
   1

  1 
Chiral Nonracemic Isocyanides  
  Luca     Banfi   ,     Andrea     Basso  , and     Renata     Riva     
   

Isocyanide Chemistry: Applications in Synthesis and Material Science, First Edition. Edited by 
Valentine Nenajdenko.
© 2012 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2012 by Wiley-VCH Verlag GmbH & Co. KGaA.

    1.1 
Introduction 

 Although isocyanides have proven to be very useful synthetic intermediates    –    
especially in the fi eld of multicomponent reactions    –    most research investigations 
performed to date on isocyanides have involved commercially available, unfunc-
tionalized and achiral (or chiral racemic) compounds. Two reasons can be envi-
sioned for the infrequent use of enantiomerically pure isocyanides: (i) the general 
lack of asymmetric induction produced by them; and (ii) the high tendency to 
lose stereochemical integrity in some particular classes of isonitriles. However, 
it is believed that when these drawbacks are overcome, the use of chiral non -
 racemic isocyanides in multicomponent reactions can be very precious, allowing 
a more thorough exploration of diversity (in particular stereochemical diversity) 
in the fi nal products. Recently, several reports have been made describing the 
preparation and use of new classes of functionalized chiral isocyanides. In fact, 
several chiral isocyanides may be found in nature, and these will be briefl y 
described in Section  1.5 , with attention focused on their total syntheses. Another 
growing application of chiral isocyanides is in the synthesis of chiral helical 
polyisocyanides. 

 It is hoped that this review will encourage chemists fi rst to synthesize a larger 
number of chiral isocyanides, and subsequently to exploit them in multicompo-
nent reactions, in total synthesis, and in the material sciences.  

   1.2 
Simple Unfunctionalized Isocyanides 

 The standard method used to prepare chiral isocyanides (whether functionalized, 
or not) begins from the corresponding amines, and employs a two - step se-
quence of formylation and dehydration (Scheme  1.1 ). Many enantiomerically 
pure amines are easily available from natural sources, classical resolution  [1] , 
or asymmetric synthesis. Formylation is commonly achieved via four general 
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methods: (i) refl uxing the amine in ethyl formate  [2] ; (ii) reacting the amine with 
the mixed formic – acetic anhydride  [2] ; (iii) reacting the amine with formic acid 
and  DCC  ( dicyclohexylcarbodiimide )  [3]  or other carbodiimides  [4] ; and (iv) react-
ing the amine with an activated formic ester, such as cyanomethyl formate  [5] , 
 p  - nitrophenyl formate  [6] , or 2,4,5 - trichlorophenyl formate  [7] . For the dehydration 
step, several reagents are available, with the commonest and mildest methods 
involving POCl 3 , diphosgene, or triphosgene at low temperatures in the presence 
of a tertiary amine  [2] . Although less commonly used, Burgess reagent (methyl 
 N  - (triethylammoniumsulfonyl)carbamate)  [8]  and the CCl 4 /PPh 3 /Et 3 N system  [7]  
have also been employed.   

 Alternatively, formamides can be obtained from chiral carboxylic acids, through 
a stereospecifi c Curtius rearrangement followed by reduction of the resulting 
isocyanate  [9, 10] . 

 Isocyanides may also be prepared from alcohols, by conversion of the alcohol 
into a sulfonate or halide, followed by S N 2 substitution with AgCN  [11] ; however, 
this method works well only with primary alcohols. In contrast, a series of chiral 
isocyanides have been synthesized from chiral secondary alcohols via a two - step 
protocol that involves conversion fi rst into diphenylphosphinite, followed by a 
stereospecifi c substitution that proceeds with a complete inversion of confi gura-
tion  [12] . The substitution step is indeed an oxidation – substitution, that employs 
 dimethyl - 1,4 - benzoquinone  ( DMBQ ) as a stoichiometric oxidant and ZnO as an 
additive. Alternatively, primary or secondary alcohols can be converted into forma-
mides through the corresponding alkyl azides and amines. 

 Some examples of simple chiral isocyanides are shown in Scheme  1.1 . These 
materials have all been prepared in a traditional manner, starting from chiral 
amines; the exception here is  5 , which was synthesized from the secondary alcohol. 
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The compounds comprise fully aliphatic examples such as  1   [13] ,  α  - substituted 
benzyl isocyanides such as  2   [1, 2, 13, 14]  and  3   [14, 15] , and  α  - substituted phene-
thyl or phenylpropyl isocyanides such as  4   [2]  and  5   [12] . 

 Because of the great synthetic importance of isocyanide - based multicomponent 
reactions, these chiral isocyanides have been often used as inputs in these reac-
tions. The use of enantiomerically pure isocyanides can, in principle, bring about 
two advantages: (i) the possibility to obtain a stereochemically diverse adduct, 
controlling the absolute confi guration of the starting isonitrile; and (ii) the possibil-
ity to induce diastereoselection in the multicomponent reaction. With regards to 
the second of these benefi ts, the results have been often disappointing, most likely 
because of the relative unbulkiness of this functional group. For example, Seebach 
has screened a series of chiral isocyanides, including  2a  and  4  in the TiCl 4  -
 mediated addition to aldehydes, but with no diastereoselection at all  [2] . This 
behavior seems quite general also for the functionalized isocyanides described 
later, the only exception known to date being represented by the camphor - derived 
isocyanide  6   [16] , which afforded good levels of diastereoselection in Passerini 
reactions. The same isonitrile gave no asymmetric induction in the corresponding 
Ugi reaction, however. Steroidal isocyanides have also been reported (i.e.,  7 ) 
 [17, 18] . 

 Apart from multicomponent reactions, and the synthesis of polyisocyanides (see 
Section  1.6 ), chiral unfunctionalized isocyanides have been used as intermediates 
in the synthesis of chiral nitriles, exploiting the stereospecifi c (retention) rear-
rangement of isocyanides into nitriles under  fl ash vacuum pyrolysis  conditions 
( FVP )  [14, 19] . This methodology was used for the enantioselective synthesis of 
the anti - infl ammatory drugs ibuprofen and naproxen, from  2d  and  3 , respectively. 
As isocyanides are usually prepared from amines, the overall sequence represents 
the homologation of an amine to a carboxylic derivative, and is therefore opposite 
to the Curtius rearrangement. 

 Another interesting application of  2a , as a chiral auxiliary, was reported by 
Alcock  et al . (Scheme  1.2 ). Here, the chiral isocyanide reacts with racemic vinylket-
ene tricarbonyliron(0) complex  8  to produce two diastereomeric (vinylketeneimine)
tricarbonyliron complexes  9  that can be separated. Subsequent reaction with an 
organolithium reagent, followed by an oxidative work - up, was found to be highly 
diastereoselective, forming only adduct  10 . This represents a useful method for 
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accessing quaternary stereogenic centers, with the induction being clearly due to 
the tricarbonyliron group, while the isocyanide chirality serves only as a means of 
separating the two axial stereoisomers  9a  and  9b   [15] .    

   1.3 
Isocyanides Containing Carboxylic, Sulfonyl, or Phosphonyl Groups 

 As the reactivity of  α  - isocyano esters and amides is reviewed in Chapters  3  and  4  
of this book, attention at this point will be focused only on stereochemical issues; 
reactions exploiting reactivity at the  α  position will not be described. 

   1.3.1  
 α  - Isocyano Esters 

 Enantiomerically pure  α  - isocyano esters  12  can be prepared by the dehydration of 
formamides  11 , which in turn are synthesized in two steps from the corresponding 
 α  - amino acids  [20, 21]  (Scheme  1.3 ). The most critical step is dehydration, which 
has been demonstrated in some instances to be partly racemizing. The combina-
tion of diphosgene with   N  - methylmorpholine  ( NMM ) at a low ( <  − 25    ° C) tempera-
ture has been reported in various studies to be able to avoid racemization and to 
be superior to the use of POCl 3  with more basic amines  [2, 22 – 25] . In a recent 
extensive study, the use of triphosgene/NMM at  − 30    ° C was suggested as the 
method of choice  [26] , although a direct comparison of triphosgene with diphos-
gene was not carried out.   

 These isocyanides would be very useful in multicomponent reactions, such as 
the Passerini and Ugi condensations, for the straightforward preparation of dep-
sipetides or peptides, although racemization may be a relevant issue. Under Pas-
serini conditions, these compounds appear to be confi gurationally stable during 
reaction with various aldehydes  [22, 27 – 29] , and this approach has been used, for 
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example, in the total synthesis of eurystatin A  [22]  (Scheme  1.3 ). The quite complex 
tripeptide  16  has been assembled in just two steps by using a  PADAM  ( Passerini –
 Amine Deprotection – Acyl Migration ) strategy  [30] , starting from three enantio-
merically pure substrates  13 ,  14 , and  15 . Once again, none of the three chiral 
inputs was able to induce any diastereoselection, but at least three of the four 
stereogenic centers could be fully controlled by the appropriate substrate con-
fi gurations.  α  - Isocyano esters are also confi gurationally stable during the TiCl 4  -
 mediated condensation of isocyanides with aldehydes  [2] . 

 With ketones, the Passerini reaction is slower such that some degree of racemi-
zation may occur, depending on the carboxylic acid employed  [31] . Chiral  α  -
 isocyano esters have been used also in the synthesis of optically active hydantoins 
such as  20  (Scheme  1.4 )  [5] ; however, the enantiomeric purity was not precisely 
assessed, and it could not be ascertained if these conditions were racemizing, 
or not.   

 In contrast, the conditions of the Ugi reaction are often incompatible with the 
stereochemical integrity of chiral  α  - isocyano esters  [20, 25, 32] . A careful study of 
reaction conditions has shown that    –    at least for the reaction with ketones    –    racemi-
zation can be almost completely suppressed by carrying out the reaction in CH 2 Cl 2  
with BF 3  · Et 2 O as catalyst  [25] . In this case, racemization is believed to be provoked 
by the free amine; in fact,  α  - isocyano esters will readily racemize when treated 
with amines at  room temperature  ( r.t. )  [2] . On this basis, the use of preformed 
imines would be expected to be capable of preventing racemization, although such 
success was stated only in few cases, that always involved preformed cyclic imines 
(Scheme  1.5 ). For example, Joulli é  has reported the formation of only two dias-
tereomers  23  in the condensation of chiral imine  21  with chiral isocyano ester  22  
 [33] . Similarly, Sello has obtained only two diastereomers in the condensation of 
achiral imine  24  with chiral isocyanide  25  and Boc - proline. Interestingly, the two 
diastereomers have been obtained in 70   :   30 ratio  [34] ; this was unusual since, in 
most cases, chiral isocyanides and chiral carboxylic acids provide no stereochemi-
cal control in Ugi reactions. The absence of racemization in Ugi – Joulli é  reactions 
is not general. Rather, the present authors experienced the formation of four 
diastereomers in the reaction of chiral pyrroline  27  with leucine - derived isocyano 
ester  28   [24] .   

 An ingenious approach to avoid these racemization issues was recently devised 
by Nenajdenko and coworkers  [35] , who employed orthoesters  30  as surrogates of 
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 α  - isocyano esters. After the Ugi reaction, which proceeds with no racemization, 
the free carboxylic acids  32  could be obtained in quantitative yield via a two - step/
one - pot methodology. 

 A non - multicomponent application of chiral  α  - isocyano esters was recently 
developed by Danishefsky, who created a general method for the synthesis of 
N - methylated peptides, a moiety which is present in many important natural 
substances, such as cyclosporine  [36]  (Scheme  1.6 ). The coupling of an iso-
cyano ester with a thioacid produces a thioformyl amide that can be conveniently 
reduced by tributyltin hydride, with the overall sequence taking place without 
racemization.   
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  α  - Isocyano esters can provide a variety of reactions involving enolization at the 
 α  positions (these are reviewed in Chapters  3  and  4 ). Whilst deprotonation clearly 
brings about the loss of the stereogenic center, if chirality is present elsewhere 
(e.g., in the alcoholic counterpart of the ester), then asymmetric induction is, in 
principle, viable. To date, very few  α  - isocyanoacetates of chiral alcohols have been 
prepared  [37, 38] , and their effi cient application in asymmetric synthesis has never 
been reported  [21] .  

   1.3.2  
 α  - Isocyano Amides 

 Although, in principle, chiral  α  - isocyano amides can be prepared by the reaction 
of  α  - isocyano esters with amines, the easy racemization of the latter compounds 
under basic conditions makes this approach unfeasible. By using chiral enantio-
merically pure amines, it is even possible to realize a dynamic kinetic resolution 
of racemic  α  - isocyano esters, obtaining  α  - isocyanoamides in good diastereomeric 
ratios, as in the case of compound  35   [2]  (Scheme  1.7 ). Due to the lower  α  - acidity, 
the stereoconservative preparation of chiral  α  - isocyano amides from the corre-
sponding formamides is less problematic than that of the corresponding esters, 
and combinations of POCl 3  with Et 3 N may also be used. The only exception here is 
represented by penicillin -  or cephalosporin - derived isocyanides  [6] . Cephalosporin -
 derived isocyanide  39  can be obtained without epimerization, but only when 
weaker NMM is used as the base (with Et 3 N, extensive epimerization takes place). 
On the other hand, with penicillin - derived formamide  36  a near to 1   :   1 epimeric 
mixture is obtained, even with NMM.   

  α  - Isocyano amides are also less prone to racemize during multicomponent reac-
tions, although in this case the yields may be impaired by concurrent oxazole 
formation  [24, 39]  (see Chapter  3 ). 
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 Nonetheless,  α  - isocyanoamides have been employed successfully in both the 
Passerini  [27, 40]  and Ugi reactions  [41] , some representative examples of which 
are shown in Scheme  1.8 . Aitken and Faur é  have accomplished a highly conver-
gent synthesis of cyclotheonamide C by exploiting the above - cited PADAM strategy 
 [30] , and using three polyfunctionalized substrates, namely  α  - isocyano amide  40 , 
protected  α  - amino aldehyde  41 , and protected amino acid  42   [40] . Despite none of 
these three chiral substrates being capable of affording any stereoselection, this is 
unimportant because the new stereogenic center is later lost by oxidation. Ugi 
 et al . have demonstrated the applicability of their reaction in the straightforward 
synthesis of tetrapeptide  46   [41]  although, in this case, two problems had fi rst to 
be resolved: (i) the poor asymmetric induction provided by both the chiral isocya-
nide and the carboxylic acid; and (ii) the need for secondary amides (the use of 
ammonia is often inadequate in Ugi reactions). Ultimately, both issues were 
resolved by using the chiral ferrocenyl auxiliary  45 , which afforded a good stereoin-
duction and could easily be removed under acidic conditions.   

 The  α  - isocyano amides may also provide a wide variety of stereoselective reac-
tions that involve enolization at the  α  positions, provided that chirality is present 
in the amine counterpart. Consequently, various chiral  α  - isocyano amides have 
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been prepared  [6, 42 – 46] , some of which have provided good levels of diastereose-
lectivity  [6, 42, 45, 46]  (these reactions are reviewed in Chapters  3  and  4 ).  

   1.3.3  
Other Isocyano Esters or Amides 

 The  β  - isocyano esters are not expected to suffer from the racemization issues of 
their  α  counterparts, and may be very valuable inputs for the multicomponent 
assembly of peptidomimetics. Somewhat surprisingly, however, very few reports 
have been made on this class of compound, most likely because of the limited 
availability of enantiomerically pure  β  - amino acids (Scheme  1.9 ). Previously, 
Palomo  et al .  [47]  have successfully prepared  β  - isocyano esters such as  49  through 
an opening of the  β  - lactam  47 , which in turn was stereoselectively accessed by the 
Staudinger condensation of a lactaldehyde imine. Although this approach may 
represent a fairly general entry to these isocyanides, its potential has not been 
further exploited, and the isocyanide  49  has been used simply as an intermediate 
for deamination procedures.   

 Within the present authors ’  group, a general organocatalytic entry to  β  - isocyano 
esters of general formula  52  in both enantiomeric forms has recently been identi-
fi ed. While  N  - formyl imines have been demonstrated to be unstable, they can be 
generated  in situ  from sulfonyl derivatives  50  under phase - transfer conditions. 
Subsequently, the use of quinine -  or quinidine - derived catalysts allowed, after 
careful optimization, malonates  51  to be obtained in both enantiomeric forms, 
with  enantiomeric excess  ( e.e. ) values ranging between 64% and 90%. Moreover, 
the yields were almost quantitative and the e.e. - values could be brought to 98% by 
crystallization. Subsequently, malonates  51  have been converted in high yields into 
isocyanides  52  by decarboxylation and dehydration (F. Morana,  et al ., unpublished 
results). 
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 During the total synthesis of the antiviral agent telaprevir, Orru and Ruijter have 
recently reported an interesting approach (that in principle may be general) for 
the synthesis of protected  α  - hydroxy -  β  - isocyano esters such as  54 , based on the 
Passerini reaction of a chiral  α  - formylamino aldehyde  53   [48] . The only drawback 
of this methodology is the low stereoselection of the Passerini reaction, though 
this is not infl uential if the targeted products are peptidomimetic and contain the 
 α  - keto -  β  - amino amide transition state mimic.  

   1.3.4  
Chiral Sulfonylmethyl or Phosphonylmethyl Isocyanides 

 Sulfonylmethyl isocyanides are synthetic equivalents of formaldehyde mono -  or 
di - anions, and have found several useful applications. Chiral derivatives can, in 
principle, be used for achieving asymmetric induction, with Van Leusen and col-
leagues having prepared a series of chiral analogues with either stereocenters 
in the group attached to sulfur (i.e.,  55 ) or with a stereogenic sulfur atom ( 56 ) 
(Scheme  1.10 ). These chiral   p  - toluenesulfonylmethyl isocyanide  ( TosMIC ) ana-
logues were tested in the synthesis of cyclobutanones  [49]  or oxazolines  [50] . In 
the latter case, two  trans  diastereomers ( 57a  and  57b ) were usually obtained, and 
the best results in terms of stereoselectivity were obtained with sulfonimide  56  
( diastereomeric excess  ( d.e. )  =  80%). The preparation of enantiomerically pure 
sulfonimide  56  is not trivial, however. Oxazolines  57  can be hydrolyzed to  α  -
 hydroxyaldehydes  58 .   

 Van Leusen has also prepared the chiral phosphonylmethyl isocyanide  61  (as 
well as its  trans  epimer), starting from enantiomerically pure dioxaphosphorinane 
 59   [51] . Here, the key step is an Arbuzov reaction of  59  with a  N  - methylformamide 
equipped with a good leaving group. It is worth noting that this represents an 
unconventional formamide synthesis, that does not proceed through a primary 
amine.   
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   1.4 
Isocyanides Containing Amino or Alcoholic Functionalities 

   1.4.1  
Chiral Amino or Azido Isocyanides 

 A series of protected chiral  β  - amino isocyanides of general formula  63  has been 
prepared in enantiomerically pure form via two general strategies (Scheme  1.11 ). 
The fi rst strategy begins with protected  α  - amino acids and involves transformation 
into the nitriles, reduction, formylation, and dehydration  [52] . The second strategy 
 [10]  is considerably shorter, but starts from less readily available  β  - amino acids 
that are converted in a one - pot reaction, via a Curtius rearrangement, into the 
same formamides  62 . These isocyanides have been used in the cycloaddition with 
trimethylsilyl azide to produce tetrazoles  65   [10] , and also in the synthesis of iso-
selenocyanates  66  and selenoureas  [52] .   

 A few chiral  γ  - isocyano amines are also known  [10] . For example, compounds 
 67  have been obtained by the reaction of chiral  N  - tosyl aziridines with  α  - lithiated 
benzyl isocyanides  [53] , though the reaction is poorly stereoselective and two sepa-
rable diastereomers were obtained. Likewise, the complex nucleosidic  γ  - amino 
isocyanide  68  has been prepared as an advanced intermediate in the convergent 
total synthesis of muraymicyn D2, and used as input in an Ugi reaction with a 
chiral carboxylic acid and achiral aldehyde and amine  [54] . No asymmetric induc-
tion was observed, however. 

 Whereas, the use of isocyanides in the Ugi reactions leads to peptide - like struc-
tures, the Huisgen cycloaddition of azides and alkynes produces triazoles, which 
are also deemed as peptide surrogates. Consequently, the incorporation of both 
an isocyanide and an azide into the same building block represents a valuable 
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strategy to build up peptidomimetics in a very convergent manner  [55] . Com-
pounds  71  (Scheme  1.12 ) have been prepared from  β  - formamido alcohols  69 , in 
turn obtained from  α  - amino acids; in this case, a one - pot mesylation – dehydration 
step provided the sulfonate  70 , which was then substituted by sodium azide. These 
isocyanides are confi gurationally stable under either Ugi or Passerini conditions. 
An example of an application featuring a tandem Ugi – Huisgen protocol is shown 
in Scheme  1.12  where, as usual, no asymmetric induction by the chiral isocyanide 
was noted in the Ugi step.    

   1.4.2  
Chiral Hydroxy Isocyanides 

  β  - Hydroxy isocyanides  76  or their protected derivatives  75  represent very useful 
synthons for the synthesis of peptidomimetic structures through multicomponent 
reactions (Scheme  1.13 ). Compounds  76  have also been prepared as potential 
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anti - AIDS drugs (i.e., nucleoside mimics with reverse transcriptase inhibitory 
activity)  [56] . For R 2     =    R 3     =    H, the alcoholic function can be later oxidized, making 
 75  –  76  synthetically equivalent to easily racemizable  α  - isocyano esters or the likely 
unstable  α  - isocyano aldehydes  [57] .   

 For R 2     =    R 3     =    H, formamides  74  can be easily obtained in two steps from  α  -
 amino acids, whereas  α  -  or  α , α  ′  - substituted derivatives have been obtained through 
longer routes  [58, 59] . As the direct conversion of  74  into isocyanides  76  was 
reported to be troublesome  [59] , the best route seems to involve a temporary pro-
tection of  74  to produce  75a  or  75b , followed by dehydration and fi nally deprotec-
tion with BF 3  · Et 2 O ( 75a )  [59]  or  n Bu 4 NF ( 75b )  [56] . However, when R 2  and R 3  are 
different from hydrogen  [59] , or if the Burgess reagent is employed  [8] , then dehy-
dration to  76  can be carried out directly on  74 . One of the main uses of compounds 
 76  is the two - component synthesis of oxazolines  77  by reaction with aldehydes. 
This reaction displays no stereoselectivity, and consequently oxazolines  77  are 
obtained as a 1   :   1 separable mixture of diastereomers that have been used as 
bidentate chiral ligands in the asymmetric diethylzinc addition to aldehydes  [60] . 

 In contrast, the protected isocyano alcohols  75c  and  75d  have been employed in 
classical Passerini  [61]  and Ugi reactions  [57, 62]  although, again, no stereoselec-
tion was observed. Compounds  75d  have also been submitted to the isocyanide –
 cyanide rearrangement under FVP conditions to produce  β  - acetoxy nitriles  [19] . 
Finally,  75e  has been employed in the synthesis of formamidines which have, in 
turn, been used as chiral auxiliaries  [63] . 

 Alcohols  76  are not very stable, and must be conserved at low temperatures or 
used immediately after their preparation, because they tend to be converted into 
unsubstituted oxazolines  78 . This cyclization may be reverted under strong basic 
conditions to produce the conjugate bases of  76 , that have been exploited for the 
preparation of  pseudo  - C 2  - symmetric ligands  79   [58, 64] . These ligands have found 
various applications in organometal catalysis; for example, iron(II) complexes have 
recently been used in the asymmetric transfer hydrogenations of aromatic and 
heteroaromatic ketones  [58] . 

 A general approach to  γ  - isocyano alcohols is represented by the biocatalytic 
desymmetrization of 2 - substituted 1,3 - propanediols, followed by the substitution 
of one of the two hydroxy functions with the isocyanide, through the correspond-
ing azides and formamides (Scheme  1.14 ). The synthetic equivalence of the two 
hydroxymethyl arms allows the enantiodivergent synthesis of both enantiomeric 
isocyanides, starting from the same monoacetate. The present authors ’  group has 
recently prepared both enantiomers of a series of isocyanides  80  and  81  by this 
strategy, and used them in stereoselective Ugi – Joulli é  coupling with chiral imines 
 [65] . The nucleosidic  γ  - isocyano alcohol  83  has been prepared, again by reduction, 
formylation, and dehydration from azido alcohol  82 , in an attempt to identify 
potential anti - AIDS drugs, such as  azidothymidine  ( AZT ) analogues  [7] .   

 Previously, several isocyano sugars have been synthesized, with the isocyanide 
either being bound to the anomeric positions, or not. Glycosyl isocyanides, such 
as  86  (Scheme  1.15 ), may be prepared starting from fully benzylated glycosyl 
halides  84  by reaction with silver cyanide  [66] , with the  β  - anomer usually being 
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favored. A more effi cient methodology, that is also more compatible with fully 
acetylated glycosyl halides, involves the initial transformation into the isothiocy-
anate  85 , followed by a controlled radical reduction with  n Bu 3 SnH initiated by 
 azo -  bis  - isobutyronitrile  ( AIBN )  [67] .   

 Alternatively, glycosyl isocyanides may be prepared by a longer (but often more 
stereoselective) route that involves the formation of a glycosyl azide  87 , followed 
by reduction, formylation, and dehydration  [68, 69] . A shorter route, which allows 
the preparation of both anomers, has been developed in the fi eld of pentofuranoses 
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(ribosyl isocyanides are shown as an example)  [70] . The treatment of protected 
ribofuranosylamine  90  with the mixed acetic formic anhydride affords directly the 
 α  formamide, with concomitant acetylation of the 5 - OH; dehydration then yields 
 α  isocyanide  93 . In contrast, when  90  is converted into the amidine  91 , only the 
 β  - anomer is formed. A careful hydrolysis produces a  β  - formamide that, upon 
acetylation and dehydration, leads to the  β  - isocyanide  92 . 

 The main application of glycosyl isocyanides relies on their transformation into 
isocyanates such as  89 ,  en route  to ureido - linked disaccharides or sugar - amino acid 
conjugates  [68, 71, 72] . These isocyanides have also been converted into amidines 
 [73] . 

 In contrast, 2 - deoxy - 2 - isocyano sugars have been synthesized starting from 
the corresponding 2 - deoxy - 2 - aminosugars (glucosamine, galactosamine) (Scheme 
 1.16 )  [74] . Thus, glucosamine  94  was formylated to produce (after peracetylation 
of the hydroxy groups) formamide  95 , which was then either directly dehydrated 
to  96  or fi rst activated and coupled with various glycosyl acceptors, and later dehy-
drated, affording isocyano disaccharides  [75, 76] . In each of these cases the isocy-
ano group was fi nally reductively ( n Bu 3 SnH) removed. Thus, its ultimate function 
was simply an elimination of the amino group in order to obtain 2 - deoxysugars.   

 Surprisingly, despite the excellent chemistry that has been developed for their 
synthesis, these sugar isocyanides have to date been employed only very rarely in 
multicomponent reactions (some examples are depicted in Scheme  1.17 ). Ziegler 
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has reported a series of Ugi and Passerini reactions of glycosyl isocyanides such 
as  97   [69] , while Beau and again Ziegler have reported Ugi and Passerini reactions 
of 2 - isocyano sugars such as  96   [77] . The yields of these reactions are not very high 
although, in general, glycosyl isocyanides behave better than 2 - isocyano sugars. 
Among the latter compounds the bulkier  α  - anomers function worse, often giving 
rise to sluggish reactions. Finally, the Passerini condensations afford better yields 
than their Ugi counterparts, and in all cases    –    even when chiral aldehydes have 
been used    –    the stereoselectivity was very poor; that is, the  diastereomeric ratio  
( d.r. ) never was  > 60   :   40).     

   1.5 
Natural Isocyanides 

   1.5.1  
Isolation and Natural Sources 

 This topic has been widely examined, and information obtained up to mid 2003 
has been included in three excellent reviews  [78 – 80] . Interestingly, the fi rst natu-
rally occurring isocyanide, xanthocillin  98  (Figure  1.1 ), was isolated only in 1957 
from a culture of  Penicillium notatum , but this is not a chiral compound. The fi rst 
enantiomerically pure isocyanide, axisonitrile - 1  99 , was isolated and characterized 
only in 1973  [81] . In general, these compounds have been identifi ed in marine 
invertebrates, such as sponges and nudibranch mollusks, and less frequently in 
fungi or cyanobacteria (blue - green algae). Natural isocyanides are often accompa-
nied by the corresponding isothiocyanates and formamides    –    compounds that have 
been shown as being biogenetically related. In natural chiral isonitriles, the isocy-
ano group is in most cases attached directly to the stereogenic center which is, in 
turn, a tertiary or often a quaternary carbon.   

 Marine derivatives display almost exclusively a terpene - derived skeleton (sesqui -  
or diterpenes) and, in some cases, also interesting biological properties, such as 
anti - malarial activity, antibiotic properties, and cytotoxicity. On the contrary, com-

     Figure 1.1     Examples of natural isocyanides.  
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pounds isolated from cyanobacteria have rather complex alkaloid structures, 
whereas to date very few examples of natural isocyanides in the fi eld of macrolides 
or carbohydrates have been reported  [82, 83] . 

 During the past eight years, only a limited number of new isocyanides have been 
isolated, among which three compounds are worthy of mention:  100 , a copper(I) 
complex  [84] ;  101 , with a unique lipidic arrangement  [85] ; and  102 , one of the few 
examples of structures which bear simultaneously an isocyanide and a formamide 
function  [86] .  

   1.5.2  
Synthesis of Naturally Occurring Isocyanides 

 Among the plethora of total syntheses that have been reported to date, to the best 
of the present authors ’  knowledge only a few dozen are related to the total synthe-
sis of chiral natural isocyanides. These syntheses typically afford enantiomerically 
pure molecules, although in some instances they may be either enantiomers  [87, 
88]  or epimers  [11]  of the actual natural compounds. In addition, effi cient    –    but 
racemic    –    syntheses have been reported, including the preparation of racemic  99  
 [89, 90] ,  103   [91] ,  104  and its diastereoisomer  [92] , and  105   [93] . The anti - malarial 
 β  - lactam  106  was prepared via a semi - synthesis from another natural substance 
 [94] , whereas in the case of  107  only a synthetic approach to the racemic target 
was reported  [95]  (Figure  1.2 ). Those compounds which seem to have attracted the 
most synthetic efforts are the complex hapalindole alkaloids, for which an exhaus-
tive collection of references is available  [96] . In essentially all of the synthesized 
compounds, however, the isocyanide moiety is bound to a stereogenic center 
(often quaternary), with the exception of  105   [93]  and  108 – 109   [11] .   

     Figure 1.2     Examples of natural isocyanides that have been the targets of total syntheses.  
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 Typically, the introduction of the isocyanide moiety has been performed as the 
fi nal step, by dehydration of the corresponding formamide. The only exceptions 
to this are compounds  106 , in which an advanced intermediate already bearing 
the isocyanide group ( 146 ) was used  [94] , and  108  in which a nucleophilic substitu-
tion of an allylic iodide by means of AgCN has been performed at the end of the 
synthesis (see Schemes  1.22  and  1.21 , respectively)  [11] . Other exceptions are 
represented by the syntheses of hapaindole derivatives, where often the formation 
of an isocyanide group is not the last transformation  [97] . Hence, on this basis, 
more attention will be dedicated to these compounds. 

 A brief survey of the syntheses of enantiomerically pure sesquiterpenes  [11, 87, 
88, 90, 98, 99]  and diterpenoids  [91, 94, 95]  is reported in Schemes  1.18 – 1.22 .   

 ( + ) - Axisonitrile - 3  117 , an anti - malarial compound isolated from the marine 
sponge  Axinella cannabina , was synthesized from chiral oxazolidinethione  110  by 
exploiting a non - Evans  syn  - aldol reaction to produce  111  (Scheme  1.18 )  [99] . After 
several steps, the key spiranic intermediate ( + ) - gleenol  115  was obtained through 
a Claisen rearrangement of dihydropyran  113  to  114 , followed by methylation and 
other simple transformations. The stereoselective conversion of the hydroxy group 
of  115  into the isocyanide required the oxidation to a ketone, and the introduction 
of the nitrogen function through a highly diastereoselective reduction of the cor-
responding  O  - methyl oxime. The resulting hydroxylamine was formylated, while 
a reductive cleavage of the N – O bond produced formamide  116  which, eventually, 
was dehydrated. 
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 10 - Isocyano - 4 - cadinene  128 , a marine sesquiterpene with anti - fouling activity 
isolated from nudibranchs of the family  Phyllidiidae , was prepared from a known 
allylated oxazolidinone  118 , which was the precursor of diene  120  (Scheme  1.19 ). 
Here, the key step is the formation of the cyclohexene moiety with a  trans  relation-
ship of the 1,2 - substituents. The Diels – Alder reaction of diene  120  with methyl 
acrylate afforded the expected products  121 , but as a mixture of four diastereomers. 
However, equilibration with NaOMe/MeOH gave (apart from cleavage of the 
acetate) only the  trans  ester  121  and its  trans  isomer  123  in a 2   :   1 ratio. The desired 
acid  122  was fi nally obtained in pure form by the slow addition of 1   M HCl, fol-
lowed by selective precipitation;  122  was then transformed into decaline  125  and, 
via a rather lengthy route, into the carboxylic acid  127 . Finally, a Curtius rearrange-
ment (see Section  1.2 ) allowed production of the formamide precursor of  128 , with 
the isocyanide on a quaternary carbon  [98] . 

 The biomimetic synthesis of  ent  - 2 - (isocyano)trachyopsane  136 , the enantiomer 
of a complex tricyclo[4.3.1.0 3.8 ]decane which was extracted from the nudibranch 
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 Phyllidia varicosa  and displayed anti - fouling activity, was achieved from carvone 
 129  (Scheme  1.20 ), which was fi rst transformed into diazoketone  130  by a double 
Michael reaction, followed by functional group transformations. Isotwistane dione 
 131 , bearing a neopupukeanane skeleton, was obtained through a known regiose-
lective C – H insertion of the corresponding Rh carbenoid. Regioselective and stere-
oselective reduction to  132 , followed by treatment with camphorsulfonic acid, 
promoted the rearrangement affording trachyopsane  133 , an advanced precursor 
of  136   [88] . The required nitrogen function was introduced stereoselectively 
through a Ritter reaction, using cyanotrimethylsilane and H 2 SO 4  to yield  134 . 

 7 - Epi - 14 - isocyano - isodauc - 5 - ene  108 , the epimer of natural  109  extracted from 
the marine sponge  Acantkella acuta , was prepared from natural  α  - ( − ) - santonin  137 , 
which was converted into eudesmane derivative  138  by a reported procedure 
(Scheme  1.21 ). This intermediate was submitted to a ZnBr 2  - mediated rearrange-
ment to give the typical isodaucane skeleton of  139 , while subsequent functional 
group manipulation afforded  141 . The reductive removal of allylic hydroxy group 
afforded an inseparable mixture of the regioisomeric alkenes  142a,b , after which 
selective oxidation of the allylic methyl group gave alcohols  143a,b . Following 
separation of the two regioisomers,  143a  was fi nally converted (in moderate yield) 
into isocyanide  108  by substitution of the corresponding iodide with AgCN  [11] . 

 Monamphilectine A  106  is a diterpenoid  β  - lactam alkaloid that has recently been 
extracted from the marine sponge  Hymeniacidon  sp. and shows a potent anti -
 malarial activity. The synthesis of  106  is the only one in which a multicomponent 
reaction was employed for a semi - synthetic approach (Scheme  1.22 )  [94] , whereby 
the  β  - lactam moiety was introduced through a Ugi four - center, three - component 
reaction (U - 4C - 3CR) reacting together  β  - alanine  145 , formaldehyde, and  bis isocya-
nide  146 . Interestingly, only one isocyanide group (probably the less - hindered) 
takes part in the multicomponent reaction. 

 Hapalindole - type natural compounds form a family of over 60 biogenetically 
related structures that have been isolated from blue - green algae (cyanobacteria) 
since 1984, and which are characterized by a broad range of biological activities. 
Typically, they have an indole (and in few cases a fragment derived from the oxida-
tive degradation of the indole) with a monoterpene unit bonded to C 3 . Most of 
these compounds have an isocyanide or an isothiocyanate bound (with few excep-
tions) to a stereogenic carbon that is part of a cyclohexane; moreover, they present 
in the vicinal position an all - carbon quaternary center (with methyl and vinyl 
substituents). The tricyclic framework of hapalindole may become either tetracy-
clic (some hapalindoles, fi scherindoles, and some ambiguines) or even pentacyclic 
(more complex ambiguines). Welwitindolinones may be tetracyclic with a spiro-
cyclic cyclobutanone centered around C 3 , or they can be characterized by a [4.3.1]
bicyclononanone moiety. Some representative examples of their structures are 
shown in Figure  1.2  (compounds  104  and  105 ) and Figure  1.3  (compounds  147 –
 151 )  [96, 97, 100] .   

 Apart from an early report on the synthesis of a hapalindole  [101] , the most 
impressive syntheses of these alkaloids in enantiomerically pure form are those 
reported by Baran ’ s group  [96, 97, 100] . Each of these syntheses is based on a very 
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simple principle: maximize  “ atom ” ,  “ step, ”  and  “ redox - economy ” , where the latter 
term indicates a minimization of the superfl uous redox manipulations. In this 
way, the preparation of the target molecule avoids the use of protecting groups 
and also exploits the natural reactivity of functional groups, such that the basic 
skeleton can be built on the gram scale. 

 An example of this, the synthesis of ambiguine H  149  and of hapalindole U  156 , 
the precursor of  147  lacking the prenyl unit at C 2 , is shown in Scheme  1.23   [97] . 
Here, the intermediate  152 , which is readily available from commercial  p  - menth -
 1 - en - 9 - ol, was coupled with 4 - bromoindole  153  to produce  154 , without any need 
to protect the NH group. The direct Friedel – Crafts annulation on the analogue of 
 154  (having H instead of Br) was unsuccessful because it was sitoselective on C 2  
instead of on C 4 ; hence, a switch was made to  154 , which allowed the possibility 
of forcing a formation of the fourth ring in the appropriate position. The desired 
6 -  exo  -  trig  cyclization (reductive Heck) onto C 4  to afford  155  was effective when 
promoted by Hermann ’ s catalyst. Subsequently, transformation into hapalindole 
U  156  was accomplished by a reductive amination under microwave heating, fol-
lowed by conventional introduction of the isocyanide group.   

 Introduction of the prenyl unit, leading to  149 , was the most critical step because 
direct C – C bond formation was impossible, due to the unusual reactivity of the 
indole moiety, and to an incompatibility of the isocyanide with acids and transition 
metals. However, instead of resolving the problem by means of protective groups, 
the high reactivity of both the indole and the isocyanide was exploited simultane-
ously by the treatment of  156  with  t BuOCl followed by  prenyl 9 - borabicyclononane  
( BBN ). The electrophilic chlorination of the isocyanide is presumably followed 
by an addition of the chloronitrilium ion to C 3  of the indole, and by coupling of 
the borane to the indolenine nitrogen to produce  157 . Finally, B    →    C migration 
yields the crystalline chlorimidate  158 , with the  t  - prenyl group correctly bound 
at C 2 . The following Norrish - type homolytic cleavage, promoted by irradiation, 

     Figure 1.3     Structures of some hapalindoles.  
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furnished eventually ambiguine H  149 , most likely through the fragmentation 
cascade depicted in Scheme  1.23 . Hence, the synthesis of  149  was achieved via 
a very rapid strategy which fi ts perfectly with the initial assumptions quoted 
above.   

   1.6 
Isocyanides Used in the Synthesis of Chiral Polyisocyanides 

  Atropisomerism , a stereochemical property that is well known in organic chemistry 
but very rare in polymer chemistry, was fi rst demonstrated in 1974 in polymers 
of isocyanides  [102]  (Figure  1.4 a). In this case, it was shown that poly( tert  - butyl 
isocyanide) could be resolved chromatographically into separate fractions that 
displayed positive and negative optical rotations. Subsequent investigations  [13]  
revealed that the optical rotation was due to a helical confi guration of the polymer 
backbone. Remarkably, these helices did not undergo racemization, even at ele-
vated temperatures, due to the presence of bulky substituents which prevented the 
kinetically formed helical polymer from unfolding. (For reviews on the subject of 
polyisocyanides, see Refs  [104 – 105]  and Chapter  16 .)   
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   1.6.1  
Properties 

 One special characteristic of polyisocyanides (also known as polyiminomethylenes 
or polycarbonimidoyls) is the fact that every carbon atom in the polymer backbone 
bears a substituent and, as a consequence, the side chains experience suffi cient 
steric hindrance that causes the polymer to adopt a nonplanar conformation. The 
polymers fold into a 4 1  - helical conformation containing four repeat units per turn 
and a helical pitch of 4.1 – 4.2    Å   [106]  (Figure  1.4 b). Both, left -  (M) and right - handed 
(P) helices can be distinguished, with absolute helic sense being determined by 
using  circular dichroism  ( CD ) spectroscopy or X - ray diffraction analyses on liquid 
crystalline phases  [107] . 

 Besides the helical conformation, a so - called  “  syndio  ”  conformation was dis-
cussed by Clericuzio and Alagona  [108]  on the basis of  ab initio  calculations, while 
Green  [109] , relying on comprehensive measurements such as viscosity, light scat-
tering and  nuclear magnetic resonance  ( NMR ) spectroscopy, suggested an alterna-
tive irregular conformation, in which the stereo irregularity is associated with a 
 syn – anti  isomerism about the imine bond. 

 The helical conformation of the polyisocyanide backbone can be effectively 
stabilized if a well - defi ned hydrogen bonded network is present between the side 
chains at positions  n  and  n     +    4. This additional stabilization increases the persist-
ence length of these types of macromolecule, which were found to be even more 
rigid than DNA  [110] . As in biomolecules, the disruption of these hydrogen -
 bonding arrays is a cooperative effect. When the pendant side chains are peptidic 
fragments, they are stacked above each other at a distance of approximately 4.6    Å , 
with a general structure as depicted in Figure  1.4 b,c  [103] . Analogously to the 
denaturation of proteins, such secondary structure can be irreversibly disrupted 
by treatment with strong acids or heating.  

     Figure 1.4     Structure of polyisocyanides.  Reproduced in part, with permission from Prof. Dr 
R. J. M. Nolte, from Ref.  [103] ;  ©  2010, Wiley.   
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   1.6.2  
Synthesis 

 Polyisocyanides are prepared by the polymerization of isocyanides. Shortly after 
their discovery, it was realized that the isonitriles readily polymerize, the driving 
force being the conversion of a formally divalent carbon atom in the monomer to 
a tetravalent carbon in the polymer, which yields a heat of polymerization of 
around 81   kJ   mol  − 1   [111] . The polymerization process may be either acid - mediated 
or catalyzed by transition metal complexes based on Ni(II), Rh(III), or Pd(II)/Pt(II) 
couples. The latter approach has been more widely used, with the Pd – Pt hetero-
nuclear complex mainly being used for the polymerization of aryl isocyanides, 
while the Rh catalysts were effectively employed where the isonitrile monomer 
displayed bulky substituents  [112, 113] . In contrast, the acid - mediated polymeriza-
tions can offer polymers with exceptionally long lengths and high stereospecifi ci-
ties  [114] . 

 Based on kinetic measurements and experiments with optically active isocya-
nides, a so - called  “ merry - go - round ”  mechanism has been proposed for the Ni(II) 
catalyzed polymerization and extensively reviewed by Cornelissen and Nolte  [104] . 
The polymerization is initiated by a nucleophile (an amine or an alcohol), and the 
isocyanide monomers coordinate to the Ni center and are incorporated into the 
growing chain by a series of consecutive  α  - insertions. When achiral isocyanides 
are used, the intermediate formed after attack of the nucleophile on one of the 
four coordinated isocyanide molecules has no preference to attack either the left 
or the right neighboring isocyanide and, as a consequence, an equal amount of M 
and P helices are formed. A preferred helical handedness can be achieved when 
a chiral initiator or a chiral isocyanide is used; some of the chiral isocyanides that 
have been successfully employed are shown in Figure  1.5 . Remarkably, isocya-
nides bearing a remote chiral group are also capable of chirality transfer onto the 
ongrowing polymer chain.   

     Figure 1.5     Chiral isocyanides used in the diastereoselective synthesis of polyisocyanides.  
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 The many factors that can infl uence the helix - sense of the polymer may include 
not only the nature of the isocyanide, but also the solvent, the temperature, and 
the metal catalyst employed in the polymerization process. For example it has been 
found, as a consequence, that the same isocyanide can fold to a preferred P or M 
helix, depending on the specifi c reaction conditions  [115] . The assignment of the 
preferred helical sense by CD spectroscopy is, however, often hampered by an 
overlap of the signals that arise from the polymer backbone and the side chains, 
thus rendering determination of the helical sense excess a diffi cult task. In fact, 
high - resolution  atomic force microscopy  ( AFM ) has often been the only method 
used to determine such helical sense  [116] .  

   1.6.3  
Applications 

 Stable helical polymers with a preferred handedness are materials that offer 
intriguing characteristics which might be exploited in the fi elds of electronics, 
biosensing, and catalysis. For example, the group of Gomar - Nadal has developed 
polyisocyanides bearing chiral tetrathiafulvalene derivatives to be used as multi-
state redox - switchable organic materials in molecular devices  [117] . Redox - active 
polyisocyanides have been reported also by Takahashi, by employing chiral fer-
rocenyl isocyanide monomers  [118] , sugar polyisocyanides have been synthesized 
to study the effect of saccharide arrays along the backbone on molecular recogni-
tion phenomena  [119] , and cholesterol - containing isocyanides have been polymer-
ized to obtain liquid - crystalline polymers  [120] . Of particular benefi t have been the 
bioinspired polyisocyanides bearing peptidic appendages; for example, imidazole -
 containing polyisocyanides have been used in enantioselective ester hydrolysis 
 [121] , while cysteine - based polyisocyanides have been synthesized and preliminary 
experiments performed with the aim of exploiting thio - specifi c  “ click ”  reactions 
to obtain multichromophoric scaffolding, platforms for nucleation of proteins, or 
for the binding of metal ions  [103] . Dipeptide - derived polyisocyanides have also 
been used as probes to prove the Davydov hypothesis, that energy - transport in 
proteins and enzymes occurs via a vibrational soliton mechanism  [122] . Finally, 
giant vesicles (employed as simple model systems for living cells) have been elec-
troformed from diblock copolymers of styrene and isocyanoalanine - 2 - (thiophen - 3 -
 ylethyl)amide  [123] .   
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