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molybdate adds to the C-2 carbonyl of the ester and then
displaces the ethanol leaving group resulting in a labile
cyclic acyl molybdate ester. The rapid first-order pro-
duction of pyruvate (no detectable lag in the presence of
0.45 M MoO*, ky = 0.12 min™) indicates that the
half-life of this acyl molybdate intermediate must be <6
s. This can be compared to an estimate of ¢,,, < 0.5 s for
the 1}:ydrolysis of the 1-molybdo-3-phosphoglycerate at pH
7.3.

The results presented here show that molybdate is an
effective nucleophilic catalyst for the hydrolysis of a variety
of substrates.
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Efficient and selective homolytic substitutions (yields between 55 and 90%) of pyrrole, indole, and some pyrrole
derivatives have been carried out using ambiphilic and electrophilic carbon centered radicals, generated in DMSO
by Fe?*/H,0, and a-cyano-, a-carbonyl-, and a,o/-dicarbonylalkyl iodides. The reaction is highly successful also

‘with pyrroles substituted by electron-withdrawing groups, which has allowed an efficient synthesis of Tolmetin.
A few extensions of this reaction to furan and thiophene are described.

The last decade has witnessed an exceptional develop-
ment of the synthetic aspects of free radical chemistry.
However, as far as we know, few applications of this
chemistry to the synthesis of pyrrole derivatives have been
carried out.!

Recent studies have shown that efficient homolytic
substitution of aromatic and electron-rich heteroaromatic
substrates can be accomplished using electrophilic car-
bon-centered radicals generated by oxidation of 1,3-di-
carbonyl compounds with cerium(IV) or manganese(III)
salts.2 The exploitation of these reactions for the synthesis
of pyrrole derivatives would seem straightforward since
pyrrole is an electron-rich heteroaromatic compound;
however, all attempts in this direction have so far failed
since pyrrole itself is preferentially oxidized under the
reaction conditions.? On the other hand, when electro-
philic carbon-centered radicals are formed under reductive
conditions (i.e. by the atom-transfer method), no homolytic
aromatic substitution has been observed,* presumably
because there is no possibility that the intermediate o
radical is oxidized to products (eq 1).

AH + R® == 'Ar<: = AR +H' ("

We wish now to report that the homolytic substitutions
of pyrrole and indole and some pyrrole derivatives by both
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ambiphilic® and electrophilic carbon-centered radicals is
a highly efficient and selective process, if the radicals are
generated by the corresponding alkyl iodides, Hy0,, and
catalytic Fe?* in DMSO¢ (egs 2-5).

Hz0, + Fe(ll) —= *OH + "OH + Fe(IIN) (2
‘o OH
L) \ /
OH + MeSOMe —= Me—S—Me (3)
’o\ OH
Me—S—Me —= Me" + MeSOH (4)
Me* + RI —= Mel + R* (s)

As alkyl iodides we have used ICH(CH,;)CO,Et,
ICH,CO,Me, ICH,CO,Et, ICH,CN, IC(CH3)(CQ,Et),, and
ICH(CO,Me), which provide the radieals *CH(CH;)CO,Et,
.CH2C02Me, .CH2002Et, .CHch, CH3C'(COgEt)2, and
*CH(CO,Me),, respectively, whose properties from ambi-
philic or borderline to clearly electrophilic should increase
in the same order. Some experiments carried out using
furan and thiophene as the substrates are also described.

Results and Discussion

Reactions were carried out, at room temperature, in
DMSO by adding 35% H,0, to a solution of substrate,
alkyl iodide, and FeSO,TH,0. The substrate was in large
excess with respect to both alkyl iodide and FeSO,7H,0
(at least 15:1 and 75:1, respectively) whereas the sub-
strate:H,0; molar ratio was 1.5-4. These conditions turned
out to be the most suitable for obtaining only monosub-
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303-316.

(6) Minisci, F.; Vismara, E.; Fontana, F. J. Org. Chem. 1989, 54, 5224.

0022-3263/92/1957-6817$03.00/0 © 1992 American Chemical Society



6818 J. Org. Chem., Vol. 57, No. 25, 1992

Baciocchi et al.

Table I. Homolytic Substitution of Pyrrole Derivatives by a-Carbonyl-, a,a’-Dicarbonyl- and a-Cyanoalkyl Iodides Promoted

by H,0, and Fe?* in DMSO
entry substrate radical source product yield (%)*
1 || 1 ICH,CO,Me |I || 59
m e u CH,CO Me
2 ICH,CN 1 73
u CH,CN
3 ICH(CO,Me), | || CO.CH 55
Nor L
H CO,CH,
4 || || ICH,CO,Me | 87
N r;l CH,COMe
c':H3 CH,
5 ICH,CN I || 88
r|4 CH,CN
CR,
6 ICH(CH;)CO,Et || |l CH, 55
N (I:HCOZEt
CH,
7 IC(CH,)(CO,Et) U1 _com 89
I
CH; CH, =t
8 [ ICH,CO,Et [ 90
CH, CH;
ICH,CN

9 I

MeO,C N
H

MeO,C

|| | 74b
N7 CH,CN
H

¢ Yield of isolated product with respect to the alkyl iodide. 9% of 3-(methoxycarbonyl)-2-pyrroleacetonitrile was also isolated.

stitution products. With less substrate or a larger amount
of alkyl iodide, formation of disubstituted products (c,«’)
was observed. After 15-40 min the reaction mixture was
worked up as usual and the structure of the products es-
tablished on the basis of spectral *H NMR, GC-MS) and
elemental analysis (details in the Experimental Section).

The results, which are displayed in Tables I (pyrroles)
and II (indole, furan, and thiophene), clearly show that the
method is highly efficient. The yields of the substituted
products range from 55 to 90%. Probably, the success of
these reactions is due to the relatively mild conditions used
and to the fact that Fe®*, produced in (eq 2), is a weak
oxidant and can oxidize the o-radical to the substituted
product (eq 1), without significantly affecting the substrate.

No trend in the yields is observed, which can reasonably
be attributed to differences in the degree of the electro-
philic character of the radical. As a matter of fact, the
product yield is significantly smaller in the reaction of
pyrrole with malonyl radical (entry 3, Table I) than with
cyanomethyl radical (entry 2, Table I), in spite of the fact
that the former radical should be more electrophilic than
the second. Probably, other factors play a role in this
respect, i.e. the reversibility of the free radical attack which
should be more important with the more stable malonyl
radical. Interestingly, since pyrrole is a very electron rich
compound, good yields are also observed when an elec-
tron-withdrawing substituent is present (entries 8 and 9,
Table I). The procedure is suitable as well for the func-
tionalization of furan and thiophene, as clearly shown by
the entries 3 and 4 in Table II. Oxidative malonylation
of these two compounds has already been described,? but
under conditions which are unsuitable for the alkoxy-
carbonylmethylation reactions reported here.

With pyrrole and N-methylpyrrole, as well as with 2-
(p-methylbenzoyl)-N-methylpyrrole, furan, and thiophene,
exclusive substitution at the a-position was observed.

Table II. Homolytic Substitution of Pentatomic
Heteroaromatic Derivatives by a-Carbonyl- and
a-Cyanoalkyl Iodides Promoted by H,0, and Fe?* in DMSO

radical yield
entry substrate source product (%)

1 @j ICHgCOzMe m 660
N N7 “CH,CO,Me
H

H

2 ICH,CN @E_',L 6054
N7 “CH,CN
H

3 [

ICH,CO.Et h | 65
(o] (]

CH,CO,E!
4 [

s $7 NCH,CO,Et

aYield of isolated product with respect to the alkyl iodide.
bDetermined by NMR. ©Also the 8-substituted isomer was formed
in a 6% yield (GC-MS analysis). ¢Also the 8-substituted isomer
was formed in a 10% yield (GC-MS analysis).

Some attack at the 8-position was detected for the reaction
of indole and methyl 2-pyrrolecarboxylate. Attempts to
change the direction of the attack in pyrrole by the use
of the bulky triisopropylsilyl group as N-substituent have
been unsuccessful so far.

Very low yields of product (10% or less) have been ob-
tained in the reaction of N-(triisopropylsilyl)pyrrole with
-CH,CO,Me (not reported in Table I; see Experimental
Section), but the orientation remains unchanged. In this
respect, electrophilic C-centered radicals behave quite
differently than electrophilic ionic reagents, which instead
attack the 3-position of 1-(triisopropylsilyl)pyrrole.’

(7) Bray, B. L.; Mathies, P. H.; Naef, R.; Solas, D. R.; Tidwell, T. T.;
Artis, D. R.; Muchowski, J. M. J. Org. Chem. 1990, 55, 6317.
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Clearly, this finding confirms the low sensitivity of ho-
molytic aromatic substitutions to steric effects, but it
cannot also be excluded that the relative reactivity of «
and B positions in pyrrole is higher in homolytic than in
electrophilic aromatic substitutions. Studies aimed at
clarifying this interesting point would be desirable.

In the reaction of indole, the «:8 reactivity ratio is ca.
11 in the reaction with "CH,CO,C,H; (entry 1, Table II)
and ca. 6 in the reaction with "CH,CN (entry 2, Table II).

Finally, it is important to remark that the products
obtained by this procedure are of considerable practical
interest, since all of them can easily be converted, by
simple hydrolysis or, in the case of the malonates, by de-
carboxylation, into the corresponding heteroarylacetic or
2-heteroarylpropanoic acids, which are potential antiin-
flammatory drugs.®

As an example of a possible application, we have carried
out the synthesis of the ethyl ester of Tolmetin (a com-
mercial antiinflammatory drug)® by reaction of 2-(p-
methylbenzoyl)-N-methylpyrrole with *CH,CO,Et (entry
8, Table I). An excellent yield of product (90%) was ob-
tained and, since 2-(p-methylbenzoyl)-N-methylpyrrole can
be prepared with a yield of 70% by the Vilsmeier-Haack
aroylation of N-methylpyrrole,'® the overall yield of this
novel synthetic approach!! to the ethyl ester of Tolmetin
from N-methylpyrrole and p-methylbenzoyl chloride is
63%.

Experimental Section

!H NMR spectra were recorded on a Bruker instrument at 80
MHz in CDC]; solution, and *C NMR were recorded on a Varian
XL 300 in CDCl;. Mass spectra were obtained on a Hewlett-
Packard 5970 mass selective detector, operating at 70 eV, coupled
with a 5390 GC. MS data are reported as m/z (relative intensity).
Yields were calculated with respect to the alkyl iodide and in all
cases the mass balance was 90-95%.

Starting Materials. Ethyl iodoacetate and iodoacetonitrile
are commercially available (Aldrich). Dimethyl iodomalonate and
diethyl methyliodomalonate were prepared according to the lit-
erature.’? Ethyl a-iodopropionate!® was obtained by halogen
exchange from ethyl a-bromopropionate (Aldrich) with Nal in
acetone!* (yield 87%): mass spectrum 228 (M*, 100), 183 (M*
- OEt, 29), 155 (M* - CO,Et, 88), 101 (M* - 1, 93). Methyl
iodoacetate and methyl 2-pyrrolecarboxylate were obtained by
esterification with diazomethane of the corresponding carboxylic
acids (Aldrich). N-(Triisopropylsilyl)pyrrole was obtained from
pyrrole, according to the literature.’® Pyrrole, 1-methylpyrrole
(Aldrich), furan (C. Erba), thiophene, indole (Janssen), and all
solvents (C. Erba) were used as purchased, without any further
purification.

General Procedure for the Alkylation Reactions. H,0,
(35%) (4-12 mmol) was added dropwise to a stirred mixture of
the substrate (15-20 mmol), the alkyl iodide (1 mmol), and
FeSO,TH,0 (0.2-0.6 mmol) in 15~30 mL of DMSO, while the
solution was kept at room temperature with a water bath. The
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mixture was then diluted with brine and extracted with diethyl
ether. The organic layers were washed with brine and dried over
Na,S0,, and the solvent was removed by evaporation under re-
duced pressure. The residue was finally purified by column
chromatography on silica gel (eluent: petroleum ether (bp 40-70
°C)-diethyl ether). The yields are reported in Table I. Char-
acterization of the products was carried out as described below.

For the following compounds NMR, mass spectra, and, for
solids, melting points were compared with those of authentic
specimens, commercially available (Aldrich): methyl 1-methyl-
2-pyrroleacetate, l-methyl-2-pyrroleacetonitrile, ethyl 2-
thiopheneacetate, methyl 3-indoleacetate, 3-indoleacetonitrile;
or with the corresponding literature data: methyl 2-pyrrole-
acetate,'® 2-pyrroleacetonitrile,'” ethyl 1-methyl-2-p-toluoyl-5-
pyrroleacetate (ethyl ester of Tolmetin),? ethyl 2-furanacetate,'®
methy! 2-indoleacetate,'® and 2-indoleacetonitrile.2

Ethyl a-methyl-N-methyl-2-pyrroleacetate was obtained
as an oil. Mass spectrum: 181 (M*, 17); 108 (M* - CO,Et, 100),
93 (10). 'H NMR é (ppm): 1.22 (t,J = 7.1 Hz, 3 H, CO,CH,CH;),
1.52 (d, J = 7.2 Hz, 3 H, CH,CH), 3.57 (s, 3 H, NCH,), 3.72 (q,
J =7.2Hz, 1 H, CH,CH), 412 (g, J = 7.1 Hz, 2 H, CO,CH,CHjy),
6.05 (m, 2 H, 3-H and 4-H pyrrole); 6.54 (m, 1 H, 5-H pyrrole).
Anal. Found for C,,H;;NO, (Calcd): C, 66.27 (66.98); H, 8.41
(8.34); N, 7.78 (7.73).

Dimethyl 2-pyrrolemalonate was obtained as an oil. Mass
spectrum: 197 (MY, 52), 138 (M* - CO,Me, 93), 106 (100). 'H
NMR é (ppm): 3.75 (s, 3 H, 2 CO,CHy), 4.78 (s, 1 H, CH-
(CO;Me),), 6.13-6.15 (m, 2 H, 3-H and 4-H pyrrole), 6.79-6.83
(m, 1 H, 5-H pyrrole), 9.1 (bs, 1 H, NH). Anal. Found for
CoH;;NO, (Caled): C, 54.22 (54.82); H, 5.36 (5.62); N, 7.50 (7.10).

Diethyl a-methyl-N-methyl-2-pyrrolemalonate was ob-
tained as an oil. Mass s : 253 (M*, 22), 180 (M* - CO,Et,
74), 106 (M* - (CO,Et + HCO,Et), 100). 'H NMR § (ppm): 1.25
(t,J =17.1Hz, 6 H, 2 CO,CH,CH,), 1.87(s, 3 H, CH,C(CO,Et),),
3.57 (s, 1 H, NCHy,), 4.21 (q, J = 7.1 Hz, 4 H, 2 CO,CH,CH,),
6.05-6.07 (m, 2 H, 3-H and 4-H pyrrole), 6.57-6.61 (m, 1 H, 5-H
pyrrole). 13C NMR (300 MHz) 5 (ppm): 13.91 (CH,CHj;), 22.58
(C(CH,)(CO,Et),), 35.47 (NCHy,), 54.27 (C(CH3)(CO,Et),), 61.78
(CH,CH,), 106.44 and 108.29 (3-C and 4-C pyrrole), 124.72 (5-C
pyrrole); 129.03 (2-C pyrrole), 170.92 (CO,Et). The resulting
compound was unstable, which prevented elemental analysis.

5-(Methoxycarbonyl)-2-pyrroleacetonitrile was obtained
as a solid which was recrystallized from benzene—cyclohexane,
mp 144.5-145.5 °C. Mass spectrum: 164 (M*, 90), 133 (M* -
OCH;, 100), 132 (M* - CH;0H, 41), 106 (M* ~ (CH;OH+CN),
59), 104 (46), 78 (35); 51 (30). 'H NMR, é (ppm): 3.80 (s, 2 H,
CH,CN), 3.87 (s, 3 H, CO,CHj3), 6.16-6.30 (m, 1 H, 3-H pyrrole),
6.84-6.94 (m, 4-H pyrrole), 10.1 (bs, 1 H, NH). Anal. Found for
CgHN,0, (Caled): C, 59.15 (58.53); H, 4.87 (4.91); N, 17.42 (17.06).
Another product was also present, in very small amounts, which
was assigned the structure of 2-(methoxycarbonyl-3-pyrrole-
acetonitrile on the basis of the following spectral data: mass
spectrum: 164 (M, 54), 133 (M* - OCH;,, 52), 132 (M* - CH,0H,
100), 106 (M* - (CH;0H + CN), 11), 105 (M* - (CH;OH + HCN),
25), 104 (59), 78 (29), 51 (29). 'H NMR & (ppm): 3.87 (s, 3 H,
CO,CH,), 3.92 (s, 2 H, CH,CN), 6.32-6.40 (m, 1 H, 4-H pyrrole),
6.85-6.95 (m, 1 H, 5-H pyrrole).
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The solution conformation of two C,-symmetric 1,1’-binaphthyl compounds (N,N,N’,N “tetramethyl-[1,1’-
binaphthalene}-2,2’-diamine (1) and N,N-dimethyl-[1,1’-binaphthalene]-2,2’-diamine (2) has been studied by
MMX calculations, analysis of the absorption and CD spectra, and induction of cholesteric mesophases in nematic
liquid crystals. All these methods indicate that 1 prefers a ciscoid conformation and that 2 assumes a conformation
where the two naphthyl moieties are quasi-perpendicular.

Introduction

Studies aimed at determining the structure of C,-sym-
metric 1,1’-binaphthyl compounds have received consid-
erable attention in the past years. Such studies have been
carried out by circular dichroism (CD) spectroscopy,!
X-ray diffraction,! or liquid crystal techniques.® C,-sym-
metric binaphthyl compounds play an important role as
chiral auxiliaries in asymmetric organic reactions.’’
Conformational studies on these molecules deserve at-
tention because the studies can help to explain the ste-
reochemical outcome of the reactions in which these sub-
stances are employed as chiral auxiliaries.

It is the aim of this paper to present a detailed con-
formational study of two diamines with the C,-symmetric
binaphthyl structure, i.e., N,N,N’N"tetramethyl-[1,1’-
binaphthalene]-2,2’-diamine (1) and N,N’-dimethyl-
[1,I-binaphthalene]-2,2'-diamine (2) (Chart I). Optically
active 1 has been recently introduced® as a chiral controller
for the enantioselective addition of diethylzinc to aromatic
aldehydes, and satisfactory enantiomeric excesses have
been obtained. Although preliminary chiroptical data for
1 have been reported,! the CD spectrum of 1 has not been
analyzed. No data about the chiroptical properties of 2
have appeared and to the best of our knowledge, it has
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1671. (b) Harada, N.; Nakanishi, K. Circular dichroic spectroscopy -
Exciton coupling in organic stereochemistry, Oxford University Press:
Oxford, U.K., 1983.

(4) See, for instance; Harata, K.; Tanaka, J. Bull. Chem. Soc. Jpn.
1973, 46, 2747.

(5) Gottarelli, G.; Spada, G. P.; Bartach, R.; Solladie, G.; Zimmermann,
R. J. Org. Chem. 1988, 51, 5689.

(6) Noyori, R.; Takaya, H. Chem. Scr. 1985, 25, 83.

(7) Noyori, R. Chem. Soc. Rev. 1989, 18, 187.

(8) Rosini, C.; Franzini, L.; Iuliano, A.; Pini, D.; Salvadori, P. Tetra-
hedron: Asymmetry 1991, 2, 363.

Chart I

CIA, w-
Qe

been employed only as a chiral ligand for LiAlH, in the
asymmetric reduction of aromatic ketones.? Binaphthyls
of a given absolute configuration, for example R, can have
conformations with opposite helicities, depending on the
dihedral angle (¥) (i.e., the angle C4~C;—C,~Cy) between
the naphthyl rings (see Figure 1). For 0 < ¢ < 90, the
helicity between the planes containing the naphthyl
moieties is M, and for 90 < y < 180, the helicity is P.

= N(CHs),

(R)=2, X = NHCH,

Results and Discussion

Synthesis. The syntheses of compounds 1 and 2 re-
quire optically active [1,1’-binaphthyl]-2,2’-diamine as
starting material. This compound was prepared and re-
solved into its antipodes according to the procedure of
Miyano and co-workers.’® The ee of the samples obtained
was determined by HPLC analysis on a Pirkle (R)-N-
(3,5-dinitrobenzoyl)phenylglycine CSP column. (R)-1 was
obtained from the reaction!! of (R)-primary diamine with
formaldehyde/formic acid (Eschweiler—-Clarke reaction)
and crystallization from toluene. The ee (>95%) of the
product was established by 'H-NMR spectroscopy in the

(9) Kabuto, K.; Yoshida, T.; Yamaguchi, S.; Miyano, S. J. Org. Chem.
1985, 50, 3013.

(10) Miyano, S.; Nawa, M.; Mori, A.; Hashimoto, H. Bull. Chem. Soc.
Jpn. 1984, 57, 2171.

(11) Benson, S. C.; Cai, P.; Colon, M.; Haiza, M. A.; Tokles, M.; Sny-
der, J. K. J. Org. Chem. 1988, 53, 5335.
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