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Screw Sense Selective Polymerization of Achiral Isocyanides 
Catalyzed by Optically Active Nickel(II) Complexes
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Abstract: Poly(isocyanidcs), ( R N = C < ) n, can be prepared from isocyanidcs, R N += C " ,  by the catalytic action of nickel(II) 
compounds. The main chain of these polymers is a rigid helix. This helical conformation results from a restricted rotation 
around the single bonds that connect the main-chain carbon atoms. Polymerization of achiral isocyanides generally gives a 
racemic mixture of left- and right-handed helices, whereas polymerization of optically activc isocyanides results in helices with 
an excess of one screw sense. We describe a procedure for obtaining poly(isocyanides) with predominantly one screw sense, 
starting from an achiral monomer. A catalyst is prepared by adding an optically activc amine to a tetrakis(isocyanide)nickcl(II) 
perchlorate complex. Polymerization of various achiral isocyanides with this catalyst yields optically active polymers with 
an enantiomeric excess up to 83%.

In the presence of protonic acids, Lewis acids, or N i(I I )  salts 
as catalysts, isocyanides polymerize to give poly(isocyanides), also 
called poly(iminomethylenes) or poly(carbonimidoyls).1,2 Ni(II) 
salts are versatile catalysts and, in our opinion, the most suited 
for our experiments. Poly(isocyanides) are unusual polymers in

Scheme I

n
Ni(II)

( R N = C < ) „

the sense that each atom of their main chain carries a side chain .1,2 
This feature causes a restricted rotation around the single bonds 
that connect the main-chain carbon atoms. Two conformations 
are possible around the single bonds, viz. R  and S .3 If the polymer 
is highly isotactic (meaning that the configuration is the same 
around all the single bonds), a stable helix will be the result.4 The 
helix is right handed (P) if the aforementioned configurations are 
all 5  and left-handed ( M ) if they are all R.5

Following initial suggestions by Millich, we established ex­
perimentally that polymers of isocyanides have a helical s truc­
tu re .6"9 The polymer of tert-butyl isocyanide was completely 
resolved into P and M  screws, which were shown to have negative 
and positive optical rotations, respectively.7,8

In the past, several procedures for obtaining optically active 
poly(isocyanides) have been developed in our laboratory. One 
procedure involves the polymerization of optically active mono­
mers. When one enantiomer of a chiral isocyanide is polymerized, 
the resulting polymer will be a mixture of diastereoisomeric 
molecules having P and M  screws. This mixture will contain an 
excess of one of the screw senses. This was observed for ap ­
proximately 20 different optically active isocyanides .10" 12 In 
another procedure, we prepared optically active polymers by 
specifically inhibiting the growth of one screw sense of a racemic 
pair of helices.5,13 Finally, in one case an optically active poly- 
(isocyanide) was obtained by resolution.

A convenient way of preparing optically active polymers is the 
use of chiral initiators (e.g., see ref 14). In this way a racemic 
mixture of optically active monomers can be polymerized ste- 
reoselectively.143' ^  This procedure was used by Yuki et al .14c~f 
to prepare stable helical polymers from bulky methacrylic acid 
esters and by Vogl141,m to prepare helical polymers from chloral.

The resolution of poly(fer/-butyl isocyanide) indicates that 
polymerization of isocyanides proceeds stereoselectively with re­
spect to the screw sense. Therefore, it should be possible to obtain 
optically active polymers by using chiral catalysts. In the present 
paper we describe the synthesis of optically active poly (isocyanides) 
by using Ni(II) complexes of optically active amines as catalysts.15 
The prevailing screw sense of the polymers is derived from CD

R N H 2
1

R N H C H O
2

R N  + 
3

a, R
b, R
c, R
d, R
e, R
f, R
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C H ( C H , C H 3),
/-C4H9
r-C5H n
2.6-Cl2C 6H 3 
C ( C H 3) 2C 6H 5
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2-( /-C 4H „)C 6H 4

¡, R = 
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c 6h 5c h 2 
c 6h 5
4 - C H 3O C 6H 4 

4 - C H 30 - 2 - C H 3C 6H 3 
= 4 - ( C H 3)2N C 6H 4 
= 2-C6H 5C 6H 4 
= 2 ,4 ,6 - (C H 30 ) 3C 6H 2 
= 2,6-F2C 6H 3

Table I. Screw Sense Selective Polymerization of /e/7-Butyl 
Isocyanide by Tetrakis(f£v7-butyl isocyanide)nickel(II)  Perchlorate  
and Optically Activc Initiators

initiator0 [ a ] 20D,* deg ee,c %
screw
sense**

( S M +  )-C 2H 5C H ( C H 3) N H 2 -3 .5 7 P
( S ) - ( - ) - C 6H 5C H ( C H 3) N H 2 -28 .7 61 P
( / ? M + ) - C 6H 5C H ( C H 3) N H 2 + 29 .0 62 M
( S M - ) - c C 6H mC H ( C H 3) N H 2 -2 3 .2 50 P
( S ) - ( - ) - C 6H 5C H ( C H 3) N H ( C H 3) 0 0 P +  M
( S ) - ( - ) - C 6H 5C H ( C H 3) N ( C H 3)2 0 0 P +  M
( ,S )- ( - ) - l -naph thy le thy  lamine -19 .6 44 P
L-(-)-ephedrine +6.3 13 M
{ R ,R ) -1,2-diaminocyclohexane 5.3 1 1 M
L-isoleucine methyl ester -4 .2 1 1 P
L-prolinol 3.7' 36 M
L-phenylalaninol 2 1 .8 37 M
L-valine methyl ester - 1 1 . 6 24 P
L-phenylalanine ethyl ester 0 0 P +  M
L-a lan in e  m e th y l  e s t e r -21 .9 47 P
L-cys te ine  m e t h y l  e s te r -2 .9 6 P

Catalyst  1.0 mol % N i ( C = N - / - C 4H 9)4(C 1 0 4)2; molecular weights 
of the polymer samples are in the range A/n 2000-3000  (end-group 
determination by 'H  N M R ) ;  yields of poly(fer/-butyl isocyanide) 40 ±  
10%. Mn C H C 13, c 0.5-1 .0 .  c Enantiomeric  excess calculated by 
comparing the Ae values in the C D  spectra of the polymer samples 
with the A( value of optically pure (A /)-(+)-poly(/er / -bu ty l  iso- 
cyanide); see ref 11. d Determined from the C D  spectra of the polymer 
samples; see ref 1 1 . ‘’Optical rotation is lower than expected from the 
ee value, probably owing to an end-group effect.

spectra and compared to the one predicted by the polymerization 
mechanism.

f Present address: Department of Organic Chemistry, University at Ni­
jmegen, Toernooiveld, 6525 ED Nijmegen, The Netherlands.

(1) Drenth. W.; Nolte, R. J. M. Acc. Chem. Res. 1979, 12, 30-35.
(2) Millich, F. Macromol. Rev. 1980, 15, 207-253.
(3) Eliel, E. L. Stereochemistry o f  Carbon Compounds', McGraw-Hill: 

New York, 1962; p 156.
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Results

The isocyanides used in this study were synthesized from the 
corresponding amines according to the general procedure shown 
in Scheme I. The amines l a - d  and I f  were N-formylated with 
an excess of ethyl formate . 16 The anilines le, lg, li, II, and lo 
were treated with formic ac id /acet ic  anhydride to give the N- 
formylated products. Anilines Ih, lj, lk ,  lm, In, and lp  were 
formylated with formic acid in toluene. 17 Isocyanides 3a-d  were 
synthesized from the formamides 2a -d  by dehydration with 4- 
tolucnesulfonyl chloride at reduced pressure .18 Isocyanides 3e-p 
were obtained from formamides 2e -p  by dehydration with tri- 
chloromethyl chloroformate (C l3C O C O C l)  and N-mcthyl-  
morpholine at low tem pera tures . 19

According to the mechanism we previously reported , 1 the po­
lymerization reaction is initiated by attack of a nucleophile on 
an isocyanide that is coordinated to the nickel center (Figure 1 ). 
For the polymerizations described in this paper we first prepared 
the complex N i ( C = N R ) 4(C 1 0 4)2 from N i(C 1 0 4)2-6H20  and 4 
equiv of isocyanide. These complexes were isolated and dried at 
40 °C in vacuo to remove all w ater .20 The complexes were 
dissolved in dry dichloromethane and treated with 1 equiv of an 
optically active nucleophile, Nu*, to give the complex N i ( C =  
N R ) 3[ C ( N u * ) = N R ] ( C 1 0 4)2.15 Polymerization was carried out

(4) If the configurations around the single bonds are alternating R and S , 
a syndiotactic structure will result. If the configurations are randomly R and 
S, an atactic structure is formed. Strictly speaking, the terms isotactic, 
syndiotactic, and atactic cannot be used for polymers of the type described 
in this paper, as they refer to polymer chains that contain chiral centers.

(5) Kramer, P. C. J.; Cley, M. C.; Nolte, R. J. M.; Harada, T.; Hezemans, 
A. M. F.; Drenth, W. J. Am. Chem. Soc. 1988, 110, 1581-1587.

(6 ) (a) Nolte, R. J. M.; Beijnen, A. J. M. v.; Drenth, W. J. Am. Chem. 
Soc. 1974, 96, 5932-5933. (b) The occurrence of a helical structure in 
polymers of isocyanides was suggested by Millich and co-workers in 1969; cf.: 
Millich, F.; Baker, G. K. Macromolecules 1969, 2, 122-128.

(7) Beijnen, A. J. M. v.; Nolte, R. J. M.; Drenth, W.; Hezemans, A. M. 
F. Tetrahedron 1976, 32, 2017-2019.

(8) Beijnen, A. J. M. v.; Nolte, R. J. M.; Drenth, W. Reel.: J. R. Nelh. 
Chem. Soc. 1980, 99, 121-123.

(9) Millich, F. Adv. Polym. Sci. 1975, 19, 117-141.
(10) (a) Nolte, R. J. M.; Zwikker, J. W.; Reedijk, J.; Drenth, W. J. Mol. 

Catal. 1978, 4, 423-426. (b) Beijnen, A. J. M. v.; Nolte, R. J. M.; Zwikker, 
J. W.; Drenth, W. J. Mol. Catal. 1978, 4, 427-432.

(11) (a) Beijnen, A. J. M. v.; Nolte, R. J. M.; Drenth, W.; Hezemans, A. 
M. F.; Coolwijk, P. J. F. M. v. d. Macromolecules 1980, 13, 1386-1391. (b) 
Beijnen, A. J. M. v.; Nolte, R. J. M.; Naaktgeboren, A. J.; Zwikker, J. W.; 
Drenth, W.; Hezemans, A. M. F. Macromolecules 1983, 16, 1679-1689.

(12) (a) Nolte, R. J. M.; Zomeren, J. A. J. v.; Zwikker, J. W. J. Org. 
Chem. 1978, 43, 1972-1975. (b) Visser, H. G. J.; Nolte, R. J. M.; Zwikker, 
J. W.; Drenth, W. J. Org. Chem. 1985, 50, 3133-3137, 3138-3143.

(13) Harada, F. T.; Cley, M. C.; Nolte, R. J. M.; Hezemans, A. M. F.; 
Drenth, W. J. Chem. Soc., Chem. Commun. 1984, 726-727.

(14) (a) Carlini, C.; Nocci, R.; Ciardelli, F. J. Polym. Sci., Polym. Chem. 
Ed. 1977, 15, 767-770. (b) Higashimura, T.; Hirokawa, Y. J. Polym. Sci., 
Polym. Chem. Ed. 1977, 15, 1137-1143. (c) Okamoto, Y.; Suzuki, K.; 
Kitayama, T.; Yuki, H.; Kageyama, H.; Miki, K.; Tanaka, N.; Kasai, N. J. 
Chem. Soc. 1982, 104, 4618-4624. (d) Okamoto, Y.; Shohi, H.; Yuki, H. 
J. Polym. Sci., Polym. Lett. Ed. 1983, 21, 601-607. (e) Okamoto, Y.; 
Ishikura, M.; Hatada, K.; Yuki, H. Polym. J. {Tokyo) 1983, 15, 851-853. 
( 0  Okamoto, Y.; Yashina, E.; Hatada, K.; Yuki, H.; Miki, K.; Kasai, N. J. 
Polym. Sci., Polym. Chem. Ed. 1984, 22, 1831-1837. (g) Yamaguchi, H.: 
Doiuchi, T.; Kawamoto, K.; Yasuzawa, T. Makromol. Chem. 1984, 185, 
2053-2064. (h) Yamaguchi, H.; Doichuchi, T.; Kawamoto, K. Macromole­
cules 1985, 18, 2120-2123. (i) Sepulchre, M.; Spassky, N. Polym. Bull. 
(Berlin) 1985, 13, 223-227. (j) Monteiro, A. P.; Continho, F. M. B.; Gomes,
A. S. J. Polym. Sci., Polym. Lett. Ed. 1986, 24, 131-133. (k) Kanoh, S.; 
Kawaguchi, N.; Sumino, T.; Hongoh, Y.; Suda, H. J. Polym. Sci., Polym. 
Chem. Ed. 1987, 25, 1603-1618. (1) Corley, L. S.; Vogl, O. Polym. Bull. 
(Berlin) 1980, 3, 211-217. (m) Vogl, O.; Jaycox, G. D. CHEMTECH, 1986, 
698-703.

(15) For a preliminary report, see: Kamer, P. C. J.; Nolte, R. J. M.; 
Drenth, W. J. Chem. Soc. Chem. Commun. 1986, 1789-1790.

(16) Moffat, J.; Newton, M. V.; Papenmeier, G. J. J. Org. Chem. 1962, 
27, 4058.

(17) Ugi, I.; Meyr, R. Org. Synth. 1961, 41, 101-104.
(18) Schuster, R. E.; Scott, J. E.; Casanova, J. Org. Synth. 1966, 46, 

75-77.
(19) (a) Skorna, G.; Ugi, I. Angew. Chem. 1977, 89, 267-268. (b) Urbau, 

R.; Marquarding, D.; Seigel, P.; Ugi, I.; Weindelt, A. Chem. Ber. 1977, 110, 
2012-2015.

(20) Stephany, R. W.; Drenth, W. Reel. Trav. Chim. Pays-Bas 1972, 91, 
1453-1458.

Table II. Screw Sense Selective Polymerization of  tert-Butyl 
Isocyanidc by N i ( C = N R ) 4( C I 0 4)2 and ( S X - H - P h e n y l e t h y l a m i n e 0

R in N i ( C = N R ) 4( C I 0 4)2 [a]20D,b deg ee,c % screw sense4*

/-C 4H 9 -28 .7 61 P
f-C5H | | -25 .8 58 P
2-( /-C4H 9)C 6H 4 -37 .7 83 P
2,6-(/-C3H 7)2C 6H 3 - 10 .1 22 P

a Molecular weights of  the polymer samples are M n 2500 ±  500 
(end-group determination by ‘H N M R ) ;  yields of poly(/?/7 -butyl iso­
cyanide) 35 ±  5%. hc 0 .02-0 .01,  C H C I 3. ^Calculated by comparison 
with the C D  spectrum  of completely resolved poly(/err-butyl iso- 
cyanide); cf. ref 11. J Derived from the C D  spectra of the polymers.

I'able III. Screw Sense Selective Polymerization of Isocyanides with 
N i ( C = N - r - C 4H 9)4( C I 0 4)2 and ( S ) - ( - ) - 1 -Phenylethylaminc

R ¡n R N += C " yield, %
M 2V

deg
screw
sense6 av mol wtc

/ -C 4H 9 32 -28 .7 P 2400*
/-C 5H „ 30 -9 .7 P 3200J
n-C 4H 9 75 0 P + M > 3 0 0 0 0
C H ( C H 2C H 3)2 70 0 P + M e
c 6h sc h 2 90 0 P +  M e
C 6H sC ( C H 3)2 10 -5 .7 P e
c 6h 5 80 0 P + M > 4 0 0 0 0
4 - C H 3O C 6H 4 75 0 P + M > 45000
4 - C H 30 - 2 - C H 3C 6H 3 90 0 P + M e
2,6-F2C 6H 3 50 0 P + M e
2,6-CI2C 6H 3 30 70 M e
2-/-C4H 9C 6H 4 46 0 P + M 11500
2-C6H 5C 6H 4 65 0 P + M 18400
4 - ( C H 3)2N C 6H 4 88 / P or M «=5000

ac 0 .0 2 - 0 .1, C H C I 3. h Derived from the C D  spectra of the polymers. 
f Determined by measuring intrinsic viscosities (toluene at 30.00 °C),  
M ark -H o u w in k  equation [ 7 7 ] = 1.4 X 10"9 M j is. d End-group de te r ­
mination by means of 'H  N M R .  '’Molecular weight could not be de­
termined due to low solubility of the polymer. ^Optical rotation could 
not be measured due to strong absorption of the solution.

by adding 1 mol % of this complex to the isocyanide with or 
without solvent.

The results of the polymerization reactions of /^r/-butyl iso- 
cyanide using various optically active amines as initiator are given 
in Table I. All polymer samples have molecular weights in the 
range from 2200 to 3400 (end-group determination by 'H  N M R , 
see Experimental Section; the end groups are Nu* and H). They 
showed optical rotations and CD spectra characteristic for 
right-handed or left-handed helices. The enantiomeric excess was 
calculated by comparing the CD spectra of the polymer samples 
with the CD spectrum of completely resolved (A/)-( +  )-poly- 
(/¿rf-butyl isocyanide) . 1 1

We also tried to obtain optically active polymers by using chiral 
additives in the reaction mixture or by polymerizing in a chiral 
solvent. We used I-borneol, cinchonine, ( t f , t f ) -DIOP, (SyS)~ 
chiraphos, neomenthyldiphenylphosphine, and (2 5 ,2'S)-2-{hy­
droxy methyl)-1 - [ ( 1 -methyl pyrrol idin-2-yl )methyl] pyrrolidine21 
as optically active additives and (S’)-sec-butyl alcohol as a chiral 
solvent. As monomers we used tert-butyl isocyanide and 4- 
methoxyphcnyl isocyanide. Polymers were isolated in 20-80% 
yield. None, however, were optically active.

Table I shows that the highest stereoselectivity is obtained when 
(R)- or (S')-!-phenylethylaminc is used as the initiator. This high 
chiral induction is reduced to zero when the amino group is mono- 
or di-N-methylated. In the latter case, the yield of the resulting 
polymer also decreases dramatically. When the phenyl group of 
(£)-( -) - 1  -phenylethylamine is replaced by an ethyl group, the 
chiral induction also decreases. The same occurs when the phenyl 
group is converted into a cyclohexyl group. Several esters of amino 
acids have been tried as optically active initiators. A decrease 
in chiral induction was found when going from alanine methyl 
ester to valine methyl ester to isoleucine methyl ester. When

(21) Mukaiyama, T.; Soai, K.; Sato, T.; Shimizu, H.; Suzuki, K. J. Am. 
Chem. Soc. 1979, 101, 1455-1460.
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Figure 1. M echanism of polymerization of isocyanides.

cysteine methyl ester was used as initiator, a low optical activity 
was observed for the polymer. When phenylalanine ethyl ester 
is used, no optical activity is obtained at all. However, when the 
ester function is reduced to an alcohol group (L-phenylalaninol), 
a relatively high chiral induction is observed.

Optically active alcohols and their corresponding sodium salts 
were also tried as initiators. These experiments resulted in low 
polymer yields and no chiral induction at all. This is probably 
due to the low reactivity of alcohols toward coordinated iso­
cyanides.

The effect of varying the type of isocyanide ligand in the catalyst 
was tested as follows. One equivalent of ( 5 ) - 1 -phenylethylaminc 
was added to N i ( C = N R ) 4(C104)2, and the resulting complexes 
were used as catalyst in the polymerization of rerz-butyl isocyanide 
(Table II). By using Ni(2-f-C4H 9C 6H 4N ^ C ) 4(C 104)2 as catalyst, 
an enantiomeric excess of 83% was achieved. The complex Ni- 
[2 ,6- ( / -C3H 7)2C 6H 3N = C ] 4(C 104)2 gave a relatively low enan­
tiomeric excess. This can be ascribed to the fact that the initiator 
does not react with the coordinated isocyanide, because of steric 
hindrance. Attempts have also been made to obtain the catalytic 
complexes from optically active isocyanides such as (S ) - l -  
phenylethyl, (S’)-l-(methoxycarbonyl)-2-methylpropyl,  and 1 - 
(5') ,2(5')-l-(methoxycarbonyl)-2-methylbutyl isocyanide. How­
ever, due to interference of the polymerization process these 
complexes could not be isolated.

As the highest chiral induction was obtained with 1-phenyl- 
ethylamine as the initiator, this nucleophile was used to obtain 
optically active polymers not only from rm -bu ty l  isocyanide but 
from other isocyanides as well. The results are given in Table 
III. Optically active polymers could only be obtained from the 
sterically hindered tertiary aliphatic isocyanides, 2 ,6-dichlorophenyl 
isocyanide, and the almost unreactive 4-(dimethylamino)phenyl 
isocyanide. The optical rotation of the latter polymer could not 
be determined due to the dark color of the polymer solution. 
However, the CD spectrum of the polymer indicated that we were 
dealing with an optically active polymer. Isocyanides with two 
ortho substituents that are more bulky than the chloro group could

N

♦  /

R-N =C C=N-R

R -C CrN

R-N' c n h - r

not be tested, as they do not polymerize because of their steric 
hindrance. From 2,4,6-trimethoxyphenyl isocyanide only oli­
gomeric material could be obtained which contained large amounts 
of free isocyanide and showed no optical activity. Aromatic  
isocyanides with low steric hindrance at the ortho positions, as 
well as primary and secondary aliphatic isocyanides, gave racemic 
mixtures of right- and left-handed helices.

The screw sense of poly(isocyanides) can be derived from their 
CD spectra .7,11 In Figure 2, the CD spectra of poly(terf-butyl 
isocyanide), poly(te/7-pcntyl isocyanide), poly(«,a-dimethylbenzyl 
isocyanide), poly(2,6-dichlorophenyl) isocyanide, and 4-(di- 
methylamino)phenyl isocyanide are given. The observed positive 
couplets for the first three polymers point to right-handed helices. 
The polymerization of 2,6-dichlorophenyl isocyanide was carried 
out with (/?)-( +  )- instead of (5’)-(- )- l -phenylethylamine as the 
initiator, which resulted in polymers having a negative couplet, 
indicative of a left-handed helix. The polymer of 4-(dimethyl- 
amino)phenyl isocyanide shows a large CD signal, but has no clear 
couplet. This CD signal cannot result from the optically active 
initiator, as it is far too large to be caused by the small amount 
of incorporated initiator (less than 0.1 mol %). Thus, the CD 
spectrum must result from the polymer itself. The absence of a 
clear couplet could be due to a distortion in the regularity of the 
polymer helix. Molecular models show that in polymers of a ro­
matic isocyanides that have no ortho substituents syn-anti  isom­
erism is possible. As a consequence, the aromatic  rings of the 
polymer do not form regular stacks. As a result, the CD spectrum 
is modified as compared to regularly stacked polymers, which show 
a clear couplet in the n —► tt* absorption region. The occurrence 
of irregular stacked rings also follows from the 'H  and 13C N M R  
spectra of poly(4-methoxyphenyl isocyanide) and poly(4-tolyl 
isocyanide), which display two N M R  peaks for the methoxy and 
methyl substituents .22,23

(22) Nolte, R. J. M. Thesis, University of Utrecht, 1973.
(23) King, R. B.; Green, M. J. J. Polym. Sci., Polym. Chem. Ed. 1987, 

25, 907-918.
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/(I mof1 cm’1)

A€/( l  moT1c n r 1)

X/nm

X/nm

Figure 2. C D  spectra of poly(/e/7-butyl isocyanide) (A), poly(/m-pentyl  
isocyanide) (B), poly(ai,a-dimethylbenzyl isocyanide) (C),  poly[4-(di- 
methylamino)phenyl isocyanide (D),  and poly(2,6-dichlorophenyl iso­
cyanide) (E).

X/nm

M/OL modern1)

R -N

Figure 3. S tar t ing  complex for the polymerization of isocyanides with 
(S > ( - ) - l -p h e n y le th y la m in c  as the initiator.

Discussion
Previously, we proposed that isocyanides polymerize via a series 

of consecutive insertion reactions around the nickel(II) center .1 
The reaction starts from a square-planar nickel-isocyanide com­
plex. A nucleophile (in our case an amine) will enter by coor­
dination to the nickel center24 and react with a coordinated iso­
cyanide (see Figure 1 ). In the resulting complex, the plane of 
the ligand C ( X ) = N R  (Figure 1 A) is approximately perpendicular 
to the plane of the isocyanide carbons and nickel, with R either 
in the E  or in the Z  configuration. Free rotation around the bond 
from C 1 to Ni is not possible for steric reasons. Since carbon atom 
C 1 now has a carbenic character  it can attack a neighboring 
isocyanide.25 Such an attack is facilitated when a new isocyanide 
C 5= N R  is substituted for C ’( X ) = N R .  In the case of an achiral 
isocyanide and an achiral initiator, the possibilities of attack by 
C 1 on C 2 or C 4 are equal. In the case of a chiral isocyanide or 
a chiral initiator, one of these attacks will predominate. In Figure 
1 it has occurred on C 2. When the sequence of insertions continues 
in the direction C 1 —1► C 2 —► C 3 - *  C 4, a left-handed helix is 
formed. A right-handed helix will be formed when the reaction 
sequence is C 1 —* C 4 —► C 3 C 2.

From the results of Tables I—111 it follows that isocyanides can 
be polymerized enantioselectively by the use of an optically active 
initiator. The highest optical activity is obtained with (£ ) - ( - ) -

R -  N -

Figure 4. Star t ing  complcx for the polymerization of isocyanides with
l-phenylcthyl)methylamine as the initiator.

1-phenylethylamine. We believe that this is due to an interaction 
of the phenyl ring of the amine with the nickel center (see Figure 
3), causing the substituents at the chiral carbon atom to become 
fixed. I3C N M R  spectra show that conformations in which the 
C H ( C H 3)C6H 5 moiety is in the trans position with respect to the 
nickel center are also possible.26 The same holds for the con­
formation where the C H ( C H 3)C 6H 5 moiety as well as the iso­
cyanide substituent are oriented cis with respect to the nickel 
center .26 The occurrence of more conformations is also observed 
for related palladium(II)- and platinum(II)-carbenc complexes.27 
These additional conformations could explain why the enantiom­
eric excess is not higher than 61%.

When the phenyl group is replaced by an ethyl group as in 
(S)-sec-butylamine, the enantiomeric excess is reduced from 61 
to 7%. When (iS)-(-)-1-cyclohexylethylamine is used as the in­
itiator, the ee decreases from 61 to 50%. If only the steric factor 
is important, an increase in the ee would be expected, as the 
cyclohexyl group is more bulky than the phenyl group .28 The 
data above support the presence of an interaction between the 
phenyl ring and the nickel center. Figure 3 shows the complex 
resulting from the reaction of (£ ) - ( - ) -  1 -phenylethylamine with 
N i ( C = N R ) 4(C104)2. The methyl group points in the direction 
of C 4 and the hydrogen atom in the direction of C 2. The nu- 
cleophilic attack by C 1 will preferentially take place on C 2 as this 
is the sterically least hindered side. The fifth isocyanide will 
coordinate below the plane of the Ni and isocyanide carbons, since 
the upper side is shielded by the phenyl ring. The polymer chain 
will grow upwards and a right-handed helix will be formed, which 
was confirmed experimentally. When (£ ) - ( - ) - (  1-phenylethyl)- 
methylamine is used as the initiator, no chiral induction is observed. 
For steric reasons the W-methyl group will be orientated E  with 
respect to the methyl group of the chiral center (see Figure 4). 
In this situation there is almost no difference in steric hindrance 
between attack on C 2 and C 4, and a racemic mixture of P and 
M  screws will be obtained. The tertiary amine (S ) - ( - ) - ( l -  
phenylethyl)dimethylamine as the initiator gives very low yields 
of polymer and no chiral induction. This could be due either to

(24) Kamer, P. C. J.; Nolte, R. J. M.; Drenth, W. J. Mol. Catal., in press.
(25) Singleton, E.; Oosthuizen, H. E. Adv. Organomel. Chem. 1984, 22, 

209-231.

(26) Kamer, P. C. J.; Nolte, R. J. M.; Drenth, W. Reel. Trav. Chim. 
Pays-Bas 1988, 107, 175-181.

(27) Crociani, B.; Richards, R. L. J. Chem. Soc., Dalton Trans. 1974, 
693-697.

(28) As a relative measure of steric hinder, the X steric parameter can be 
used. See also: Kagan, H. B. Stereochemistry, Thieme (Stuttgart): Stuttgart, 
FRG, 1977; Vol. 3, p 26. (R, X): H, 0.00; C H 3, 1.00; C H (C H 3)2, 1.27; C6H 5, 
1.23; c-C6H ,„  1.33; H 5C 2OCO, 0.90.
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R

Figure 5. Star t ing  complex for the polymerization of isocyanides with 
( R ,R ) - \ ,2-diaminocyclohexane as the initiator.

a low reactivity resulting from steric hindrance or to the fact that 
no proton transfer is possible from the amine function to the 
isocyanide nitrogen. The enantiomeric excess obtained with 
(S ) - ( - ) - l - ( l -n a p h th y l )e th y la m in e  was lower than with (S)- 
( - ) - 1 -phenylethylamine, probably because the bulky l-naphthyl 
group does not coordinate well to the nickel center.

Table 1 shows that, when (R ,R)-1,2-/rtfAw-diaminocyclohexane 
is used as initiator, the chiral induction is very low. We tentatively 
explain this from the fact that each of the amino groups can react 
simultaneously with a coordinated isocyanide (see Figure 5).

The experiments using amino acid esters as initiators gave 
remarkable results. We expected that an increase in bulkiness 
of the alkyl group of the amino acid would result in a higher chiral 
induction. However, a decrease in optical activity of the polymer 
was found when the bulkiness of the initiators increased, as is 
shown by the optical activity of poly(/£T7-butyl isocyanide) obtained 
with alanine, valine, and isoleucine methyl esters as the initiators 
(see Table I). This could indicate that coordination of the ester 
function to the nickel center becomes more difficult on increasing 
bulkiness of the alkyl group (see Figure 6 ). Consequently, the 
groups H and R 1 at the chiral carbon atom are less inclined to 
take on fixed orientations, and therefore, the chiral induction of 
the polymerization reaction will become lower.

Phenylalanine ethyl ester has two functions that can interact 
with the nickel viz., the ester group and the phenyl ring. When 
the phenyl ring is replaced by the ester function as interacting 
group, an opposite screw sense will be obtained. This antagonism 
between the two coordinating groups results in an absence of chiral 
induction. In the case of phenylalaninol, however, a relatively 
high optical activity of the polymer is found. Here, the ester group 
is reduced to an alcohol and only the phenyl ring will coordinate 
to the nickel. The fact that the initiator contains two nucleophiles 
(OH and N H 2) is of little consequence as the amino group is far 
more reactive in the addition to an isocyanide than the alcohol 
function. Cysteine methyl ester has a second nucleophile consisting 
of an SH group, which is appreciably more nucleophilic than an 
O H  group. This means that both the N H 2 and the SH function 
can act as initiator, resulting in a low optical activity of the polymer 
(Table I).

The low reactivity of alcohols toward coordinated isocyanides 
is also the reason that no optically active polymer can be obtained 
with a chiral alcohol as the initiator. In fact, the polymer yields 
are extremely low (<5%).

Apart from the initiator, the isocyanide ligand in the catalytic 
complex also has an influence on the stereoselectivity of the po­
lymerization (Table II). The high enantiomeric excess obtained

R"

with the ligand 2-ferf-butylphenyl isocyanide in the catalytic 
complex is probably due to the extreme bulkiness of this isocyanide. 
As a result, the group R of this isocyanide will be forced into the 
E position with respect to the nickel center. The group R* of the 
nucleophile will then point in the direction of the nickel center, 
which enhances its coordination. A poor enantioselectivity is 
obtained when 2 ,6-diisopropylphenyl isocyanide is used as ligand 
in the catalytic complex. This isocyanide is too sterically hindered 
for the nucleophile to react. IR experiments show that the amine 
coordinates weakly to the nickel center but cannot react with the 
coordinated isocyanide.

The method described here for stereoselective polymerization 
of tert-butyl isocyanide is also applicable to other isocyanides, 
provided that these isocyanides are bulky and polymerize slowly 
(Table III). Optically active polymers have been obtained from 
tert-butyl, tert-pentyl, a ,«-dimethylbenzyl,  2 ,6-dichlorophenyl, 
and 4-(dimethylamino)phenyl isocyanide. No enantioselective 
polymerization could be achieved with primary and secondary 
aliphatic isocyanides and nonsterically hindered aromatic  iso­
cyanides. These isocyanides are very reactive and are therefore 
not sensitive to a slight difference in activation energy between 
the formation of the two screw senses. It is also possible that less 
sterically hindered isocyanides give rise to racemization of the 
polymer chain during the first propagation steps.

No optically active polymers can be obtained with chiral ad ­
ditives or a chiral solvent. The chiral additives cannot come close 
to the reaction center, because the isocyanides encapsulate this 
center. The same occurs when nickel complexes with optically 
active ligands are used. These ligands are rapidly replaced by 
the isocyanide that is to be polymerized, because the latter is 
present in great excess.

Conclusion
The method described here is a convenient way to prepare 

optically active homopolymers from achiral isocyanides. A high 
enantioselectivity can be obtained (83%). Because the substituent 
R in the isocyanide can be varied, this method can lead to a variety 
of useful optically active polymers.

Experimental Section
Analytical Techniques. Infrared ( IR )  spectra were recorded on Per- 

kin-Elmer 297 and 283 spectrophotometers.  Ultraviolet (U V ) spectra 
were obtained on a Perkin-Elmer 200 spectrophotometer.  C ircular  di- 
chroism (CD ) spectra w-ere recorded on a Jobin Yvon Dichrographe III 
appara tus .  Optical rotations were measured on a Perkin-Elmer 241 
polarimeter. 'H  N M R  spectra were obtained on a Varian E M 390  in­
strument.  Chemical shifts (5) are reported downfield from internal 
tetramethylsilane. Abbreviations used are s (singlet), d (doublet) ,  t 
(triplet), q (quartet),  m (multiplet), and br (broad). Melting points were 
determined on a Mettler FP5 /FP51  photoelectric melting point ap p a ra ­
tus. Solution viscosity da ta  were obtained with a C annon-U bbelohde  
viscometer. Viscosity average molecule weights (M y) were calculated by 
the M ark-H ouw ink  equation [77] =  1.4 X 10“9 A/V1,75.llb N um ber  average 
molecular weights (A /J  were estimated by end-group determination using 
'H  N M R .  The end groups of the polymers are fragments of the chiral 
initiators R * N H 2 or R*O H , i.e., H ( C = N R ) „ N H R *  or H ( C = N R ) O R * .  
Values for \ f n were calculated from the peak ratios of R and R* in the 
'H  N M R  spectrum. Estimated error ±15%.

Monomers. Amine If was synthesized from the corresponding alcohol 
by treatment with PBr3 and subsequent reaction with liquid a m m o n ia .29

R

R

Figure 6. Two possible structures of the s tart ing complex for the polymerization of isocyanides with amino acid esters as the initiators
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2-/m-Butylanil ine was prepared by nitration of /err-butylbenzene .30 The 
ortho product was separated  from the para product by repeated distil­
lation. The  nitro group was reduced with Raney nickel and hydrogen, 
giving 2-/£rf-butylaniline .31 Aniline lo  was obtained by nitration of
1,3,5-trihydroxybenzene ,32 subsequent methylation of the hydroxy groups, 
and reduction of the nitro g roup .31 Optically active j^c-butylamine was 
obtained from the racemic amine through fractional crystallization of its 
b i ta r t ra te  from water, according to the l i te ra tu re .33 Optically active
1 -phenylethylamine was prepared according to a li terature procedure .34 
Amino acids were esterified with dry HC1 gas in methanol or e thanol .35 
The amino alcohols were obtained from the amino acid esters by re­
duction with L iA lH 4.36 ( £ > ( - ) - (  1-Phcnylethyl)methylamine was pre­
pared by N-form yla t ing  (S ) - ( - ) - l -p h e n y le th y la m in e 16 and subsequent 
reduction with L iA lH 4.37 (S ') - ( - ) - ( l -Pheny le thy l)d im ethy lam ine  was 
synthesized from S - ( - ) - 1 -phenylethylamine with formaldehyde and 
formic ac id .38 (5 ) - ( - ) - l -C y c lo h ex y le th y lam in e  was obtained by re­
duction of ( S ) - ( - ) - 1 -phenylethylamine with P t 0 2 and hydrogen .39 The 
other chiral initiators were commercial products.

N-Formyl-l-butylamine (2a). Butylamine was N-formylated  with a 
1 0 % excess of ethyl fo rm a te 16 in an almost quanti ta t ive  yield: bp 
121-122 °C  (17 m m H g);  IR (neat) 1660 ( C = 0 )  c m ' 1; 'H  N M R  (CD- 
C l3) <5 8.05 (s, 1 H, C H O ) ,  6.7 (br, 1 H, N H ) ,  3.23 (m, 2 H, C H 2), 1.46 
(m, 4 H, C H 2C H 2), 0.93 (m, 3 H, C H 3).

1-Butyl Isocyanide (3a). Formamide 2a was converted into the iso­
cyanide by the method of C asan o v a 18 but at a lower pressure (0.5 
m m H g )  than recommended: yield 82%; IR ( C H 2C12) 2153 ( C = N )  
cm -1; ‘H N M R  (CDC13) b 3.37 (3 t, 2 H, C H 2), 1.60 (m, 4 H, C H 2C H 2), 
0.97 (t, 3 H, C H 3).

/V-Formyl-3-pentylamine (2b). 3-Pentylamine was N-formylated with 
a 1 0 % excess of ethyl fo rm a te 16 in an almost quanti ta t ive  yield: bp 
121-123 °C  (20 m m H g);  IR (neat) 1670 ( C = 0 )  c m '1; 'H  N M R  (CD- 
C l3) b 8.3 +  8.2 +  8.0 (3 s, 1 H, C H O ) ,  6.2 (br, 1 H, N H ) ,  3.9 +  3.2 
(2 m, 1 H, C H ) ,  4.57 (m, 4 H, C H 2), 0.97 (t, 6 H, C H 3).

3-Pentyl Isocyanide (3b). Formamide 2b was converted into the iso­
cyanide by the method of C asan o v a 18 but at a lower pressure (0.5 
m m H g )  than recommended: yield 87%; IR (CC14) 2136 ( C = N )  c m -1; 
'H  N M R  (CDC13) b 3.33 (m, 1 H, C H ) ,  1.53 (m, 4 H, C H 2), 1.03 (t, 
6 H, C H 3).

N-Formyl-fe/7-butylamine (2c). This compound was prepared as 
described for 2a in an almost quanti ta t ive  yield: bp 94 -95  °C  (21 
m m H g );  IR (neat)  1660 ( C = 0 )  cm "1; 'H  N M R  (CDC13) 6 8.0 (m, 1 
H, C H O ) ,  6.8 and 5.9 (2 br, 1 H, N H ) ,  1.28 (3 s, 9 H, C H 3).

ferf-Butyl Isocyanide (3c). This isocyanide was prepared from 2c as 
described for 3a in 80% yield: IR ( C H 2C12) 2140 ( C = N )  cm "1; 'H  
N M R  (CDC13) 5 1.43 (3 s, 9 H, C H 3).

TV-Formyl-ferf-pentylamine (2d). This compound was synthesized as 
described for 2a in 67% yield: bp 112-114 °C  (22 m m H g);  IR (neat)  
1675 ( C = 0 )  cm’ 1; 'H  N M R  (CDC13) b 8.3-7.8 (m, 1 H, C H O ) ,  7.3-5.3 
(br, 1 H, N H ) ,  1.60 (2 q, 2 H, C H 2), 1.30 (2 s, 6 H, C H 3), 0.90 (2 t,
3 H, C H 3).

ferf-Pentyl Isocyanide (3d). This isocyanide was prepared from 2d 
as described for 3a in 88% yield: IR (CC14) 2131 ( C = N )  c m ' 1; 'H  
N M R  (CDC13) b 1.63 (3 q, 2 H, C H 2), 1.37 (3 s, 6 H, C H 3) 1.03 (t, 3 
H, C H 3).

N-Formyl-2,6-dichloroaniline (2e). In 200 mL of dry C H 2C12 was 
dissolved 53.6 g of 2,6-dichloroaniline (0.33 mol) and the resultant 
mixture was cooled on an ice bath. A mixture of 40 mL of formic acid 
(1.06 mol) and 40 mL of acetic anhydride (0.42 mol) was stirred for 1 
h and then added to the reaction mixture at such a rate that  the tem ­
perature  was kept between 5 and 10 °C. Subsequently, the reaction 
mixture was stirred for 20 h at room temperature .  The solvents were 
evaporated in vacuum, and the product was treated 3 times with 50 mL 
of toluene, which was removed under vacuum. The product was re- 
crystallized from toluene: yield 53.4 g of white crystals (85%); mp 179.1 
°C; IR (KBr)  1675 ( C = 0 )  cm ’ 1; 'H  N M R  (CDC13) b 8.4 (m, 1 H, 
C H O ) ,  7.3 (m, 4 H, C 6H 3 +  N H ) .

(29) Brander, M. M. Reel. Trau. Chim. Pays-Bas Belg. 1918, 37, 76-87.
(30) Craig, D. J. Am. Chem. Soc. 1935, 57, 195-198.
(31) Geisert, M.; Oelschlager, H. J. Prakt. Chem. 1967, 35, 110-112.
(32) Dubiel, S. V.; Zuffanti, S. J. Org. Chem. 1954, 19, 1359-1362.
(33) Thome, L. Chem. Ber. 1903, 36, 582-584.
(34) Ault, A. Org. Synth. 1969, 49, 93-98.
(35) Wunsch, E. Methoden Org. Chem. (Houben-Weyl) 1974, / 5( 1), 198. 

(b) Bauer, H.; Adams, E.; Tabor, H. Biochem. Prep. 1955, 4, 46-50.
(36) Karrer, P.; Portmann, P.; Suter, M. Helv. Chim. Acta 1948, 31, 

1671-1623.
(37) Blicke, F. F.; Chi-Jung Lu. J. Am. Chem. Soc. 1952, 74, 3933-3934.
(38) Snyder, H. R.; Brewster, J. H. J. Am. Chem. Soc. 1949, 71, 291-293.
(39) Leither, W. Chem. Ber. 1932, 65, 660-666.

2.6-Dichlorophenyl Isocyanide (3e). This isocyanide was synthesized 
from 2e according to a modification of the method of Skorna and U gi . 19 
The procedure was as follows. Into a round-bottomed flask equipped with 
a magnetic stirrer and a C 0 2/ace tonc  reflux condenser kept at - 3 0  °C , 
were brought 30 g of 2f (0.16 mol), 40 mL of dry A^-methylmorpholine 
(0.36 mol) and, as a solvent, 200 mL of dry C H 2CI2. At a tem pera ture  
o f -3 0  °C, 6.9 mL of diphosgene (80 mmol) in 65 mL of dry C H 2C12 was 
introduced into the stirred reaction mixture over a period of 1 h. The 
reaction mixture was then stirred for another hour. The cooling bath was 
removed, and immediately 150 mL of water was added to the reaction 
mixture. The still cold organic layer was separated and washed 3 times 
with 150 mL of an aqueous 5% N a H C 0 3 solution and once with 150 mL 
of water. The C H 2C12 layer was dried over N a 2S 0 4. The crude reaction 
product was purified by column chrom atography  (silica gel, C H 2CI2): 
yield 17.6 g (65%); IR ( C H 2C12) 2120 ( C = N )  cm "1; 'H  N M R  (C D C I3) 
b 7.33 (m, 3 H, C 6H 3).

2-Phenyl-2-bromopropane. A solution of 33 g of PB r3 (0.12 mol) in 
55 mL of chloroform was added dropwise at 40 °C  to a stirred solution 
of 50 g of tt ,«-dimcthylbenzyl alcohol (0.36 mol) in 700 mL of chloro­
form. The reaction mixture was stirred for 2 h at 40 °C. The chloroform 
layer was separated from the viscous inorganic layer and poured into 500 
mL of ice water. The organic layer was separated, washed twice with 
a saturated aqueous N a 2C 0 3 solution and once with water, and dried over 
M g S 0 4. The chloroform was removed under reduced pressure. After 
distillation a colorless liquid was obtained; boiling region 57-80  °C  (0.05 
m m H g) .  The product contained 31% of the elimination product «-me- 
thylstyrene. The product was used without further purification for the 
synthesis of If. The yield of 2-phcnyl-2-bromopropane was 57%: 'H  
N M R  (CDC13) b 7.2 (m, 5 H, C 6H 5), 2.15 (s, 6 H, C H 3).

ar,a-Dimethylbenzylamme (If). This amine was obtained by treatment 
of 2-phenyl-2-bromopropanc with liquid a m m o n ia .29 After evaporation 
of the ammonia,  the product was dissolved in 1 M aqueous HC1 and the 
a-methyls tyrene was extracted with diethyl ether. The water layer was 
brought to pH 14, and the free amine was extracted with ether. The 
ether layer was dried over M g S 0 4 and the ether removed under reduced 
pressure. The yield was 53%: IR (neat) 3350 and 3275 (NH-,) c m '1; 'H 
N M R  (C D C I3) b 1.4 (s, 6 H, C H 3), 1.6 (s, 2 H, N H 2), 7.2 (m, 5 H, 
C 6H 5).

/V-Formyl-a,a-dimethylbenzylamine (20- Amine If was N-formylated 
according to a literature procedure in an almost quantitative yield : 16 ‘H 
N M R  (C D C I3) b 7.8 (m, 2 H, C H O ,  N H ) ,  7.2 (s, 5 H, C 6H 5), 1.7 (s,
6 H, C H 3).

a,ar-Dimethylbenzyl Isocyanide (3f). This isocyanide was prepared as 
described for 3e: yield 96%; IR (neat)  2135 ( C = N )  cm "1; *H N M R  
(CDC13) b 7.2 (m, 5 H, C 6H 5), 1.7 (3 s, 6 H, C H 3).

/V-Formyl-2,6-diisopropylaniline (2g). In 200 m L of dry C H 2C12 was 
dissolved 60 g of 2,6-diisopropylaniline (0.34 mol). A mixture of 40 mL 
of formic acid (1.06 mol) and 40 mL of acetic anhydride (0.42 mol) was 
stirred for 1 h and then added to the reaction mixture at such a rate that 
the tem pera ture  was kept between 5 and 10  °C. Subsequently, the 
reaction mixture was stirred for 16 h at room tem pera ture  and refluxed 
for 4 h. The solvent was evaporated under vacuum, and the residue was 
dissolved in C H C I 3 and washed 3 times with a saturated aqueous N a H -  
C 0 3 solution and with water. The organic layer was dried on N a 2S 0 4, 
and the C H C I 3 was evaporated in vacuum. The product was recrystal­
lized from diethyl ether: yield 47 g (66%); mp 160.0 °C; IR (KBr) 1660 
( C = 0 )  c m ' ' ;  'H  N M R  (CDC13) b 8 .2-7.6 (m, 1 H, C H O ) ,  8 .3-6.8 (br,
1 H . N H ) ,  7.05 (s, 3 H , C 6H 3), 3.08 (m, 2 H , C H ) ,  1.17 (d, 1 2 H . C H 3).

2.6-Diisopropylphenyl Isocyanide (3g). This isocyanide was synthes­
ized according to the procedure described for 3e: yield 72%; IR 2120 
( C = N )  c m ' 1; 'H  N M R  (C D C I3) b 7.06 (m, 3 H, C 6H 3), 3.32 (m, 2 H, 
C H ) ,  1.28 (d, 12 H, C H 3).

2-ierf-Butylnitrobenzene. / iv7 -Buty lbcnzenc  was  n i t r a t e d  a n d  pur i f ied 
a c c o r d i n g  to  a l i t e r a t u r e  p r o c e d u r e : 30 yie ld  70%; bp  125-128 °C  (20 
mmHg); IR ( n e a t )  1540, 1380 ( N O z) c m ' 1; 'H  N M R  (CDC13) b 7.4 (m,
4 H, C 6H 4), 1.50 (s, 9 H, C H 3).

2-tert Butylaniline ( Ih ) .  This aniline was obtained by hydrogenation 
of 2-rer/-butylnitrobenzene with Raney nickel :31 yield 76%, bp 111-113 
°C (20 mmHg); IR (neat) 3400 +  3380 ( N H 2) c m '1; 'H  N M R  (CDC13) 
b 6.8 (m, 4 H, C 6H 4), 3.7 (br, 2 H, N H 2), 1.4 (s, 9 H, C H 3).

/V-Formyl-2-/erf-butylaniline (2h). Aniline Ih was N-formylated 
according to a literature procedure : 16 yield 49%; mp 73.8 °C; IR (KBr) 
1680 ( C = 0 )  c m 1; 'H  N M R  (CDC13) <5 8.4 (2 s, 1 H, C H O ) ,  7.2 (m,
5 H, N H ,  C 6H 4), 1.4 (s, 9 H, C H 3).

2-ferf-Butylphenyl Isocyanide (3h). This isocyanide was prepared 
from 2h as described for 2e: yield 83%; bp 59-61 °C  (0.04 m m H g);  IR 
(neat) 2110 ( C = N )  c m ' 1; 'H  N M R  (C D C I3) b 7.3 (m, 4 H, C 6H 4), 1.5 
(s, 9 H, C ( C H 3)3).

jY-Formylbenzylamine (2). Benzylamine was N-formylated as de­
scribed for 2g in 78% yield: mp 59.6 °C; IR (KBr) 1645 ( C = 0 )  c m ' 1;
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'H  N M R  (CDC13) b 8.16 (s, 1 H, C H O ) ,  7.30 (s, 5 H, C 6H 5), 4.42 (d,
2 H, C H 2).

Benzyl Isocyanide (3i). This isocyanide was prepared from 2i as 
described for 3e: yield 83%; colorless liquid; IR ( C H 2C12) 2154 ( C = N )  
c m ' 1; 'H  N M R  (CDC13) b 7.31 (s, 5 H, C 6H 5), 4.56 (3 s, 2 H, C H 2).

N-Formylaniline (2j). Aniline was formylated according to a l i tera­
ture procedure : 17 yield 95%; mp 50.0 °C; IR (KBr) 1680 ( C = 0 )  c m ' 1.

Phenyl Isocyanide (3j). Form am ide  2j was converted into the iso­
cyanide as described for 3e. The product was purified by distillation: 
yield 74%; bp 6 1 -6 2  °C  (21 m m H g ) ;  IR ( C H 2C12) 2130 ( C = N )  cm - ' .

N-Formyl-4-anisidine (2k). This formamide was prepared from 4- 
anisidine according to a l i terature procedure : 17 yield 85%; mp 80.2 °C; 
IR (K Br)  1670 ( C = 0 )  cm "1.

4-Methoxyphenyl Isocyanide (3k). This isocyanide was prepared from 
2k as described for 3e: yield 70%; IR ( C H 2C12) 3128 ( C = N )  c m -1.

/V-Formyl-4-methoxy-2-methylaniline (21). 4-M ethoxy-2-methyl-  
aniline was formylated as described for 2g. The product was recrystal­
lized from to luene/hexane:  yield 88%; mp 102.4 °C; IR (K Br)  1690 
( C = 0 )  cm "1; 'H  N M R  (CDC13) b 8.3 (s, 1 H, C H O ) ,  7.5 (br, 1 H, 
N H ) ,  7 .7 -6 .6 (m, 3 H, C 6H 3), 3.78 (2 s, 3 H, C H 3), 2.23 (2 s, 3 H, C H 3).

4-Methoxy-2-methylphenyl Isocyanide (31). This isocyanide was 
prepared from 21 as described for 3e: yield 74%; bp 80-83  °C  (2 x  10"4 
m m H g );  IR  ( C H 2C12) 2120 ( C = N )  c m ' 1; 'H  N M R  (CC14) b 7 .5-6.3 
(m, 3 H, C 6H 3), 3.75 (s, 3 H, O C H 3), 2.23 (s, 3 H, C H 3).

N -Form yl-4-(d im ethylam ino)aniline  (2m ). A^,A^-Dimcthyl-4- 
phenylcnediamine was N -form yla ted  according to a l i terature proce­
dure :17 yield 76%; mp 108.5 °C; IR (KBr) 1675 ( C = 0 )  cm"1; 'H  N M R  
(C D C I3) b 8 .4-7.9 (m, 1 H, C H O ) ,  8.0 (br, 1 H, N H ) ,  7.3-6.3 (m, 4 H, 
C 6H 4), 2.70 (s, 6 H, C H ) .

4-(Dimethylamino)phenyl Isocyanide (3m). This isocyanide was pre­
pared from 2m as described for 3e: yield 79%; IR ( C H 2C12) 2118 ( C =  
N )  c m -1; 'H  N M R  (C D C I3) b 7.17 and 6.55 (2 d, 4 H, C 6H 4), 2.95 (s,
6 H, C H 3).

N-Formyl-2-aminobiphenyl (2n). 2-Aminobiphenyl was N-formylated 
according to a literature procedure : 17 yield 96%; IR (KBr) 1675 ( C = 0 )  
cm "1; 'H  N M R  (CDC13) b 8 .8-8 .2  (m, 1 H, C H O ) ,  8.2 (br, 1 H, N H ) ,  
7.40 (s, 5 H, C 6H 5), 7.26 (2 s, 4 H, C 6H 4).

2-Isocyanobiphenvl (3n). This isocyanide was prepared from 2n as 
described for 3e: yield 75%; IR ( C H 2C12) 2120 ( C = N )  c m ' 1; 'H  N M R  
(C D C I3) b 7.07 (s, 5 H, C 6H 5), 7.00 (s, 4 H, C 6H 4).

2.4.6-Trihydroxynitrobenzene. 1,3,5-Trihydroxybenzene was nitrated 
according to a li terature procedure :32 yield 62%; mp 190 °C; IR (KBr) 
3350 (O H ) ,  1640, 1440 ( N 0 2) cm ’ 1; 'H  N M R  (DMSO-<4) b 10.2 and 
8.8 (2 br, 3 H, O H ) ,  5.83 and 5.60 (2 s, 2 H, C 6H 2).

2.4.6-Trimethoxynitrobenzene. This compound was prepared from 
2,4,6-trihydroxynitrobenzene and dimethyl sulfate according to a litera­
ture procedure :31 yield 68%; mp 143.1 °C; IR (KBr) 1230 ( O C H 3) cm-1; 
'H  N M R  (CDCI3) b 6.01 (s, 2 H, C 6H 2), 3.86 (s, 9 H, O C H 3).

2.4.6-Trimethoxyaniline ( lo ) .  The nitro group of 2,4,6-trimethoxy- 
nitrobenzene was hydrogenated with Raney nickel according to a liter­
a tu re  procedure :31 yield 75%; bp 138-139 °C  (0.6 m m H g);  IR (neat)  
3440 and 3320 ( N H 2), 2830 ( O C H 3), 1200 ( O C H 3) cm "1; 'H  N M R  
(CDCI3) b 6.05 (s, 2 H, C 6H 2), 3.73 (s, 6 H, O C H 3), 3.67 (s, 3 H, 
O C H 3), 3.4 (br, 2 H, N H 2).

N-Formyl-2,4,6-trimethoxyaniline (2o). This compound was prepared 
from lo  as described for 2e in a 98% yield: mp 145.1 °C; IR (KBr) 1660 
( C = 0 )  c m ' 1; 'H  N M R  (CDC13) b 8 .5 - 8 .1 (m, 1 H, C H O ) ,  6.8 (br, 1 
H, N H ) ,  6.03 (s, 2 H, C 6H 2), 3.73 (s, 9 H, O C H 3).

2.4.6-Trimethoxyphenyl Isocyanide (3o). This isocyanide was pre­
pared from 2o as described for 3e in a 41% yield: IR  ( C H 2C12) 2120 
( C = N )  cm "1; 'H  N M R  (CDC13) b 5.92 (s, 2 H, C 6H 2), 3.76 (s, 6 H, 
O C H 3), 3.70 (s, 3 H, O C H 3).

/V-Formyl-2,6-difluoroaniline (2p). This formamide was synthesized 
from 2 ,6 -difluoroaniline according to a l i terature p rocedure 17 in a 
quantative yield: mp 123.4 °C; IR (KBr) 1665 ( C = 0 )  c m ' 1; ’H N M R  
(C D C I3) b 8.3 (m, 1 H, C H O ) ,  7.3 (br, 1 H, N H ) ,  6.9 (m, 3 H, C 6H 3).

2.6-Difluorophenyl Isocyanide (3p). This isocyanide was prepared 
from 2p as described for 3e in a 15% yield. The  low yield was caused 
by polymerization of the isocyanide during the purification procedure on 
the silica gel column: IR ( C H 2C12) 2115 ( C = N )  cm -1; ‘H N M R  (CD- 
C l3) b 6.9 (m, 3 H, C 6H 3).

Catalysts. Tetrakis( ferf-butyl isocyanide)nickel(II) Perchlorate. This 
complex was prepared by adding 4 equiv of /err-butyl isocyanide to a 
stirred 0.20 M solution of N i (C 1 0 4)2-6H 20  in 96% e th an o l /e th e r  1 : 1  
(v/v) at 0 °C  as described previously.20 The complex separated from the 
solution and was collected by filtration and washed with cold e thano l /  
e ther and cold ether.  The  complex was dried at 40 °C  at 0.02 m m H g: 
yield 92%; IR ( C H 2C12) 2245 ( C = N )  c m ' 1; 'H  N M R  ( C D 3C N )  b 1.61 
(s, C H 3).

Tetrakis(ierf-pentyl isocyanide)nickel(II) Perchlorate. This complex

was prepared as described for N i ( C = N - t - C 4H 9)4(C 1 0 4)2, using 96% 
e th a n o l /e th e r  1:3 (v /v)  as solvent. The  yield was 80%: IR ( C H 2C12) 
2223 ( C = N )  cm "1; 'H  N M R  (CDC13) b 1.89 (q, 2 H, C H 2), 1.63 (s, 6 
H, C H 3), 1.15 (t, 3 H, C H 3). Anal.  Calcd for C ^ H ^ C l ^ N i O g  
(646.25): C, 44.61; H, 6 .86 ; Cl, 10.97; N , 8.67; Ni, 9.08; O, 19.81. 
Found: C, 44.51; H, 6.83; Cl, 10.88; N , 8.63; Ni, 9.22; O, 19.81.

Tetrakis(2-ferf-butylphenyl isocyanide)nickel(II)  Perchlorate .  This 
complex was prepared as described for N i ( C = N - / - C 4H 9)4(C 104)2: yield 
85%; IR ( C H 2C12) 2220 ( C = N )  cm "1; 'H  N M R  (CDC13) b 7.5 (m, 4 
H, C 6H 4), 1.50 (s, 9 H, C H 3).

Tetrakis(2,6-diisopropylphenyl Isocyanide)nickel(II) Perchlorate. This 
complex was prepared as described for N i ( C = N - / - C 4H 9)4(C 104)2: yield 
76%; IR ( C H 2C12) 2222 ( C = N )  c m ' 1; ’H N M R  (CDC13) b 7.1 (m, 3
H, C 6H 3), 3.5 (m, 2 H, C H ) ,  1.25 (d, 12 H, C H 3). Anal. Calcd for 
C 52H 68C l2N 4N i 0 8 (1006.81): C, 62.03; H, 6.81; Cl, 7.04; N , 5.57; Ni, 
5.83; O, 12.71. Found: C, 61.88; H, 6.67; Cl, 7.12; N , 5.50; Ni, 5.90; 
O, 12.70.

The optically active nickel catalysts were prepared in situ by adding 
optically activc amine (0.7 mmol) to N i ( C N R ) 4(C 1 0 4)2 (0.7 mmol) 
dissolved in C H 2C12 (10 mL). After  the resultant mixture was stirred 
for 15 min, the C H 2C12 was removed under vacuum and the catalyst was 
dried at 20 °C  and 0.01 m m H g. The catalysts were directly used for the 
polymerization reactions without further purification; yield 100%. Two 
optically active catalysts were fully charac te r ized :26 T r is ( te r f -bu ty l  
isocyanide)! ( S ) - ( - ) - ( 1-Phenylethy l ) a m in o ( te r / -b u ty  lamino)carbene]-  
nickel(II) Perchlorate .  From N i ( C N - / - C 4H 9)4(C 1 0 4)2 and ( S ) - ( - ) - l -  
phcnylethylamine: [ a ] 20D 13.7° (c 0.22, C H C 13); IR ( C H 2C12) 3280 
( N H ) ,  2250 (sh) and 2226 ( C = N ) ,  1570 ( N C N )  cm "1; ,3C N M R  
(C D C I3) 5 22.77, 23.40, and 24.90 (3 s, C H C H 3), 28 .55-30.78 (m, 
C ( C H 3)3, 53.02-61.66 (m, C ( C H 3)3 +  CH),  120.23-123.71 (m, C = N ) ,  
125.97-129.15 (m, C arom), 141.55, 142.32, and 143.03 (3 s, substituted 
C arom), 175.18, 179.20, and 181.37 (3 s, C carbene); !H N M R  (CDC13) 
b 8.57 -I- 6.89 (2 d, 1 H, C H N / / ) ,  8.04 +  7.75 +  6.46 (3 s, 1 H, N H ) ,
7 .7-7 .0  (m, 5 H, C 6H 5), 5.92 +  5.66 +  5.01 (3 m, 1 H, C H ) ,  1.70 (d,
3 H, C H ) ,  1 .6 -0 .8 (m, 36 H, C H 3); FAB mass spectroscopy, m/e  610 
(M  -  C 1 0 4-)+, 527 (M  -  C 1 0 4- -  f-C4H 9N = C ) +, 454 (M  -  C 1 0 4" -  
H C IO ,  -  C 4H 8)+; 444 (M  -  C 1 0 4~ -  2r-C4H 9N = C ) +, 427 (M  -  C 1 0 4"
-  H C IO ,  -  / -C 4H 9N = C +, 361 (M  -  C 1 0 4~ -  3 /-C 4H 9N = C ) +; 345 (M
-  2C104- -  2 /-C4H 9N = C ) +; 288 (M  -  C 1 0 4~ -  H C IO ,  -  2 /-C4H 9N = C
-  C 4H 8)+; 262 (M  -  2C 104" -  3 /-C 4H 9N = C ) +. Anal. Calcd for C 28- 
H 47C l2N 5N i 0 8 (711.31): C, 47.28; H, 6.67; Cl, 9.97; N, 9.85; Ni, 8.25; 
O, 18.00. Found: C, 47.00; H, 6.73; Cl, 9.97; N , 9.73; Ni, 8.27; O, 
18.36. T r is ( fe r f -pen ty l  i s o c y a n id e ) [ (S ) - ( - ) - ( l -P h e n y le th y l ) a m in o  
( t e r t -pcnty lam m o)carbencjn ickel(I I)  Perch lora te .  From N i (C N - / -  
C 5H m)4(C 1 0 4)2 and ( £ ) - ( - ) -  1 -phenylethylamine: [ a ] 20D 9.3° (c 0.45, 
C H C I 3); IR ( C H 2C12) 3280 ( N H ) ,  3059 (C H  arom ),  2974, 2939, and 
2880 (C H  aliph), 2220, 2240 (sh), and 2190 (sh) ( C = N ) ,  1570, 1585 
(sh), and 1537 ( N C N ) ,  1090 and 620 (C 104' )  cm“1; 'H  N M R  (CDC13) 
b 8.78 and 6.67 (2 d, 2 H, C H N H ) ,  8.02 and 6.33 (2 s, 2 H, N H ) ,  
7.62-7.28 (m, 5 H, C 6H 5), 5.83 and 4.99 (2 m, 1 H, C H ) ,  1.92-0.47 (m, 
remaining H); 13C N M R  (CDC13) <5 179.2 and 175.4 (2 s, C  carbene),
142.5 and 141.6 (2 s, C 1 a rom ),  129.3-126.1 (m, C a rom ),  123.4 (br, 
C = N ) ,  64.2 (br, C - N = C ) ,  61.1 and 54.1 (2 s, C H ) ,  59.7 and 58.3 (2 
s, C N H ) ,  35.5 and 33.3 (2 s, C H 2C N H ) ,  34.5 (s, C H 2C N = C ) ,  28.2 and
26.5 (2 s, ( C H 3)2C N H ) ,  27.1 (s, ( C H 3)2C N = C ) ,  23.8 and 23.0 (2 s, 
C H 3C H ) ,  8.2 (s, C H 3C H 2C N = C ) ,  7.8 (s, C H 3C H 2C N H ) ;  FAB mass 
spectrum, m/e 666 (M  -  C 104‘)+, 569 (M  -  C 1 0 4‘ -  / -C 5H MN C ) +, 505 
(M -  2C104- -  r-C5H MN C  +  Cl")+, 373 (M  -  2C 104~ -  2 /-C 5H n N C ) +, 
311 (M  -  2C 104- -  3f-C5H u N C  +  Cl")+, 276 (M  -  2 C 1 0 4" -  31- 
C 5H N-)+; Anal. Calcd for C 32H 55C l2N 5N i 0 8 (767.43): C, 50.08; H, 
7.22; Cl, 9.24; N, 9.13; Ni, 7.65; O, 16.67. Found: C, 50.06; H, 7.29; 
Cl, 9.25; N, 9.10; Ni, 7.63; O, 16.65; UV ( C H 2C12) X 248 nm (e 11 800), 
281 (5370), 330 (310).

Polymerization. General Procedure. The appropriate isocyanide (10.0 
mmol) and optically active nickel catalyst (0.1  mmol, see above) were 
stirred neat or in the presence of 1 mL of n-hexane (in the case of solid 
isocyanides) at ambient temperature .  W hen IR indicated tha t  all mo­
nomer had been converted into oligomer or polymer (1 -5  days), the 
volatile components were removed under vacuum. The  residue was 
dissolved in CHC13 (2 mL) and added dropwise to a mixture of methanol 
and water (3:1 v/v,  35 mL).  By this procedure the remaining catalyst 
is decomposed into N i (C 1 0 4)2-6H 20  and dissolved into the m e thano l /  
water mixture. The resulting yellow precipitate was collected by fil tra­
tion, washed with m e th an o l /w a te r  and methanol,  and dried in vacuum 
at 50 °C. Yields, optical rotation values, and molecular weights are given 
in Tables I—III. The remaining physical da ta  are as follows:

Poly(ferf-butyl isocyanide): pale yellow solid; IR (KBr) 1630, 1670 
(sh) ( C = N )  c m ' 1; 'H  N M R  (CDC13) b 1.35 ( C H 3).

Poly ( te r t -pentyl isocyanide): white solid; IR (KBr)  1641 ( C = N )  
c m ' 1; 'H  N M R  (CDC13) b 0 .5 -2 .0  (br, C H 3, C H 2C H 3).
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Poly(/i-butyl isocyanide): yellow-brown solid; IR (KBr) 1639 ( C = N )  
cm"';  'H  N M R  (C C I4) 5 0 .95-1 .45  (br, 7 H, ( C H 2)2C H 3), 3.35 (br, 2 
H, N C H 2).

Poly(3-pentyl isocyanide): pale yellow solid; IR (KBr) 1623 ( C = N )  
c m ' 1.

PoIy(benzyl isocyanide): brown solid; IR (KBr)  1630 ( C = N )  c m ' 1; 
'H  N M R  (C D C Ij)  <5 4 .0 -5 .0  (br, 2 H, C H 2), 6 .5-7 .5  (br, 5 H, A rH ) .

Poly(a,a-dimethylbenzyl isocyanide): pale yellow solid; IR (KBr) 
1620 ( C = N )  c m ’ 1; 'H  N M R  (CDC13) 6 2.60 (br, 6 H, C H 3), 6.3 (br,
5 H, A rH ) .

Poly(phenvl isocyanide): yellow solid; IR (KBr) 1643 ( C = N )  cm "1; 
'H  N M R  (C C I4) 5 6.35 (br, A rH ) .

PoIy(4-methoxyphenyl isocyanide): yellow solid; IR (KBr)  1630 
( C = N )  cm*1; 'H  N M R  (CC14) «5 3 .25-3 .70  (br, 3 H, C H ) ,  6.30 (br, 4
H, A rH ) .

Poly(4-methoxy-2-methylphenyl isocyanide): yellow solid; IR (KBr) 
1630 ( C = N )  c m ' 1; ‘H N M R  (C D C I3) 6 0 -2 .0  (br, 3 H, C H 3), 2 .5-4.0 
(br, 3 H, O C H 3), 5 .0-7 .0  (br, 3 H, A rH ) .

Poly(2,6-difluorophenyl isocyanide): yellow solid; IR (KBr)  1650 
( C = N )  cm "1.

Poly (2,6-dichlorophenyl isocyanide): yellow solid; IR (KBr)  1630 
( C = N )  cm "1.

Poly(2-ferf-butylphenyl isocyanide): yellow solid; IR (KBr) 1618 
( C = N )  cm“1.

Poly(2-biphenyl isocyanide): yellow solid; IR (KBr)  1615 ( C = N )  
c m ' 1; 'H  N M R  (CDC13) <5 =  7 (br, A rH ) .

Poly[4-(dimethylamino)phenvl isocyanide]: yellow-brown solid; IR 
(KBr)  1605 ( C = N )  c m ' 1.

Polymerization in the Presence of Chiral Additives Other Than Chiral 
Amines. In a typical procedure, 4-methoxyphenyl isocyanide (220 mg,
I.65 mmol),  anhydrous N iC l2 (1.2 mg, 9.2 X 10' 3 mmol),  and (S’,.S)- 
ch iraphos [25 ,35 -( - ) -b is (d ipheny lphosph ino )bu tane ;  44.4 mg, 0.10 
mmol] were stirred in CH C13 (2 mL) for 12 h at ambient temperature .  
The mixture was concentra ted,  and added to excess methanol. The 
precipitate was isolated by filtration, washed with methanol,  and dried 
under vacuum at 50 °C; yield 138.2 mg (63%) of poly(4-methoxyphenyl 
isocyanide). The polymer showed no optical rotation and had physical 
properties as described above.

Similar  experiments were carried out under various conditions using 
1-borneol, cinchonine, ( /? , /?)-DIOP, neomenthyldiphenylphosphine, and

( 2S, 2 'S ) -  2 - ( h y d ro x y  m e th y l )  - 1 - [ (m e th y l  py rro l  id i n - 2 -y l)  m e th y l  ]- 
pyrrolidine as additives. Polymer yields amounted to 60-70%. None of 
the polymers showed optical rotation.
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Abstract: Severa l  m e m b e rs  o f  a new' class o f  w a te r -so lub le  m acrocyc les  with well-defined,  h y d ro p h o b ic  b ind ing  sites have 
been p repared  and  the ir  b inding  propert ies  ana lyzed .  T hese  hosts a re  built  up from e th e n o a n th ra c e n e  units  and  exist in meso 
(C u )  and d,l  ( D2) forms. The  latter have been synthesized enantiomerically pure, the key step being a highly selective asym m etr ic  
D ie ls -A ld e r  reaction. Several  of  these hosts display a s trong and  fairly general  affinity for q u a te rn a ry  a m m o n iu m  com pounds.  
W e  asc r ibe  this effect  to an  io n -d ip o le  a t t r a c t io n  be tw een  the positively c h a rg e d  guests  and  the e lec tron -r ich  ir sy s tem s  of  
the  hosts. In add i t ion ,  neu tra l  gues ts  with  e lec tron -def ic ien t  ir sys tem s a re  p re fe ren t ia l ly  bound ,  sugges t ing  the  o p e ra t io n  o f  
favorable hos t-gues t ,  d o n o r -a c c e p to r  7r-stacking interactions. Pre l im inary  studies with chiral guests reveal some enantiospecific 
b ind ing ,  with p re fe rences  as la rge  as 3:1 observed.

Host-guest  chemistry continues to develop as a major sub­
discipline of modern chemistry.1 The pioneering studies on crown 
ethers and related structures laid the foundations for the field.

P r e s e n t  address: Rohm & Haas, Springhouse, PA 19477.
1 Present address: Sandia National Laboratories, Livermore, CA 94551.

They established that when appropriate amounts of preorgani­
zation2 and complementarity between host and guest are designed

(1) For a general introduction to the host-guest field, see: Top. Curr. 
Chem. 1981, 98\ 1982, 101\ 1983, 113\ 1984, /25; 1986, 132.
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