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The Mechanism of Trifluoroacetylation of lndoles 

By Antonio Cipiciani," Sergio Clementi," Gianfranco Giulietti, Gianlorenzo Marino, and Gianfranco 
Savelli, Dipartimento di Chimica, UniversitB di Perugia, Italy 

Paolo Linda, lstituto Chimico, UniversitB di Trieste, Italy 

The mechanism of the reaction between substituted indoles and trifluoroacetic anhydride has been studied by 
product identification and n.m.r. spectroscopy. 
intermediate. 

THE chemistry of indoles has received much attention, 
mostly because of the biological interest of some deriv- 
atives, and there is a large literature on this subject. 
Although electrophilic substitution does not seem to take 
place in biological systems, its study affords valuable 
information on the charge distribution in the aromatic 
nucleus, the importance of steric requirements, and the 
relative stability of non-aromatic derivatives involved 
along the mechanistic pathway of reacting indoles. 

In this connection, and in view of our interest in hetero- 
aromatic substitutions,2 we have previously investigated 
quantitative aspects of the Vilsmeier-Haack acylation of 
a lky l ind~ les ,~~~  as well as the reaction products formed in 
the trifluoroacetylation of indole itself and its 2,3- 
dimethyl derivative.* The main aims of these studies were 
the determination of the reactivities of individual ring 
positions towards electrophiles and the elucidation of the 
mechanism of substitution in some substituted indoles. 

Our previous ~ o r k , ~ - ~  suggesting that initial attack 
occurs predominantly at the 3- or N-position depending 
upon the substrate structure and the experimental con- 
ditions, and the valuable series of papers by Jackson and 
his co-worker~,~-~ pointing out the widespread occurrence 
of preliminary ifiso-attack at the 3-position and sub- 
sequent rearrangement of the electrophile to the 2- 
position, led us to clarify the relative importance of i$so- 
attack at C-3, direct N-substitution, and rearrangement. 
The reaction investigated was trifluoroacetylation by 
trifluoroacetic anhydride (TFAA) , whose mechanism 
was elucidated by kinetic study,1° showing that the elec- 
trophile is the ion pair between the protonated anhydride 
and the anion of trifluoroacetic acid (TFA). 

Following our preliminary account we report here the 
systematic study of indoles substituted by alkyl groups 
in the various heterocyclic ring positions, carried out by 
product identification in 1,2-dichloroethane and by n.m.r. 
spectrometry in CCI,. 

RESULTS AND DISCUSSION 

Reactions in 1,2-dichloroethane (DCE) were carried 
out at  0 "C by adding the substrate to a slight excess of 
TFAA in solution, so that the reactants were present in 
equimolar amounts (ca. 0 . 5 ~ ) .  This procedure was 
needed in order to suppress as much as possible the form- 
ation of dimeric and/or polymeric products, which are 
favoured by a high local concentration of aromatic com- 
pound.6 

The reaction mixtures were analysed by g.1.c. both 
before and after the usual work-up with NaHCO,, 
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because in several cases the product distribution is 
changed dramatically by the intervention of water. The 
individual products were isolated by column chromato- 
graphy or preparative g.l.c., and their structures usually 
assigned on the basis of n.m.r., i.r., and mass spectra. 
The results for each substrate are listed in Table 1. The 
relative amount of the products is given as a percentage 
yield, as quite often a significant amount of unchanged 
material is still present according to g.1.c. analysis. 

Further information was obtained by carrying out the 
reactions in an n.m.r. tube placed in the probe of the 
spectrometer at 0 "C and recording the lH n.m.r. spectra 
of the reacting mixtures, so that the formation and dis- 
appearance of intermediates could be followed. The 

TABLE 1 
Products formed in the trifluoroacetylation of indoles 

in DCE a t  0 "C 
Substrate R1 Re RS Products (yield %) 

(1A) H H H (2A) (45)J (3A) (20)~  (4A) (30) 
(IB) CH, H H (3B) (>97)= 
(1C) H CH, H (3C) (80), (2C) (15) 
(ID) H H CH, (2D) (>97), (4D) (trace) 
(1E) CH, CH, H (3E) (> 97) 
(1F) CH, H CH, (6F) (50), (4F) (trace) 
(1G) H CH, CH, (2G) (25), (8G) (10) 
(fH) H w G l 4  (2H) (>go) 
(1J) CH, CH3 CH3 (9J) (2, El 25) --+ (1OJ) 

a Ref. 5. Ref. 6. 

solvent used in this case was CCl,, but appropriate 
experiments showed that no appreciable variation was 

TABLE 2 

lH N.m.r. spectra of indoles and their products formed on addition of TFAA in CC1,: (I) starting substrate at 0 "C; (11) 
immediately after mixing at 0 "C; (111) after some time at room temperature 

NR1 2-Ra 

(i) lJ2-Dimethylindole 
(1) (1E) 

(11) (3E) 
(111) (3E) 

3.21 2.19 
3.65 2.68 
3.65 2.70 

(ii) 2-Methylindole 
(1) (1C) 6.40br 2.12 

2.62 
2.65 

(s) 
(I1) (3c)D (2c) 

(3c)J (2c) 

3-Rs 

5.98 

5.98 

ArH Others 

6.75-7.00 (3 H) 

7.10-7.40 (3 H) 
7.10-7.40 (3 H) 

7.25 (1 H, m, 7-H) 
7.95 (1 H, m, 7-H) 
7.95 (1 H ,  m, 7-H) 

6.76-7.10 (3 H) 

7 .0G7 .40  (4 H) 
7.05-7.40 (4 H) 

7.35 (1 H, m, 7-H) 

7.88 (1 H ,  m, 7-H) 
7.90 (1 H ,  m, 7-H) 

6.35 
6.58 
6.60 

6.80-7.05 (3 H) 

6.90-7.10 (3 H) 
6.90-7.10 (3 H) 

6.90-7.25 (3 H)  

7.35 (1 H, m, 7-H) 
7.30 (1 H, m, 7-H) 
7.30 (1 H, m, 7-H) 
7.58 (1 H, m, 7-H) 

3.28 
3.66 
3.65 
3.90 

2.21 
2.21 
2.25 
2.60 

6.52 
ca. 7.30 
ca. 7.30 

2.25 
2.25 
2.25 (d) 

1.45, 1.70 

6.60-7.15 (4 H) 
6.80-7.75 (3 H) 
7.00-7.40 (3 H) 

7.25 (1 H ,  m, 7-H) 
8.20 (1 HI m, 7-H) 
8.20 (1 H, m, 7-H) 

2.32 
2.46 
2.50 
2.42 
2.65 
4.86 (d), 
6.76 (d) 
6.64 

2.17 
2.17 
1.68 
2.12 
1.76 
1.70 

6.56-7.05 (4 H) 
7.05-7.70 (3 H) 
7.05-7.60 (5  H) 
6.95-7.60 (3 H) 
6.95-7.60 (5 H) 
6.95-7.46 (3 H) 

6.96-7.80 (3 H) 

7.20 (1 HI m, 7-H) 
7.75 (1 H, m, 7-H) 

7.70 (1 H, m, 7-H) 

7.78 (1 H, m, 7-H) 

1.73 

(vi) lJ2,3-Trirnethylindde 
2.96 2.10 
3.66 2.27 
3.32 6.63 (1 H) 

ca. 7.20 (1 H) 
(9J)-(E) (40%) 3,66 
(9J)-(z) (20%) 3.63 

3.34 6.67 (1 H) 
ca. 7.20 (1 H)  

(9J)-W (45%) 3.57 
(9J)-(Z) (20%) 

(1) (1J) 
(11) (65) (35%) 

(111) (6J) (26%) 2.26 

1.92 
1.68 
1.68 
2.20 
1.70 
1.70 
2.22 

6.70-7.00 (3 H) 

6.70-7.60 (4 H) 
6.70-7.60 (4 H) 
6.70-7.60 (4 H )  
6.70-7.60 (4 H) 
6.70-7.60 (4 H)  

6.70-7.50 (4 H) 
7.20 (1 H, m, 7-H) 

(vii) lJ2,3,4-Tetrahydrocarbazo1e 
(1) (1H) 1.86 (4 H, m, 2- and 

7.20 (1 H, m, 8-H) 
3-Ha) 

2.67 6.76-7.00 (4 H) 

7.05-7.40 (3 H) 1.87 (4 H, m, 2- and 

7.80 (1 H, m, 8-H) 

1.90 (4 H, m, 2- and 

7.82 (1 H, m. 8-H) 

3-H,) 

3-HA 

2.62 

(2 H J  mJ 

1-Ha) 
2.62 7.02-7.36 (3 H) 



induced in the product distribution by the solvent 
change. 

The lH n.m.r. spectra of substrates, intermediates, and 
products are listed in Table 2 and are discussed below. 
In general it is noteworthy that, in spite of the quite 
different products given by each substrate, a unique 
mechanism, illustrated in the Scheme, can be used to 
explain the preferred pathways in each case. 

Indole (1A) .-The behaviour of the parent substrate 
was previously de~cribed,~ but the isomer distribution 
given in Table 1 is slightly different from that reported, 
since it depends markedly upon the absolute concen- 
trations of  reactant^.^ 

The results show the close competition between N- and 
C-substitution, as also observed in chlorination,ll the 
former prevailing in agreement with kinetic data on acid- 
catalysed hydrogen exchange in aqueous acetonitrile.12 

The cation formed by the first TFAA attack has still 
enough electrophilic power to react further with the 
excess of indole, if present, giving a dimeric compound 
N-trifluoroacetyl-2- (3-indoly1)indoline (4A). The n.m.r. 
investigation of this reaction was not attempted since the 
identification of intermediates in the absence of alkyl 
substituents is not easy. 

N-Methylindole (1B) and 1,2-Dimethylindole (1E) .- 
These substrates, with a substituent linked to the nitro- 
gen atom and an unsubstituted C-3, cannot exhibit any 
competition. Accordingly they give only 3-substitution 
in almost quantitative yield, leading to (3B and E), 
respectively, as indicated by their lH n.m.r. (disappear- 
ance of the 3-H peak and downfield shifts of all the other 
signals) and i.r. spectra (vco ca. 1 655 cm-l, typical of an 
aromatic ketone). 

The reaction of (1B) has already been reported and was 
not investigated further. The lH n.m.r. study of (1E) 
shows (Table 2) that the spectrum of the final product 
appears immediately after mixing and does not change 
further, No evidence of the intermediate ion pair (5E) 
can therefore be presented. However, this is not sur- 
prising in view of the high reactivity of this substrate, 
greatly enhanced by the 2-methyl group, and loss of 
TFA from (5E) is clearly quite rapid at 0 "C. 

2-Methylindole (lC).-This substrate is suitable for the 
examination of competition between N- and C-sub- 
stitution: attack at  C-3 should be favoured because 
of activation by the 2-methyl group, which has a larger 
effect at C-3 (operating by field and resonance effects) than 
at nitrogen (field effect only). Accordingly, the lH 
n.m.r. study indicates the predominant formation of the 
3-substituted product (3C) by the same immediate 
change of the spectrum of the reacting mixture just 
described for the previous substrate (Table 2). 

However, the spectrum is not clear enough to exclude 
the presence of come N-substituted product, and in fact 
the g.1.c. analysis shows (Table 1) that ca. 15% of (2C) is 
formed, a quantity higher than that found in the Vils- 
meier-Haack acetylation (1.6%),* and in f~rmyat ion .~  
This result is in keeping with the prevailing N-sub- 
stitution found for indole itself in this r ea~ t ion ,~  while 

only very small or negligible amounts of N-acyl deriva- 
tives were found in Vilsmeier-Haack a~ylations.5,~ It 
is possible that the peculiar behaviour exhibited by 
trifluoroacetylation is related to the electronic demand of 
CF, in the electrophilic reagent, which facilitates a com- 
plex interaction with the nitrogen atom.5 

The two products (2C) and (3C) were isolated by 
preparative g.1.c. and identified on spectral basis. 
Details are given in the Experimental section, but a simple 
though significant difference found for all substrates is to 
be stressed and this is in the carbonyl stretching fre- 
quencies: in this case vco is 1 620 cm-l for 2-methyl-3- 
trifluoroacetyl- and 1 720 cm-l for 8-methyl-N-trifluoro- 
acetylindole. On the other hand, the n.m.r. spectra of 
the two isolated products are quite similar. In fact the 
peaks of the 2-methyl group in (2C) and (3C) have almost 
identical chemical shifts and this explains why we could 
not obtain direct n.m.r. evidence of the 15% (2C) formed 
in the reaction mixture. 

1,3-DimethylindoZe (1F) .-Compounds (1F and D) are 
particularly suitable for clarifying the importance of 
$so-attack and subsequent rearrangements in the 
acylation reactions, but the results for the former are 
easier to interpret and are discussed first. 

The widespread occurrence of +so-attack, i .e .  attack 
of the electrophile a t  the carbon atom bearing an alkyl 
substituent , is increasingly recognized in halogenation l3 
and nitration.l* Despite steric inhibition, this mech- 
anism is favoured by the electron-donating power of 
the substituent, especially when the non-aromatic 
structure so formed is highly stabilized by resonance 
effects. The preliminary attack is usually followed by 
rearrangement to a side-chain position, giving what is 
called non-conventional substitution, as in polyalkyl- 
benzenes and heteroaromatic analogues,15 or to another 
nuclear position, as previously seen both in other hetero- 
aromatic compounds,16 and in the indole nucleus by 
Jackson and his co-workers, who claim that alkylation 
and acetylation of several 3-substituted indoles can lead 
to 2-substitution only via this p a t h ~ a y . ~ ~ ~  

The g.1.c. analysis of the reaction mixture in DCE 
shows (Table 1) that the only significant product, formed 
in ca. 50% yield, is the expected 1,3-dimethy1-2-trifluoro- 
acetylindole (6F), besides the unchanged substrate and 
traces of a dimeric derivative. However, this result is 
not sufficient to clarify whether the product is obtained 
by direct attack at C-2,4917 or via the mechanism proposed 
by Jack~on ,~  or even by rearrangement from a prelimin- 
ary attack on nitrogen,l* but the lH n.m.r. study can 
explain this matter. 

In fact (Table 2) the substrate disappears completely 
immediately after mixing, as indicated by the absence of 
the N-methyl peak at 6 3.28, and a single compound is 
formed, whose NMe and 2-H signals are slightly shifted 
downfield. This structure is stable for several minutes 
at 0 "C. Only after that time or on increasing the probe 
temperature do two new singlets appear a t  6 3.90 and 2.60, 
easily identified as the methyl groups of the 2-trifluoro- 
acetyl derivative by comparison with the spectrum of the 
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isolated specimen of (6F), identified by the absence of the 
2-H signal in the lH n.m.r. spectrum, and the carbonyl 
frequency (VCO 1 670 cm-l). At the same time the reac- 
tion mixture darkens in the probe whilst other singlets 
begin to increase in the region of the aliphatic methyl 
peaks and the signals of the intermediate decrease 
(integration of 2-H over the homocyclic protons). 

The mechanism shown by spectral and g.1.c. data is 
consistent with that depicted in the Scheme. In the 
presence of a substituent a t  the nitrogen atom attack is 
totally directed on C-3, in spite of the substituent it 
bears, to form the stable ion pair (5F) immediately. Its 
spectrum (Table 2) is compatible with that of the similar 
structure (5G) illustrated previously,6 except that the 3- 
methyl peak is not shifted upfield with respect to (lF), 
but in this case we can easily assume that the shielding 
effect due to the loss of aromaticity is completely balanced 
by the deshielding effect due to the presence of the 
COCF, group, and we have previously seen that this 
balance does not always give the same re~u1t . l~  

The ion pair (5F) slowly rearranges to the final product 
(6F), although it remains the main species present in 
solution, while a small amount of a dimeric structure (4F) 
is formed owing to the electrophilic character of (5F) (see 
indole itself and other substrates with R2 = H). No 
trace of direct attack on C-2 can be observed (the 3- 
methyl peak should have been shifted downfield), thus 
confirming that Jackson's hypothesis is correct. In 
addition, a rearrangement from N-1 to C-2, demonstrated 
for 3-alkyl-l-allylindoles,18 can also be excluded. In 
all cases where the preliminary attack occurs on nitrogen 
the lH n.m.r. spectra show a change in the homocyclic 
proton region (Table 2) which is not observed here. 

The g.1.c. results are also in agreement with this pic- 
ture, as (5F) can readily revert to (1F) during work-up,6 
and this explains the large amount of ' unchanged ' sub- 
strate still present. Furthermore, although the isolation 
of the dimeric or polymeric product (4F) was not attemp- 
ted, the yield of (6F) steeply decreases in the presence of 
excess of substrate, that suggests that the ion pair does 
not take part in the slower rearrangement reaction. 

On this basis it seems likely that the formation of the 
2-substituted product obtained in the Vilsmeier-Haack 
formylation 3920921 and acetylation of (1F) also occurs by 
the same mechanism. 

3-Methylindole (1D) .-The product analysis of the 
reaction of (1D) with TFAA in DCE shows (Table 1) 
almost exclusive formation of the N-trifluoroacetyl 
derivative (2D) (vco 1715 cm-l), besides very small 
amounts of side products with a tendency to give polymer 
(4D), as already observed both with (1D and F).20 The 
IH n.m.r. spectrum at the point of mixing in CCl, is in 
keeping with these observations, owing to the downfield 
shift of all peaks, especially those of 7- and 2-H, as 
occurs for all substrates substituted directly a t  the 
nitrogen atom. The spectrum does not change further: 
evidently, proton loss from the ion pair leading to (2) is as 
fast as it is from the ion pair (5) when R3 = H, whereas 
when R3 = alkyl structure (5) has a much longer life. 

Nevertheless the spectrum of (2D) in the reaction 
solution is somehow peculiar, as the integration of the 
peaks indicates the presence of six protons and the 3- 
methyl group signal is a doublet. Clearly, possibly 
because of the higher basicity of this compound, (2D) 
is protonated, and protonation occurs a t  C-3, as demon- 
strated by the doublet observed for the conjugate acid 
of (1D).22 This is the only case where the proton lost by 
the nitrogen is observed to be immediately taken up by 
c-3. 

No evidence is found for the formation of (6D), via 
rearrangement from (5D), although ca. 5% of 2-sub- 
stitution had been observed in Vilsmeier formylation 
and acetylation., Again this result should arise from 
the preference for TFAA to interact with the nitrogen 
atom, so that very little electrophile is directed to  C-3. 
The predominance of N-substitution was already ob- 
served in Vilsmeier formylation under preparative con- 
ditions,= and the exclusive formation of the 2-sub- 
stituted derivative found by other authorsm can prob- 
ably be attributed to the hydrolysis of the N-CHO 
derivative during the alkaline treatment of the reaction 
mixture. 

2,3-Dimethylindole (1G) and 1,2,3,4-Tetrahydrocar- 
bazole (1H).-The results for (1G) were reported in the 
preliminary account and can be briefly summarized as 
follows. Upon mixing, the substrate is completely 
consumed and a 1 : 3 mixture of (2G) and (5G) is im- 
mediately formed. The indoleninium ion pair (5G) is 
fairly stable for some minutes a t  0 "C, then it slowly loses 
a proton to give the methyleneindoline (7G), which 
rapidly undergoes further substitution leading to (8G), 
whose appearance is observed in the lH n.m.r. spectrum. 

On the other hand, g.1.c.-m.s. product analysis shows 
a large amount of unchanged substrate, with (2G) in 25% 
and (8G) in 10% yield. However, the reaction mixture 
before work-up contains a lower amount of substrate and 
ca. 20% of a more volatile monosubstituted product 
which could not be isolated. Since (2G) does not react 
with TFAA to give (8G) we concluded that this product 
was the enamine (7G), which ought to be very reactive, 
as its n.m.r. signals could not be identified. In spite of 
the apparent difference, the g.1.c. results are in agreement 
with the n.m.r. data, provided, as seems likely, that (5G) 
readily reverts to (1G) in the presence of water and loses a 
proton under the g.1.c. conditions to give (7G). 

Besides the formation from (5G) of the two products 
(2G) and (8G) , the n.m.r. spectrum of the reaction mix- 
ture in CCl, showed the formation of a smaller amount of 
a third product (tiyo), which was not isolated, but whose 
characteristic peaks are a singlet a t  6 5.54 and a methyl 
signal very close to that of (8G). In view of the close 
similarity of this spectrum with that of the main product 
of the reaction with 1,2,3-trimethylindole (Table 2), we 
assumed structure (9G) for this product. Therefore it 
appears that the reaction of the second TFAA molecule 
a t  the enamine group of (7G) is just a bit slower than 
direct substitution at the nitrogen atom leading to 
(8G) * 



The behaviour of this substrate is particularly suitable 
for pointing out some specific mechanistic patterns of 
indole substitutions. First, it shows the close com- 
petition between direct N-attack and @so-attack at C-3. 
Clearly, ortho-activation by the 2-methyl group on the 3- 
position overwhelms the attraction of the reactant for the 
nitrogen atom. Secondly, it indicates the importance of 
the presence of a 2-methyl group in the subsequent steps 
of reaction. The low acidity of the 2-methyl hydrogens 
allows the formation of the enamine (7G), the reaction of 
which with a second molecule of TFAA is so fast that the 
rearrangement of the electrophile from C-3 to the side- 
chain position (2-CH,), observed in the systems of benzo- 
furan and benzothiophen,15, l9 cannot occur. 

When the two methyl groups linked to C-2 and -3 are 
substituted by a four-membered aliphatic ring as in 
(lH), the reaction takes a much simpler pathway. Both 
g.1.c. and n.m.r. data indicate that the only product im- 
mediately formed in high yield (80%) is the N-sub- 
stituted derivative (ZH), as again indicated by the amide 
carbonyl frequency (vCo 1717 cm-l) and by the large 
downfield shift of 7- and 1-H. Clearly, in this case steric 
hindrance due to the presence of the methylene chain, 
which cannot adjust its position as freely as a methyl 
group, depresses the rate of ipso-attack and the com- 
peting N-substitution is again favoured. 

1,2,3-TrhethyZindoZe (1 J) .-Trifluoroacetylation of 
this substrate has already been studied in ben~ene .~  
The main product was 1-( 1,3-dimethylindo1-2-y1)-3,3,3- 
trifluoropropanone ( lOJ ) ,  in the presence of ca. 30% of 
the two geometrical isomers of the unstable 1,3-dimethyl- 
3-trifluoroacetyl-2-trifluoroacetylmethyleneindoline (9 J) . 
The formation of the latter is favoured by increasing the 
temperature and by an excess of TFAA. Our system- 
atic investigation is in agreement with these results and 
the mechanistic hypothesis suggested therein, but it also 
gives experimental support to new relevant features of 
the reaction. 

In fact, g.1.c.-m.s. analysis of the reaction mixture 
confirms (Table l), besides a large amount of unchanged 
substrate, the presence of two main products, one of 
which ( lOJ )  (m/e 255) prevails over the other (9J) (mle 
351). However, analysis of the crude mixture before 
work-up shows that (9 J) is the almost exclusive product 
and only a very small amount of (lOJ)  is formed. The 
two products were isolated by preparative g.1.c. and it 
could be observed that (9 J) is unstable and slowly changes 
to ( lOJ ) ,  probably because of traces of moisture. 

The lH n.m.r. spectra of the reacting mixture, although 
difficult to interpret, gives valuable information, and 
therefore the reaction was carried out in CCl,, CDCl,, and 
C6D6. Immediately after mixing the reactants in CCl, 
at 0 "C the absence of the peaks of (1J) indicates no 
starting material. Instead (Table 2), outside the 
aromatic region the spectrum of the mixture shows a 
singlet at 6 5.63, five more singlets in the methyl region 
(at 6 3.55, 3.32, 2.27, 2.20, and 1.68), and two small 
broad singlets at 6 3.97 and 2.67. 

Comparison with an authentic specimen of ( l O J )  
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permits the exclusion of this product in the organic 
medium. Therefore, in agreement with the g.1.c. results, 
it is concluded that the side-chain-substituted derivative 
(10 J), which is eventually obtained as the main reaction 
product after work-up, is formed only after the inter- 
vention of water, by hydrolysis of (9J). Accordingly, 
the possible rearrangement of (75) to (lOJ)  does not 
occur in the organic solvent, as already observed in the 
reaction of (1G). 

The spectrum in CCl, of the isolated specimen of the 
unseparated geometrical isomers 2 and E (called cis-s- 
cis and trans-s-cis in ref. 9b) of (9J) indicates that it is 
responsible for the presence in the reaction mixture of 
the peaks at 6 5.63, 3.55, 3.32, 2.20, and 1.68. A careful 
analysis of the peak integrations of spectra relative to 
diverse experiments at various times shows that the 
singlet at 6 5.63 (methyne) is related to the methyl 
groups at  6 3.32 and 1.68, whereas the methyne signal 
related to the methyl groups at 6 3.55 and 2.20 is hidden 
behind the aromatic peaks (6  ca. 7.20). 

This spectrum should be due to the 2-isomer (the 
higher priority groups lie on the same side of the double 
bond, so that the COCF, group is near to the NMe group), 
since the methyne proton is largely deshielded by the 
effect of both COCF, groups, and also the N-methyl 
signal is shifted downfield with respect to the other 
isomer, because of the nearness of the a-trifluoroacetyl 
group. The relative shift of the 3-methyl groups (un- 
attributed in ref. 9b) is less obvious: it seems that when 
both the COCF, groups are close to 3-methyl (E-isomer) 
the molecular geometry requires that their inductive 
effects are balanced by their anisotropic effects. 

The experimental E : 2 ratio is always between 2 : 1 
and 3 : 1 and does not change appreciably with time, 
although it varies slightly in each experiment, at variance 
with the ratio 8 : 1 reported in ref. 9b. As in this work 
no other evidence of the existence of the two isomers 
could be obtained (the i.r. spectrum shows only two 
carbonyl bands at 1 750 and 1 650 cm-l) and any attempt 
at separating them by chromatographic methods failed. 
Only the g.1.c. analysis on a LAC 728 column indicated 
that the specimen of (9 J) was not unique, but the separ- 
ation was insufficient for preparative purposes. 

In the lH n.m.r. spectrum of the reaction mixture in 
CCl, (Table 2), after the identification of the two isomers 
of (9 J), one should expect that the major species present 
is the ion pair (5J), both by analogy with other sub- 
strates and to justify the presence of a large amount of 
unchanged substrate in the g.1.c. analysis. Since the 
signals left unattributed cannot support the structure 
(5J), we assumed that some peaks of the ion pair could 
have the same chemical shift as those of (9J). In order 
to clarify this point we studied the solvent effect on 
chemical shifts by also carrying out the reaction in 
[2HJbenzene and in CDCl, at room temperature. The 
results, in terms of products and mechanism, are almost 
the same as in CCl,, although the reaction is much slower 
in benzene and slightly faster in chloroform. Therefore, 
even in these solvents, and without excess of TFAA,' 
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(10 J) is not formed in the organic medium, but only after 
work-up by hydrolysis of (9 J) . 

In fact the spectrum of the reacting mixture in CDCl, 
shows the expected seven methyl singlets and the signals 
belonging to each structure are attributed by com- 
parison with an authentic specimen and by peak integr- 
ation. (E)-(9J) is'responsible for the singlets at 6 5.84 
(CH), 3.51 (N-Me), and 1.78 (3-Me), while (2)-(9J) 
generates signals at 6 3.67 (N-Me) and 2.27 (3-Me). 
The peaks of the indoleninium ion pair (5 J) resonate a t  6 
4.19 (N-Me), 2.89 (2-Me), and 1.94 (3-Me), the relative 
amounts of the three components being similar to those 
in CC1,. 

The spectrum in C,D, shows, besides the methyne 
singlet at 6 5.67, nine typical methyl peaks. Again 
from comparison with authentic specimens and peak 
integrations we can elucidate the structure of (E)-(9 J) 
(6  5.67, 2.71, 1.60), (Z)-(9J) (6 3.16, 2.05), and (5J) (6  
3.63, 2.35, 1.55 as being present in the mixture). 

Accordingly, the methyl signals of (5J) in CCl, should 
be at 6 3.55,2.27, and 1.68, in agreement with the results 
for (5G), i.e. the 3-methyl peak is shifted slightly upfield 
with respect to the substrate, whereas the 2- and N -  
methyl peaks are shifted downfield. This attribution of 
the peaks was also confirmed on adding benzene (or 
chloroform) to the CCl, mixture, and considering the 
specific shielding (or deshielding) effect induced by the 
added solvent. 

Two more signals in C,D, at 6 3.05 and 2.15 belong to 
a product present in much lower amount, and can be 
related to the two broad singlets present in CCl, at 6 
3.97 and 2.67. Since in these media the reaction mixture 
darkens much more than in CDCl,, we might tentatively 
attribute these peaks to the remaining methyl groups, 
present in some polymeric material. 

The whole mechanistic framework of trifluoroacetyl- 
ation of (1 J) is in keeping with the general Scheme. The 
preliminary ifso-attack of TFAA at  C-3 leads to the 
stable ion pair (6J), which loses TFA to yield (75). 
Further attack of TFAA gives (9J) (2- and E-isomers), 
which yield (lOJ)  on contact with water. 

Our results are in good agreement with those reported 
in ref. 9, except that we demonstrated that ( lOJ)  is 
formed only after work-up. It seems likely that the 
reaction of other substrates, and especially N-methyl- 
1,2,3,4-tetrahydro~arbazole,~ proceeds in the same way. 
Moreover, we could clarify the spectra of the two isomers 
of (9 J), as the 3-methyl peaks were unattributed and the 
methyne proton of the 2-isomer was not quoted at all in 
the cited paper. 

The results on the trifluoroacetylation of (1 J) seem to 
be in contrast with the previous studies on the Vils- 
meier-Haack formylation and acetylation,, where the 
products were reported to be the 6-acyl derivatives. 
These two reactions were therefore re-examined and the 
results published in a preliminary account.21 It was 
shown that, whereas the acetylation reaction gives the 
product substituted at  the homocyclic ring, the formyl 
group substitutes a proton of the 2-methyl group giving a 
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structure similar to (lOJ).  Therefore it seems reason- 
able that the mechanism illustrated in the Scheme has 
general validity for electrophilic substitution of 1,2,3- 
trimethylindole, provided that the steric requirements of 
the electrophile does not render ijso-attack much slower, 
thus making 6-substitution predominant. Work is in 
progress to obtain further evidence for other electrophilic 
react ions. 

ConcZzcsions.-This work indicates that, although 
different products are given by each substrate, the 
mechanism of trifluoroacetylation for all the indoles 
studied can be described by a single mechanism. 

Attack at C-3 and direct N-substitution compete 
closely. The latter prevails when R1 = H, whereas the 
fate of the intermediate indoleninium ion pair depends 
on the presence of alkyl groups at C-2 and -3. When R3 
= H almost exclusive 3-substitution is observed, while 
if R3 = alkyl and R2 = H the rearrangement of 
the electrophile from C-3 to -2 becomes important. 
When both R2 and R3 = alkyl a reactive methylene- 
indoline is formed, which rapidly undergoes further sub- 
stitution either at nitrogen (R1 = H) or at the enamine 
group to give the Fisher base. A side-chain-mono- 
substituted aromatic product is obtained from this base 
only after the usual work-up, so that the non-conventional 
substitution can be ruled out. 

It appears possible that the same mechanism can 
also apply to other electrophilic substitutions of indoles. 
In particular a close similarity exists between the 
trifluoroacetylation and Vilsmeier-Haack reactions. 
However, somewhat different results obtained for the 
latter point to the importance of the steric requirements 
of the electrophile and perhaps also the relevance of the 
acidity of the organic medium. 

Quite an important feature of this study is the first 
spectral evidence for preliminary +so-attack at C-3 and 
subsequent rearrangement of the COCF, group to C-2 in 
the reaction of 1,3-dirnethylindole, thus confirming 
Jackson's mechanistic hypot hesis. 7-9 Accordingly, those 
parts of the discussion on partial rate factors (derived 
from rate constants and product distribution) in the 
acetylation of indoles reported in our previous work4 
involving the reactivity at C-2 are probably in error, 
since the rate-determining step might also be the re- 
arrangement reaction in that case. Nevertheless the 
rest of that work does not appear to be affected by the 
results of this study and is, therefore, to be considered 
still valid. 

EXPERIMENTAL 

Materials.-Compounds (1 A-E, G, and H) were com- 
mercial samples purified by distillation or crystallization, 
while (1F) ** and (1 J) zs were prepared according to literature 
methods. The lH n.m.r. spectra of all substrates in CCI, at 
room temperature are recorded in Table 3. The solvents 
were purified by standard procedures. Commercial TFAA 
was used without further purification. 

Reaction Conditions.-A solution of the substrate was 
added dropwise at 0 O C  (ice-bath) to a stirred solution con- 



TABLE 3 

temperature (6 values) 

final concentration of both reactants was ca. 0 . 5 ~  in 0.6 ml, 
was put into an n.m.r. tube and placed in the probe of the 
instrument a t  0 "C. An equimolar amount of substrate in 
CCl, a t  the same temperature was added to the cold tube 
and the spectrum taken several times, a t  intervals, at 0 "C. 

6.41br ('1 5*92 6*50-7*10 7.30 The temperature of the probe was then raised to room tem- 

3.10 2 . 0 ~  5.95 6.70-7.05 7.26 perature and the spectrum again taken immediately and 
3.11 6.22 2.19 6.75-7.10 7.68 after some time, Chemical shifts are accurate to within 0.3 

3.20 2.12 2.05 6.75-7.02 7.25 Thanks are due to the Italian C.N.R. for financial support, 
to Dr. G. V. Sebastiani for helpful discussions, and to 

lH N.m.r. spectra of the substrates in ccl, at 

7-H Compound NR1 2-R2 3-R9 ArH 

6.58 2.26 6.85-7.10 7.35 
(1C) 
(ID) 
(1E) 
(1F) 
(1G) 
(1H) 
(1 J) 

2.05 2.02 6.52-7.05 7.20 p.p.m. 
2.58 1.83 6.75-7.40 

0 4 H, m, 1- and 4-H,. b 4 H, m, 2- and 3-H,. 

TABLE 4 

Spectral data of the trifluoroacetylated products of indoles 
N.m.r. chemical shifts (6 )  

NR1 2-R2 3-R3 
2.68 6.42 
2.75 

2.25 
3.65 2.68 
3.90 2.60 

2.42 2.12 
4.85, 5.75 e 1.70 
2.92, 2.62, 1.90 f 

3.42 6.75 1.75 
3.65 ca. 7.20 2.25 
3.52 4.12 3 2.25 

ArH 
7.10-7.45 
7.10-7.50 
7.00-7.40 
7.10-7.40 
6.90-7.25 
6.95-7.35 
6.95-7.45 
7.02-7.30 
6.85-7.65 
6.85-7.65 
6.90-7.25 

-GHT 
7.90 
7.95 
8.23 
7.96 
7.58 
7.71 
7.78 
7.82 J 

i 
i 

7.40 

mle 
(70 eV) 

227 
227 
227 
227 
24 1 
241 
337 
267 
361 
361 
266 

vco/cm-l 
1730 
1620 
1716 
1 666 
1670 
1716 

1 700, 1 760 
1717 

1660, 1760 
1660, 1760 

1770 

a CCl, unless otherwise stated. CDC1,. C [2H,]Acetone. Ref. 6. e Doublets, 1 H each, 2-H,. f 2.92 (2 H, m, 1-H,), 
2.62 (2 H, m, 4-H,), 1.90 (4 H, m, 2- and 3-H,). 8-H. A 1 H, s, CH. i Within ArH. 3 2 H, s, CH,. 

taining a slight excess of TFAA, in order to allow for its high 
volatility and ready hydrolysis, so that the final concen- 
tration of the reactants was ca. 0 . 5 ~ .  After completing the 
addition the mixture was allowed to stand for ca. 0.5 h at  
room temperature. A portion of the mixture was then 
analysed as such, whereas the rest was worked up as usual 
with NaHCO,. I t  should be pointed out that the reaction 
conditions were kept the same for all the substrates, to make 
possible the comparison of the results, and therefore no 
attempt to optimize the yield of trifluoroacetylated products 
was made. 

Product A naZysis.-The concentrated residues of the 
organic layers of each reaction were analysed by g.1.c. on a C. 
Erba G.I. fractometer (f.i,d.; stainless steel column 2 m x 
4 mm packed with 10% silicone SE-30; temperature 130- 
180 "C). Benzophenone was used as internal standard. I t  is 
noteworthy that the introduction of a COCF, group linked 
to an aromatic carbon decreases the volatility over the sub- 
strate, whereas the N-substituted derivatives and, even 
more, the indoline structures exhibit a much higher vola- 
tility. 

G.1.c.-m.s. analyses were made on a Varian 311A instru- 
ment operating a t  70 eV. 

1.r. spectra were recorded on a Perkin-Elmer model 257 
spectropho tomer . 

TrifEuoroacetyZated Products.-The products formed from 
(1A and B) were described in ref. 5. All the other trifluoro- 
acetylated products, synthesised here for the first time, 
were prepared under the conditions described above and 
isolated, usually, by preparative g.1 .c. Their characteristic 
spectra data used for identification are listed in Table 4. 

N.m.r. Studies.-N.m.r. spectra were recorded on a 
JEOL C-60 HL spectrometer with tetramethylsilane as 
internal standard. A solution of TFAA in CCl,, so that the 

Messrs. C. Bastianelli and G. Gambini for recording the 
n.m.r. spectra. 
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