-molecularly 
coupled products 85 and 86 respectively as well as the 3-hydroxyoxindole 87.12* Unfortunately 
repetition of this experiment in dichloromethane-trifuoroacetic acid led to complex mixtures. 
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Me0 
Me 
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90 

Me P 

YMe 

Meb 

Me 

Meb 

Me 

Scheme 8. 



Modern methods of aryl-ary1 bond formation 3345 

Most interest in the natural product area has focussed upon the electrochemistry of isoquinoline 
derivatives, initiated by the report 12*130 that (_t )-laudanosine (88) can be converted into (_+ )- 
flavinanthine (89) in high yield using an anode potential of + 1.1 V. Originally this synthesis was 
conducted in such a way that the amino function was protonated and the mechanism then follows a 
coursesimilartothat ofthecyclisationofbibenzyls, but itwasnotedlater131*132 that (+ )-flavinanthine 
is also formed from the free base, now at an anode potential of only +0.55 V. At such a voltage the aryl 
rings cannot be ionized directly so it has been suggested lo that initial electron transfer involves the 
amine lone pair; the coupling reaction may then involve electrophihc attack by the aminium ion 90 or 
homoconjugation between the amine function and the benzene ring fused to the heterocycle. The latter 
course seems very attractive since the geometry of the system is virtually identical with that of the 
appropriate homoallylic and 2-phenylallyl cations where homoconjugation is well characterised. 
These arguments are summarised by Scheme 8. 

Circumstantial evidence in favour of this type of anchimeric assistance is provided by the fact that 
the corresponding 4-benzyltetrahydroisoquinoline 91 fails to undergo intramolecular coupling at 
potentials near to +0.6 V. 133 Here homoconjugation does not provide a situation which favours 
intramolecular coupling to an isomorphinandienone derivative. Interestingly, however, oxidation of 
the hydrochloride salt at higher potentials leads to the 3,4-dihydroisoquinolinium salts 92 and 93, 
rather than any intramolecular product. 

91 92 93 

Where the N-atom of isoquinoline derivatives is not protected, either by protonation or acylation, 
premature ionisation of the lone pair electrons may lead to N-C coupled products. Thus anodic 
oxidation of the 1 -phenethyItetrahydroisoqtinoline 94 in acetonitrile containing sodium perchlorate 
affords the tetracyclic salt 95,’ 34 but in trifluoroacetic acid solution the homoaporphine 96 is 
obtained.135 Oxidation of the methiodide of 94 gives the inter-molecularly coupled product 97.134 

Me0 

96 
dMe 
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- 96 

98 

Md 
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Ar = 3,Lz(MeO)C H- 
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The formation of the homoaporphine 96 appears at first sight to result from an ortho-para coupling 
reaction, but it most probably originates by rearrangement of the para-para coupled intermediate 98 
as shown below (see also Section 8). 

Attempts to extend anodic coupling reactions to indole derivatives are rendered difficult by the 
ease with which the heterocycle is oxidised. For example, the 3-phenethylindole 99 fails to cyclise but 
at an anode potential of - 0.8 V yields intermolecular products such as the bisindolenine 100.’ 28 
However, the enamido ketone 101 is more resistant to ionisation and here the heterocyclic system is 
not oxidised below an anode potential of - 1.6 V. A preparative experiment conducted at + 1.1 V 
affords the hydroxyquinone 106 and so it is possible that the radical cation formed from the 
dimethoxylated aryl ring reacts at the indole 3-position giving a Spiro-intermediate (103) which 
undergoes oxidation and selective bond breaking and rearrangement to yield the tetracycle 104. 
Further oxidation leads on to the quinone 105, which finally tautomerises to the indolenine 106. 

When this experiment is extended to the lower homologue 102 no intramolecularly coupled 
products are isolated. This result has been analysed in terms of a geometrically unfavoured transition 
state,13’ but it is perhaps significant that the enamido ketone 107 analogous to 102 also fails to 
undergo intramolecular anodic cyclisation and is recovered unchanged.’ 37 Further experiments with 
the homologue 108 are in progress in the author’s laboratory. 

107,k 1 
108na 

8. VANADIUM, THALLIUM AND MANGANESE OXIDANT’S 

Many of the experiments described in the previous section have been also conducted using 
reagents such as the vanadium oxytrihalides, thallium trifluoroacetate and manganic tri- 
sacetylacetonate. Since these oxidants are considered to effect electron transfer and form radical 
cations with electron rich substrates * 38 - 14* a direct comparison between the results of anodic and 
chemically induced oxidative coupling is often possible. 

The application of this typ of reagent to aryl-aryl coupling reactions has its origins in the 
observation’41 that vanadium oxytrichloride forms phenoxyvanadium(V) complexes with phenols. 
These complexes may be isolated and it occurred to Schwartz et al.‘** that this reagent might be used 
as an “internal oxidizing agent”. Thus by binding to the substrate in a stoichiometric ratio prior to 
oxidation the reaction itself could be carried out avoiding excesses of reagent which in more 
traditional procedures (see Section 6) are commonly responsible for over oxidation and consequent 
poor yields. A summary of this approach is then as follows (where X = a bridging unit between two 
hydroxylated aromatic nuclei and M is the reagent). 

HOAr x ArOH --LMOAr X ArOM w [.OAr X Ar0. J 

HO-Ar’-Ar’-OH 
\ / 

X 

Realisation of this concept was achieved by the oxidation of the 1,3-bis(hydroxyphenyl)alkane 
109 to the dienone 110 in 76 “/0 yield, which is 15-20 times greater than the yield obtained using 
potassium hexacyanoferrate(II1). However, it is noted that hydroxy and peroxy radicals are stabilized 
by complex formation with oxyvanadium (V) ions’42 so that this increase in product yield may, in part, 
be due to stabilization of radical intermediates during the coupling process. 
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109 
110 

Vanadium oxytrifluoride has largely replaced vanadium oxytrichloride nowadays. The reagent, 
first introduced by Kupchan in 1973,‘43 is frequently used with both phenols and phenolic ethers. 
Thus 70demethylpapaverine(III) is converted by this reagent in trifluoroacetic acid solution into 
the oxoaporphine 112 in 59 “/o yield. The yields with some other oxidising agents are: manganese 
dioxide in trifluoroacetic acid 30%; cerium (1V)sulphatein dilute sulphuric acid 25 Ti;chromium (VI) 
oxide in a mixture of aqueous sulphuric acid and acetic acid 25 %; and lead (IV) oxide in trifluoroacetic 
acid 22 ‘x1. 

w 59% 
1 

Me ’ R=M e 

v 80 ‘10 MC0 \ MQO 
111, R=H ll2 
113, R=Me 

I 
MQ Ow \ M@ 

I 

When papaverine (113) is the substrate intramolecular does not occur, instead the dehydrodimer 
114 is formed. Metal complexation with the phenolic OH group is probably involved in the formation 
of the oxoaporphine 112, but the formation of the C-2’, C8 bond in this product is unlikely to be the 
result of direct coupling (see p. 3328). More typically ( + )-N-formylnorlaudanosine 115 gives the 
spirodiene 117 in 55 y0 yield and (& )-N-formylnorglaucine 118 in 6 oA yield-presumbaiy through 
alternative rearrangements of the initial cation intermediate 116 (or an equivalent).*44 

Similarly ( + )-N-trifluoroacetylnorcodamine (119) affords ( $- )-N-trifluoroacetylwilsonirene 
(120) in 70 x yield, together with 8 % of the dienone (121).’ 35 

In the case of the 4-benzyltetrahydroisoquinoline 91 (p. 3345), for example, we have seen that 
anodic oxidation leads to dehydrogenation rather than intramolecular cyclisation, but Dyke and 
Warren’ 46 record that with vanadium oxytrifluoricie in ethylacetatejtrifluoroacetic 
acid/trifluoroacetic anhydride solution isoaporphine formation occurs. These authors propose that 
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/ 

the cation 1122 is the initial product and that this then undergoes two consecutive sigmatropic 
rearrangements. Such a scheme seems rather elaborate since the a~te~a~v~ ~u~~-~u~u union may give 
the appropriate precursor 123 for the is~a~~rphine (124) directly. Indeed, anchimeri~ assistant via 
the N~atom (see p. 3345) also fav~urs the more expeditious initial coupling. 

It is also surprising that no inte~~lecular products were isolated from this reaction with an 
“unprotected” amine- although the isolated products only accounted for w 50% of the starting 
material. Kupchan et al,’ 35 have stressed that optimum yields of intr~ole~ularly ccrupled products 
are obtained only when complete protonation of the nitrogen lone pair is achieved, and working with 
l~phenethyltetrahydruis~~uin~lines in TFA/TFAA these authors feud it ne~ssa~ to add 
fluor~sulphon~~ acid in order to repress the fixation of dehydr~~lymers. Even so the prudu~tivity 
of the reaction was not high. 

Far better results are obtained when the ~-tri~uoroa~ty~ analogues are prepared first and 
then oxidised in a separate step. F’luorosulphonic acid is then no longer necessary and in the case of 
( + ~N~tri~uor~a~~tylhom~n~r~audan~sine (125) a vanadium oxytri~u~r~de oxidation afforded 
aseries of cyclised products, namely homoaporphine 126 (2 %), homoneospirenedione 127 (64 0/0), 
hom~proerythrinadienone 128 (5 %f and a~d~hyde-amide 129 (22 “r,) which together ~~resent a near 
quantitative conversion. 
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Obviously these products cannot arise from the tetramethoxy-1-phenethyltetrahydroisoquinoline 
directly, but may be generated by rearrangement of one of the two intermediates resulting from 
alternative "para-para" pathways a or b shown in the part formula 130. By analysing the products 
from the oxidation of 6- and 7-benzyloxytrimethoxy-l-phenethyltetrahydroisoquinolines Kupchan 
et al. conclude that the reaction follows path a and that route b leading to a homomorphinandienone 
is of no significance. 

RO 

R O 

R'O R'a-L R' NR 

130 

Y I et . R O 1 
b 

RO R H R R'O R R m 

R=R~Me or R=Me,R'=Bz or R=Bz, R'=Me " R'---COCF 3 

Scheme 10. 

The iminourethane 129 is also considered to arise from the intermediate cation 131 via the 
iminium species 132 as shown below. Indeed when the N-trifluoroacetyl function was replaced by an 
N-carbonylethoxy substituent, so that the N atom retains a higher electron density, the yield of the 
corresponding aldehyde-amide increased to 62 %. 

M • o ~ C O C F  3 

131 

t,,le 0 
Me O ~ p .  

__._.. COCF 3 

132 

H~O, 129 

In one instance at least benzylic hydroxylation has been noted ~47 using vanadium oxytrifluoride 
in trifluoroacetic acid, thus oxidation of (+)-laudanosine 133 (X = NMe; Y = CH 2) gave (___)- 
cataline 134 (R = OH), together with a small amount of (+)-glaucine 134 (R = H). On the other 
hand Elliott has reported 148 that oxidation of the 1-benzylisochromanone 133 (X = O, Y = CO) and 
the 1-benzylisoquinoline 133 (X = NMe, Y = CO) does not yield aporphine-like structures, but gives 
instead spirodienones 135, and in the case of the isochromanone, the bridged lactone 136 as well. As 
recorded above aporphines are probably derived from the same intermediate as the spirodienones so 
that minor differences in reaction conditions may favour one product rather than the other. However, 
the bridged lactone is a novel addition to the range of cyclised products, for it is related to the 
isopavine 137149 and this may prove to be useful in synthesis of similar structures. 
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135,X=OorMe 136 

137 

The use of vanadium oxytri~u~rid~ is not restricts to heterocyclic systems and, for example, 
the stilbene 138 has been oxidised to the phenanthrene 139 in 69% yield? This compares very 
favourably with a photochemical cyclisation which only gives a 31% conversion. Similarly 
Kende and Liebskind’ St have used this reagent to cyclise the diester 140 to the di~nzocyc~ooctadi~ne 
141-a key step in their synthesis of the antileuka~mic lignan stegana~n (cf. pa 3330). 

An alternative reagent to vanadium oxytrifluoride is thallium(II1) tristrifluoroacetate (TI’FA) 
and pioneering studies with this oxidant by McKillop et al.’ 52 led Schwartz’53 to experiment with the 
phenol 142 which can be ~ng-closed to the spirodienone 143 in 87 % yield. It was proposed that a 
phenoxonium ion or its equivalent is involved, but in this and similar reactions with phenols 
intermolecularly coupled products are not encountered, and Palmquist et al.’ 54 suggest that thallium 

M M 
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phenolates are the primary intermediates, Geometric considerations seem to be critical, however, 
since phenolic dia~l-ethanes and -butanes do not cyclise. These last authors conclude that in such 
cases the reaction stops at the thallium phenolate stage, since after hydrolytic work-up, the starting 
phenol is recovered unchanged. 

Thallium tristrifluoroacetate has also been employed with nitrogenous substrates.For example, 
the N-trifluoroacetylphenyiethylamine 144 gave the enone 145.’ 55 The yield, however, was only 19 “/ 
compared to a 88 yO conversion when vanadium ~xytrifluoride was used.22 With basic substrates it is 
usual to protect the N- atom. The tri~uoroa~tyl group has just been mentioned, other protecting 
groups include ethoxycarbonyl’ 56 or formyl,’ 57 and borane complexes have also been used? 
Tomioka et al.’ 5g on the other hand rely on quaternization in trifluoroacetic acid solution and, in 
what they describe as, a biogenetic-type synthesis, they obtained oxomartidine 147 in a remarkably 
high 66.5 %.yield from O-methylnorbelladine 146. Compared with phenolic oxidative experiments 
conducted with older reagents, for example iron(III) ~hlorid~-dimethylfo~amide16~ this is a 
considerable improvement. 

146 

Although thallium tristrifluoroacetate is most frequently used with phenolic substrates it may also 
be employed with phenolic ethers, thus the bis(dimethoxypheny1) propane 148 is converted into the 
dibenzocycioheptadiene 149 in 81% yield? 
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MQ P 

150, R= H 152 

15l,R=NH2 

Similarly (+)-ocoteine (152) can be prepared by the oxidation of the tetrahydroisoquinoline 
150.‘62 The yield is a considerable advance ups that obtained by Pschorr cyclisation of the more 
inaccessible amine 151 (46 vs 1 1 %)? Clearly phenoxonium ions or thallium phenolates cannot be 
involved here and now it is assumed that the reaction resembles anodic oxidation and requires the 
participation of arene radical cations.’ 64 

~anganese(II1) a~t~nyla~tat~ is another reagent which has been used to couple phenols and 
phenolic ethers. First introduced by &war and Nakaya,16’ it oxidises 2-naphthol into 2,2’- 
dihydroxy- 1,1 ‘-binaphthyl(153)in 69 “/D yield and has the advantage that, provided oxygen is excluded 
from the reaction mixture, over oxidation to the quinone is avoided. 

153 

Scheme 11. 

The reagent has not found much application with non-phenolic substrates probably because 
yields tend tc, be lower than, say, when anodic oxidation is used. For example, b&(3,4- 
dimeth~xyphenyl) alkanes of general structure 154 can be cyclised to the corresponding tricycles 
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155 166 The ‘:i conversions for anodic and mangan~c(~~~~~tony~ac~tate ring closures are respec- 
tively : n = 1,95 and 45 2,; n = 2,95 and 45 I;/‘,; n = 3,94 and 60 u/o; n = 4,93 and 90 %. In the case of n = 5 
the benz~cyc~oheptan~ 74 is formed and the conversions are 38 and 25 % respectively (see p. 334-O). 

9. SELENIUM AND TELLERIUM OXIDANTS’“’ 

~iph~ny~ selenoxide is rccomm~nded as a mild and selective oxidant for the synthesis of ph~nol~c 
substrates. 16’ Where catechol units are present, as in the following example, selenurane derivatives 
are possible intermediates. 

I Me OH, r t. 

HO 

n = 1 80%yiold 

In n =2 55% yiolcl 

Scheme 12. 

Bergmanf6’ has shown that arenes react with tellurium chloride at 60-80° to give aryl 
tellurium trichlorides and/or bis(aryl)tellurium dichlorides. Both types of product are converted into 
biaryls by heating with degassed Raney Ni. Yields are in the range 40-75 z and the method has been 
exemplified by the synthesis of biphenyl, 2,2’-dinaphthyl, and various halogeno, aminoalkyl- and 
alkoxy-bi~henyls. ~~aryltel~urides are probable inte~ediat~s in this reaction and somewhat better 



MALCOLM SAINSBURY 

yields are obtained if the reaction is controlled to give bis(aryl)tellurium 
reduced with hydrazine, prior to treatment with Raney Ni: 

dichlorides which are 

ArH + TeC1,)-sO--ArTeC1, + I-ICI 

ArTeCl, + ArH 160 (Ar),TeCl, 

(Ar),TeC1, NHzNH* (Ar Tc Ar) G Ar-Ar + Te 

10. MISCELLANEOUS ROUTES TO BIARYLS 

Inevitably there are a large number of biaryl coupling procedures, some efficient, some less so, 
which have not been widely adopted for various reasons. A limited selection of these miscellaneous 
techniques is summarised below: 

(i) Diaryliodinium bromides yield biaryls when reacted with methylmagnesium iodide and 
anhydrous nickel(H) chloride in diethyl ether solution.“’ A variety of alkyl-, alkoxy- or halogeno- 
substituted substrates may be employed but if the two rings in the bromide are unsymmetrically 
substituted mixtures of biaryls result. Yields are typically w 55 %. 

Ar-Ii- Ar ’ -Ar-Ar + Ar’-Ar’ + Ar-Ar’ 
Br- 

$rl’, 

(ii) The reaction of arylmagnesium halides or aryllithium reagents’ ” - *78 with a salt of thallium, 
uranium or a first group transition metal has been found to be useful in the synthesis of biaryls. Thus 
Taylor et al.,’ ” showed that thallium(I) bromide with arylmagnesium halides unsubstituted in the 
ortko-positions affords symmetrical biaryls in yields ranging from 65-95 %, depending upon the 
substrate. Metallic thallium is deposited, but the reaction is not governed by simple stoichiometric 
relationships and a sequence of redox reactions among the three thallium valence states is involved. 

Thallium (III) trifluoroacetate has also been used,’ 7 8 but here the arylmagnesium bromide is 
converted by this reagent into the corresponding diarylthallium(II1) bromide. Anion exchange 
affords the diarylthallium(II1) trifluoroacetate which when photolysed in benzene yields the 
appropriate arylbenzene. 
(iii) Biaryls can be synthesised by the decomposition of arylboranes with methanolic potassium 
hydroxide and silver nitrate.’ 8o The arylborane is formed from the corresponding arylbromide and 
magnesium in the presence of diborane; tetrahydrofuran is the solvent. However, whereas 
bromobenzene gives biphenyl in 59 % yield, 2-bromotoluene affords 2,2’dimethylbiphenyl in only 

17 yjh yield. 
(iv) Symmetrical biaryls are available via the rhodium-catalysed dimerization of aryl mercuric salts 
in the presence of lithium chloride.’ 8 ’ Near quantitative conversions of simple aryl salts are claimed. 

This reaction appears to be very similar to the decomposition of aryl mercuric salts with catalytic 
amounts of palladium(II) chloride which has already been discussed (p. 3334). 
(v) In perhaps the most simple biaryl synthesis so far described Bamfield and Quan’ 82 have reacted 
aryl chlorides or bromides with sodium hydroxide, sodium formate and palladium on charcoal in an 
aqueous suspension containing a surf’actant such as cetyltrimethyl ammonium bromide. The 
productivity varies with the surfactant and, of course, the substrate, but may be as high as 65 ‘?,A. 

SUMMARY 

There are so many techniques which may be used to generate an aryl-aryl bond that it is almost impossible to predict which 
will give the optimum yield from any particular substrate. The Pschorr synthesis is rarely used nowadays although modified 
Ullmann procedures, particularIy using nickel (0) reagents seem attractive. The intramolecular photochemical cyclisation of 
aryl halides can be very productive, but such reactions cannot be scaled up easily since few laboratories have Iarge 
photochemical reactors. 

Traditional phenolic oxidative coupling reactions using such reagents as potassium hexacyanoferrate(II1) are still reported 
in the chemical literature. However, thallium tristrifluoroacetate seems to be a more rewarding oxidant but it remains to be 
seen ifdiphenyl selenoxide turns out to be an even better choice. In the case of non phenolic substrates, the author prefers anodic 
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oxidation particularly where the rings to be joined have similar oxidation potentials. This method has the considerable 
advantage that using simple anaiytical procedures beforehand the precise voltage for oxidation can be selected. Chemical 
oxidants do not offer this selectivity and they are expensive. 
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