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REACTION PATHS AND NEW MECHANISTIC ASPECTS OF THE PROTON-CATALYZED REACTION OF
3-ALKYLINDOLES WITH ARYLALDEHYDES
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The mechanism of the proton-catalyzed reaction of 3-alkylindoles with

Abstract
arylaldehydes is elucidated by the isclation of stable intermediates and products, and by
the selective control of their transformaticns in the course of reacticn. The aldehyde
electrophile attacks at Ni, CZ and £3 on the indole enamine structure with the tempera-
ture, the reaction time and the proton concentration controlling the relative quantities
and distribution of products. It was established indirectly that an ipsc-attack by inter-
mediary cations with iminium and indolenine structure takes place at the 3- position of
3-alkylated indoles. This was made possible by the iselation of hitherto unknown tetra-
hydropyrrolodiindoles 14, 17. These compounds should be formed from intermediary indolyl-
methyl-indoleninium fons 13, 11, which are trapped by stereoelectronic controlled intra-

molecular cyclization.

INTRODUCTION

Electrophilic substitutions of 3-substituted indoles, as far as mechanism and synthesis are con-
cerned, are widely held to be of great interest. They play an important role particularly in the

1’2. Thus, 3-alkyl-substituted indoles

synthesis of natural and physiologically active compounds
normally react with numercus electrophiles after a preliminary ipso-attack at the indole 3-position
{greatest r-density on the L-skeleton, greatest HDMD—coefficient)2 via an intermediary indoleninium
ion which subsequently undergees a Wagner-Meerwein rearrangement forming a 2,3-disubstituted

indole. This mechanism is widely documented in the experimental Titerature3_13.

Here we are concerned with proton-catalyzed reactions of indoles with arylaldehydes. Our report,
with experimental confirmation, for the first time estabiishes the reaction paths of this carbonyl

electrophile in reaction with 3-alkylindoles in hydrochloric alcohols (e.g. methanol, 2—propano1)14.

6,15 about the mechanistic details of the orientation of initial attack

Not enough is in fact known
of this electrophile on 3-substituted indoles. To the best of our knowledge there is as yet no
detailed and systematical elucidation of the whole course of reaction via solvolytic trapping and

experimental isolation of sufficiently stable intermediates in the reaction sequence “3-alkyl-
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indole / arylaldehyde". In principle two mechanistic pathways can be discussed: ipso-attack of
the aldehyde at the indole 3-position with subsequent 3 —>2 shift in the intermediaryly formed

3-13

indoleninium ion or a direct N 1- and C Z-attack. A1l that has been reported experimentally

so far is a discussion of reversible N- and irreversible intermolecular T 2-attack on the indole

16

nucleus based on the reactions of 3-propylindole with few aromatic aldehydes . In these

reactions 3-nitrobenzaldehyde yields in ethancl/sulfuric acid N-{e-ethoxy-3-nitrobenzyl)-3-

16,17

propylindole and phthalaldehyde acid autocatalytically a halbaminal lactcne . In the reaction

between 3-methylindole (la) with formaldehyde

a mechanistically interesting substance was iso-
lated. It was discussed as a probable intermediate with the structure 3-methyl-2-{3-methyl-3H-
indole-3-y1)methyl-1H-indole. However, no mechanistic details and connecticns were discussed so

far.

RESULTS AND DISCUSSION

3-Alkyl-substituted indoles 1 react with several arylaldehydes 2 in the molar proportion 2:1,

leading to good to moderate yields of crystallizable 2,2'-bisindolylarylmethares 20 13

(scheme 1).
The reaction is relatively smooth and takes place in hydrochloric alcohal {circa 2.5 N-HC1) at
room temperature, provided that no great steric demands be placed on the reactants. Compounds 20
are thermodynamically the most stable products. However, these methanes fregquently contain 1-3%
impurities in the form of regioisomers. In order to elucidate the mechanism of this general reac-
tion we chose as a suitable model system the reaction of 3-methylindole la (R=CH3) with 4-nitro-
benzaldehyde 2a (R' = 4-nitrophenyl). The first reaction described by us 19 (methed I, experimen-
tal), which Teads by a fast movement of the equilibrium to 20 is less suitable for a mechanism
elucidation via product identification. The tlc-analysis for this reaction gave maximal multi-
plicity of products even before the addition of the full amount of acid {circa 2.5 N-HC1). To
clarify the course of reaction, reproducible results must be obtained. It is therefore necessary

te add the acid rapidly to the alecoholic solution of the reactants while accepting that there will

be a solvatation-induced rise in temperature.

By varying the temperature, the reaction time, the acid concentration and the solvent, and by
keeping the reaction under careful control, we succeeded in clarifying the whole course of the
reaction in this complex system {scheme 1). Our purpose was alsc an attempt to gain experimental

access specifically to trace products, potential key components of the reaction mechanism.

Our experiments established that the products isclated by us as part of our mechanism clarifica-
tion are not artifacts resulting from contact with a base during gquenching of the reaction. Qur
research has furthermore shown that the results here presented are also valid in principle when

3-isopropylindele 1b and cther arylaldehydes (e.q. 4-dimethylaminobenzaldehyde) are employed.
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The 3-substituted indole la is attacked by the electrophile at the N1, C2 and (3 positions.
The multiplicity of linkage of the reactants reveals an almost compiete mutual combination of the
individual indole enamine positions. The reaction can in principle be divided into the kinetically

controlled reaction paths (N1- and C3-attack), and the thermodynamically controlled reaction path

E (kinetic control)

\
H

k E {kinetic control)

Dur experiment with la reacting with 4-nitrobenzaldehyde is a prime example of how, at very Tow

(C2 direct attack).

<—-=E (thermodynamic control}

temperatures, and where the temperature does not rise above -59C when the acid is added (method
1y, experimental), a N1- and C3-attack prevails over a CZ-attack. A gradual diminution of the
acid concentration favours the N-attack on the indole. At UOC, and where the temperature dees not
rise above +27°C, when the acid is added (method III, experimental), the clearly direct C2-
attackls’16 becomes competitive as a result of this thermodynamic product contrel. The analysis
of the product transformation during the course of reaction demonstrates that the whele reaction
system can be expressed as a mobile equilibrium with a "steady state" character. The selective
mechanistic steps derived from product identification and from controlling the product transfor-

maticn can be described as foilows.

A charge-controlled attack2 by the electrophile on the indole enamine structure leads first by
way of the non-isolable intermediates 7 and 8 to the hemiaminal ether §, which can be regarded as
the scivolytic product of the reactive iminium ion 8. This initial N-attack conforms to the

mechanism principle discussed in the 11terature15’16

. In the strongly acidic medium, 9 is pro-
duced to the extent of as much as 11% with reference to the amount of E employed (method II,
experimental). This substance may occur either as a result of the reaction of the aldehydium ion
{G-protonated aldehyde) at N1 of the indole la via the steps 7 and 8, or else directly in a reac-
tion with the 4-nitrophenylalkoxy-carbenium ion. A control experiment to that without la shows
that 4-nitrobenzaidehyde in methanol, under the given conditions, occurs to the extent of circa
50% as dimethylacetal. At lower temperatures and very short reaction times we found that when la
reacts in hydrochloric ethanol with the dimethylacetal of the 4-nitrobenzaldehyde then noindolyl-
arylmethoxymethane 6 and practically no regioisomer 9 can be formed. As a result it is clear
that the dimethylacetal in the function of the arylalkoxycarbenium ion does not here perform a

crucial role as an alkoxy-alkylating reagent.
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From the identification of products it can furthermore be seen that the reactive iminium ion 8,
which is present in the equilibrium mixture, further reacts with the indole la sti11 present in
the medium. This subsequent reaction follows three separate paths; firstly to the 1,1'-bisindolyl-
arylmethane 12, secondly to the 1,2'-bisindolylaryimethane 1G, and thirdly to the tetrahydropyrro-
jodiindele 17 (pure epimer). The fact that this sequence leads to the hitherto unknown tetrahydro-

pyrrolodiindsle 17 is indirect evidence of an initial ipso-attack by 8 on la. The compound

17 represents an irreversibly formed cyclization product of the indoleninium ion 11 which cannot
be detected in any way. It proved possible to elucidate the constitution and stereochemistry of

1H— and 13

17 in the first place by means of 400 - MHz - C-nmr-spectroscopy. The stercochemistry of
17 {cis-linkage of the angular centers) results from the stereocelectrenic situation in the cation
11. In principle a subsequent reaction of 10 with the arylaldehyde forming 18 and 19 (4-nitrophe-
nyl derivatives) can take place. In the reaction with the sterically iess demanding and more
reactive formaldehyde, which follows the same reaction sequence, we succeeded in isolating suffi-
cient quantities of the derivatives 18 and 19 as secondary products of the methane 10 (R' = H) for
the purposes of structural identification. The comparison of the spectroscopic data of 17 with
those of the indolenine described in the 11terature18 {structural type of the conjugated base of
13} suggests that the constitution described refers rather to a tetranydropyrrolediindole (14 or

17; R' = H in scheme 1)

Ameng the products of the reaction of la with 2 those with exclusively C-C linkage are the iso-
Table indolylarylalkoxymethanes 6 and the end preduct of the seguence, the relatively stable 2,2'-
bisindolylaryImethanes 20. The solvelytic product 6 can in principle arise in three ways.

First it is conceivable that an initjal ipso-attack of the aldehyde at the indole 3-position takes

place, forming 3, which then undergoes Wagrer-Meerwein rearrangement to 52’6’7

, which then
leads via cation Ef to 6. MWe regard this path as unlikely for it would certainly be diffi-
cult for a Wagner-Meerwein rearrangement to take place because of the very good leaving

group in 3 in the presence of the protic and highly cation stabilizing solvent. Compound 3

e
The first reference in the literature to the isolation of 5 (R = CH,, R'ZD4 dimethylaminophenyl}
was as a perchlorate in a reaction of la and 4- d1methy1am1nobenza]dghyde
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was detected neither 2s a conjugated base nor indirectly as 3-(alkoxybenzyl)-indolenine.

Clearly, the equilibrium concentration of 3, if it is formed at all, is too small. We assume that
6 is produced by a direct attack of the aldehyde on the indole 2-position (thermodynamic control)
15,16 and by solvolysis from 10. Studies of the solvolytic transfermation of 10 show that the

equilibrium of cleavage is far on the side of 5 so Tong as the reaction partner 10 remains in solu-

tion. We conclude then that this is established as one path to E in the whole reaction system.

The 2H-indoleninium jon 5, present in the equilibrium, reacts analogously to the regioisomeric
cation 8 via C3-attack on la by way of the non-isolable indoleninium ion 13 to form the isolated
tetranydropyrrolodiindole 14 (2 epimeres A, B). This compound too, constitutionally isomeric to
17, should represent a trapped product, formed under stereoelectronic control, of the reactive
indoleninium ion 13. A reaction whose mechanism is related, that of 3,3-dimethylindclenine with
la to 2-(3-methylindole-1-y1)-3,3-dimethylindoline, also in a proton acidic medium, has been
described in the 1iteratur921. The analysis of the constitution and stereochemistry {cis-anne-
lation) of 14 required a great deal of spectroscopic investigation, particulariy as it was
necessary to establish beyond all doubt that it was 14 and not some conceivable dimeric/trimeric

10,22 23,24

indolenines and other isomeres. One compound with tetrahydropyrroiodiindole structure

related to 14, provided information that was useful for the elucidation of the constitution, as

25

did a 2-(l-indolyl)-indoTine mentioned in the literature™ ., In the case of an epimer of 14 we

ogbtained suitable crystals, an X-ray analysis of which enabled us to establish the structure con-

c1usive1y26

. The N-acetylation of the epimeres of 14 provided further arguments in confirmation
of the structure. As a result of the nucleophilic reactivity of the indolire-N in 14 subsequent
reactions can occur, proof of which was provided when 15 (2 diastereomeres) and 16 (1 diastereo-

mer) were isolated ; 16 also plays a role in the cleavage reaction of 14.

The experimental results show that in this reaction system, although a Wagner-Meerwein rearrange-

ment of the intermediate 13 to 20 is conceivable,it is most unlikely. Thus, cleavage reaction
of an epimer of 14, both under mild conditions {method V, experimental} and under more forced
conditions (e.g. 1-2.5 N hydrochloric acid; acetic acid/lOUOC) always Teads to la and 5, or 6
in the presence of alcohol. It is possible to demonstrate the epimerization of a pure epimer of
14 experimentally under conditions when proton-catalyzed solvelysis of 14 provides sufficient
amounts of 6 via 5 (scheme 1). The epimer of 14 newly formed in this way occurs in considerably
larger amounts than 20 (formed from la and 5 in a slow reaction, which is morecver suppressed at
temperatures below OOC). A control experiment to this (reacting la with 6, method IlI, experi-
mental , circa 90% conversion within 1% min ) shows that tetrahydropyrroleodiindole epimeres

14 prevail over 2,2'-bisindolylarylmethane 20 in a minimal ratic of 2 : 1. But when the N-methy-
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lated derivative of 9}9 is employed in this reaction instead of 6 then a potentially formed
N-monomethyl derivative of 13 does not accumulate as might be expected, since final cyclization

to the tetrahydropyrrolodiindcle skeleton is inhibited. In fact, in this case there is no evi-
dence of ipso-attack at all. From all these results it follows: 1. The observed preponderance of
ipso-attack under kinetic control of reaction is decisively determined by the high cyclizatien
tendency of indoleninium jon 13. 2. Predominant reaction principie of the indoleninium ion 13 is
not & Wagner-Meerwein rearrangement, but cyclization to 14 or alternatively solvolytic cleavage to
la and 5, or as the case may be, to 6. 3, Our results are a prime example of how unambiguous expe-
rimental proof of ipso-attack by an electrophile on 3-substituted indoles does not necessarily

imply also evidence in favour of indirect 2-substitution by way of intramolecular 3 —» 2 shift,

Based on our detailed experimental results we think that the Wagner-Meerwein rearrangement during
the course of the electrophilic substitution on 3-substituted indoles does not always follow.
Particularly when the intermediary formed indoleninium ion has a good Teaving group (Ary1—CHOH+,

Aryt-choatkty 27

the heterolytic process of this cation {for instance 3 or its alkoxy derivative)

should be favoured compared with a 3 —2 shift, which in general conforms to the usual behaviour

of the cation 13.

EXPERIMENTAL

Methaods
0.02 mole la / .01 mole 4-nitrobenzaldehyde / 150 ml MeOH / 56 ml conc. HCI

I conc. HC1 (of r.t.) was added dropwise to the solution of the reactants at r.t. during 20 -
25 min. Reaction time: 12 h at r.t. under nitrogen atmosphere.

II  conc. HC1 {of r.t.) was added rapidly to the solution of the reactants at 0%C. Reaction time:
12,5 min, intense cccling by ice.

IIT conc. HC1 {of OOC) was added rapidly to the solution of the reactants at 0°C. Reaction time:
30 min, intense cooling by ice.

IV conc, HC1 fof -359C) was added rapidly to the solution of the reactants at -35°C. Reaction
time: 4 h at -35°C.

¥ Cleavage of 14 (0.95 mmole 14, 450 ml MeOK, 169 ml1 IN methanolie HC1}: IN methanolic HC1 (of
OOC) was added rapidly to the solution of 14 at 0%, Reaction time: 4 h at 0°C. {leavage of
10 can be achieved analogously.

VI Intermolecular rearrangement 10 — 20 (1 mmole 10, 200 ml MeOH, 75 ml conc. HC1): conc. HCI
{of r.t.) was added as slowly as possible so that reactant 10 remains in solution. Reaction
time: complete conversien within 6 - 7 h at r.t.

Reactions I - YI were quenched by addition of agueous NH3 at 0°C (Iv: -35°C), oH was adjusted
to 8 - 9.
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M® 70 eV IR
Cpd. % col.) o onl T wmR § = ppm Be_nur § = ppm 100 MHz
6 296 3465{m, NH) 2.33 (s, 3H, indele-Me), 3.37 (s, 3H, -OMe), sp3 : 8.6 {indole-Me), 57.0 (-0OMe),76.2(HC-0}
(100) 2835(w), 1355(s) 5.62 (s, LH, HC-0) ep? (d): 111.0, 116.9, 119.5, 122.7, 123.7,
1190/1110{w) aromatic H: 6.95 - 7.7 (m, 6H}, 7.95 (br.s, 127.25
1090(m) [ccla] 1INH, exch. NaOD), 8.09 (2H, AA' 4-nitro- sp2 (s): 110.8, 128.75, 13l.6, 135.9, 147.45,
phenyl, J = 9Hz) [6G MHz, cnc13] 147.8 [cnc13]
39 296 2835(w), 1515(s) 2.31 (d, JME,CZ-H: 1.1Hz, 3H, indole-Me}, sp3 : 9.6 (indele-Me), 56.1 (-OMe}, 86.4
(8) 1350/1325(s) 3.35 (s, 3H, -DMe}, 6.41 (s, 1M, HC-0) (HC-0)
1190/1180(m) Aryl-H: 6.90 (qu, 2 lines resolved, JCZ—H,Mez sz {d}: 110.0, 119.4, 119.9, 122.3, 123.2,
1095/795(s) 1Hz, 1H, C2-H), 7.05 - 7.8 {m, 6H), 8.16 (2H, 123.5, 127.1
750/720(s)[ KBr] AR 4-nitrophenyl, J = 9Hz) [60 Mz, TDC1,] sp” (s): 113.1, 129.7, 136.4, 145.8, 148.0[COCL)
10 395 3405(s,NH) 2.19 (s, 3H, indole-Me}, 2.28 (d, JMe,CZ—H: sp3 : 8.6 (indole-Me), 9.7 {indole-Me,
(7 1605/1595(w) lHz, 3H, indele-Me}, 6.68 {qu, 3 lines re- 2-unsubst.ring), 55.9{(CH)
1515/1460/1350(s) solved, Jo, y yp= 1HZ, TH, C2-H), 7.0 - 7.40 sp? (d): 109.5, 111.15, 119.1, 119.5, 119.8,
1225/850(m) {m, BAr-H + CH), 7.45 - 7.85 (m, 2Ar-H/1NH, 119.95, 122.3, 122.9, 123.65,
745/735(3)[K8r] exch. NaOD}, 8.08 {(2H, AA' 4-nitrophenyl, 124.25, 128.4
3= 9Hz) [60 Miz, CDClj] op? (s): 111.3, 112.2, 128.9, 129.5, 129.7,
135.6, 136.4, 146.1, 147.8 [coc]
12 395 1610/1600(m) 2.26 (d, e, cz-n= L-1Hzs 6, Me), 7.92 (s, sa; 9.7 (indole-Me), 67.9 (CH)
(7) 1520/1460/1450/ 1H, CH) sp (d): 109.2, 119.s, 120.3, 122.5, 122.7,
1350/1340(s) Aryl-H: 6.53 (qu, 2 lines resolved, Iy Me” 124.2, 128.5
1180/1015/830(m) 1.lHz, 2H, C2-H), 7.16 - 7.24 (m, 8H), ap? (s): 113.1, 129.6, 136.4, 144.1, 148.5

743/740(s) [KBr)

7.58 - 7.64 (m, 2H), B.215 (2H, AA' 4-nitro-

phenyl, J = 9.2Hz) [400 MHz, £oC1,]

[coen, ]
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