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Abeh&--‘The srability of electron donor-acceptor compkxcs formed. in CDCI, solutions, between ddTerenrly~ 
substituted indoles t 1-. 1. and 3.Me. EI. i Pr. LRu. OMe. SMe. COOEU and 1.3,S%imtrobcn~enc. I..l-dmitrohcn~ 
acne and their derivatives was investigated by ?IMR of the accepta’s protons. From magnetically noncquivaknt 
protons of the acceptor. differcn: association constants K for one complex formation could bc measured in many 
cases. but only aromatic protons led to rciiabk’ K values. 

Many papers have dealt with the formation, in solutions, 
of molecular complexes between indok donors and or- 
ganic *-acccptOrs,‘a p~ticu~~ly ~lynitro~omati~ 
oompounds.‘.6 WC have previously studied charge-trans- 
fer (CT) complex formation between a large series of 
indok derivatives and chloranit as electron acceptor, and 
evaluated their association constants solely by electronic 
spectroscopy from CT bands in the visibk range* When 
the acceptor molecule possesses hydrogen atoms, cam” 
plex formation with a donor can easily be investigated 
using the NMR method.’ We have used this method in 
the present work to determine, in CDCI, solution. the 
stab&ties of electron donor-acceptor complexes formed 
between I-. 2 and 3substituted indoks’ (A) and severai 
~lynitro~omatic acceptor com~unds, i.e. I .3,5-trinL 
trobenzene (TNB), 2,~,~t~nitroaniso~ fTNA) and t,,4,4- 

t~nitrotoluenc (TNT). We have also investigated complex 
formation with 2-methylindole as electron donor and 
1,3_dinitrobentene or its S-substituted derivatives (5- 
OMe. 5CN. SCOOMe) (B) as electron n-acceptors. As 
all the acceptor molecules, except TNB. bear mag 
netically non-equivalent protons, the NMR method could 
be used for distinct measurements of the association 
constants. 

Association constants K were determined for I: 1 
complex formation according to the equi~ib~um: D+ 

A&DA. Thus, for a series of solutions containing the 
acceptor A at a fixed concent~tion (Ah and the donor D 
at various concent~tions (D), (with (D)o%(A)& we 
measured the chemieat shifts 6 of one species of ac- 
ceptor’s protons. Then we could determine K and &, of 
the relation 1, by plotting the observed values of hi(D), 
against A”. 

g$ - -K.A t K.&, (1) 

where A=&. 6. and &=&,-6n4. 6, and St,,, are the 
chemical shifts of the acceptor’s proton. in free acceptor 
and complex respectively. 

+Prcliminary results of thrs rrudy were presented tn a note (Ref. 
b1. 

Foster and Fyfe’ made the first determinations. by 
NMR spectroscopy, of association constants for com- 
plex formation between indole or its derivatives and 
TNB. It was interesting to extend this study to a larger 
series of indok derivatives (A). i.e. substituted in .I, -2 
and -3 position by alkyl. OMe, SMe and COOEt groups, 
in order to investigate the electronic and stcric factors 
affecting stability of the complexes. 

As shown in Table I. K,, values for equilibria invoi- 
ving the indoie-TNB complexes are very dependent on 
the indoie’s substituent and the position of the fatter on 
the indole nucleus. ParticularIy, the large effect observed 
upon varying the position of a substituent in -1. -2 or -3 
of the heterocycit seems to be consistent with the lo- 
cahration of the acceptor molecule next to the CtZj-Ct3) 
bond of the donor.‘.‘ However, as anticipated from 
donor-acceptor interaction energies, an eiectrodonor 
substituent always increases the stability of the complex 
and an electroattractor lowers it. This clearly appears 
from the Krss vahres obtained for methylindoie and 
ethoxycarbonylindole complexes respectively. as corn. 
pared to the indoie complex. The KtY8 values (Tabic I) 
for indole, 2-mcthyiindole and 3-methylindole-TNB 
complexes, at 2?, compare well with those reported,’ at 
33.5” in CDCh solutions. Moreovtr, when the size of the 
clectrodonor substituent increases from Me to I-Bu, the 
stability of complexes generally decreases, ~thou~ this 
steric effect can be minimized by larger eicctrodonor 
ability. as observed for i-Pr substituent. Big suhstituents 
on the indole donor. keeping the TSR acceptor motecuie 
at a distance. can obviously lower the stability of the 
complexes. Specific interactions between the donor’s 
substituent and the acceptor can also contribute to the 
stability of the complex: c.g. OWe and SYe groups can 
interact with ekctron acceptors by their lone electron 
pairs.‘* ‘* On the whole. as KTNe values of Table I are 
not easily retated to the structure of the indote donor, we 
shah only compare indole derivatives substituted at the 
same position. 

ti) Substitution of indoie at the I-position gives the 
K values order: COOEt < Et < H < Me. Actually, the 
staNbties of indok and I-alkylated indole-TN~ com- 
plexes are very simiiar. and the substitution effect is 
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Tahk I. r\ssociauon constants K ,.,, lmok ‘I) and L,,, (Hz) lrcistion I) for rhc 
corn&xc\ of mdoiec iA) wth TBB. in (‘DCi. at 2P 

m R, 

I (A) 

N R, 
I 

K,.K, or K, K: = K, = H K, .J K,: H K, = K, = H 
of (Al K, K: K, 

K,,. &mm Krs. Smnr K,,. Lw. 

H t: I.40 98 
(‘H, 2: 145 101 5: 1.75 120 11: 1.90 130 
C:H, 3: I XI 97 6: I.25 9s If: I46 IO? 

Cfi(CH,f: 1: I.67 90 13: I.12 113 
WH,,, 8: 1.14 Ry 14: 0.71 97 
COW~H, 1. O.RS 94 9: 0.58 52 

OXH, IS- I.20 82 
SCH, 10: I.01 lv 16: 094 6-l 

significant for the highly elccfroattracior COOEI group 
only. 

(ii) Substitution at the 2position of indolc leads to the 

K r._,, values order: CWEt < SMc < t-Bu < Et < H < i- 
Pr < MC. The weaker stability of the ethyl 24ndolecar 

~xyfate-TNB complex is consistent with the low elec- 
tron density at (he C&C(31 bond of the indole con- 

jugated with 2-COOEt group. The 2SMe group on the 
indole donor also hinders complex formation, mainly by 

steric effect. The order of stabihtics of the indole and 
2-alkylated indole-TSR complexes shows the combined 

effect arising from both electrodonor capacity and stcric 

interaction of alkyl substituents: the former seems to be 

prevailing with Me and i-Pr groups. and the latter with 

t-Bu and Et groups. However. the stability of the Z-ethyl 
indolc-TNB complex is surprisingly low, so that the 

order of our KrVs values differs for instance from that 

reported for alkylbenzene-TNB complexes:” t-Ru < H < 
i-Pr < Me = El. 

(iii) Substitution of the indole at position -3 gives the 

following Krsa values order: t-Bu < SMc < i-Pr < OMe < 
H < Et < Me. This shows especially predomi~nt steric 

effect of the 3-atkyl substitucnt within the 3-aikglated 

indoles’ series. 
The variable influence of an indole substituent, ac- 

cording to its nuclear position. upon the stability of 
indole-acceptor complexes was known before.“ Thus, 
constants of association of S-methoxyindole and its I- or 

2-alkylated (Me. Et) derivatives with TNB have been 

reported by Sung and Parker.” The K$‘r vah~cs of 

these authors are linearly connected to our Krhll values 
for indole and I- or ?methyl(cthylJindole-TNB com- 

plexes (Fig. I ). This good correlation leads us to suppose 
that the S-QMe indole substitucnt does not act sterically 
or specifically with TNR (this is consistent with an 

acceptor’s limitation near the C(2J-C(3) bond of in- 
dole), but increases the stability of all indole-‘rN~ 
complexes by the same + M electronic effect transmitted 

through the benzene nucleus of the donor. Moreover, 
Green and Malrieu” computed, in different ways. the 
indoles’ ability to form donor-acceptor molecular com- 

plexes. and could connect this property with electronic 
superdelocalizability at C-3 from an inductive model of 
the indole. The order of stabilities of the methyl-indolcs 
CT complexes found by calculation” (H < I-Me < 3- 
Me < ~-MC) does not agree fully with our Krsa values 
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Fig. 1. Plots of K:::Y for the ~.~rhoxyindoie~.T~B compkres 
vs Kc,, for the coneqmdinp mdoles-TNB complexes. III 

CDCI, at _V. 

(H < I-Me < t-Me< 3-Me) nor with those reported by 

Foster and Fyfe.’ 
Study of the indole-TNB complexes by spectroscopy 

in the visible range would have been very useful lo 

confirm (heir association constants. The two methods, 
NMR and electronic spectroscopy, sometimes have led 
IO distinct constants’ vah~es.‘~ Unfortunately. CT bands 
for our indole-TNH complexes m CHCL are largely- 
masked by absorption bands of the acceptor. However. 
from the CT band of 2-methyiindole-TNR complex 

(Amu = 3Y0 nm, f 7 R20) we calculated: K= 

1&l t 0. I mol ’ 1, as compared to: K = 1.3 mol ’ I, using 
the NNK method. 

Molt- T!VA complexes 
Magnetically nonequivalent protons of the TNA 

acceptor allow distinct determinations of association 
constants for the indole-TNA complexes. The Iwo lyprrc 

of values, determined from aromatic protons (Kg”,,) or 
from protons of the OMe group (K&J. are reported on 
Table 2; they generally differ. Multiplicity of association 
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l’ahle ! Assoclalwn conclanlr K,,, (mole ’ I) and &WA (Hz) (relalron I) for the complcxc5 of mdolcs (AI with T&A. tn 
CIXI, at LT. evaluated from aromatic (Arl and IK’H, (&I protons of TE;A 

R, : R, = H R, .: R, = H 
Ehctiluanl R, R: 

R, - R, H 
R, 

(‘II, 0.03 II6 022 73 0.73 x2 036 4b 0 75 

c’..H. 046 I IO 0.20 7! 0.53 90 0 !O 54 046 
CHICH,): 0 b? III 0.30 06 048 
(‘I( H,,, 0.51 90 0.30 6h 0 !X 
Co0C’:H. 0.35 98 0.18 56 O..M I!’ 01’ YI 
(W’H, 0.C 
S(‘H. 040 % 0.40 ‘7 I1 4u 

loo 0.u) b? 

II8 020 x7 

100 0.20 ?3 
I?i 024 IUJ 

II2 02X ns 

XI 0.26 b0 

consrants’ values, arising from magneIically different 
proton\ of the acceptor. was reported before.“.-” and 

received several explanation\. Klinck and SIoIhers.” 

Orgel and Mullikcn,‘-’ supposed IhaI xveral isomcric I : I 
complexes may be formed at once. Dodson and Foster.” 

on the other hand, accounted for the multipliciry of 
a\sociaIion conslants by suggesting Ihe formarion of 

come 2: I complex together wiIh Ihe I : I complex. Foster 

tv rd...“ more recenrly. confirmed Ihis, and questIoned 
many previous determinarions of complexes’ association 

conrlanls. 
If WC consider (when (D)*(A)) the IWO equilibria 

leading IO I: I (DA) and 2: I (Dgl) complexes: D+ 

AAD.\. and ?I> + A ADzA. the NMR method leads 

IO only one apparent consIanI K value, diffcrcnr boIh 

from K, and K:; ir is generally depcndenr on the 
conccnIraIion rang\. For this reason, Foster and Fyfc‘ 
hate proposed IO inverl the donor and acceplor parts in 

the h’MR mcrhod. i.e. IO measure the chemical shifrs of a 
proIon of the donor a~ one low concenIraIion. for dif- 

ferenr high concentrations of Ihc acceplor. Howcvcr. with 

indolc donors. difficullies could arise from the com- 

plexiIy of Ihcu SMH spectra. Therefore WC mea\urcd 
Ihe sIabiliIg of the ?-mcrhylindole-TN.4 complex. in 

CIX‘I, \oluIions: Ihe chemical shift\ of rhe 3-H of indolc 
nucleus led IO the association constant: KY,, : 
O.65 z O.O.( mol ’ I (r = 0.9X8). This value is rcasonabl) 

near IO that previously dcrcrmined: K& = 0.73 mol I I 
from the aromalic proIons of ‘TS.4. but is clearly 

differen from thaI dcrcrmined from the proIons of OYc 

group of Ihis acceplor: KY:, = 0.36 mol ’ I. We can infer 
Ihercform IhaI. aI leas1 in [hat case, only a I : I complex 

is formed, aI all conccntralions of donor and acceptor. 

We also observe IhaI only measurements of the chifIs of 
the aromaIic proIons of Ihe accepIor give reliable value\ 
for the associalion constanr. Craenen, Vcrhocven and dc 

Rlxr” already commenIcd within, afIcr evalualing. both 

by SMK and electronic specrro\copy, Ihe sIabiliIics of 
\ome complexes formed wiIh methyl 2.4.&Irinitroben- 

zoate as acceptor. Csing the NMK method. association 

constants determined from the aromatic proIons of the 
acceptor only proved IO be in agreement with values 

obtained by electronic spectroscopy. whereas those 

evaluaIcd from proIon\ of the C’OOMc group were nor. 
‘Ihe\e authors concluded IhaI Ihc reference proton\ 

ought IO be close IO the cenIre of the molecular complex 
Similarly. for the indolc-TNA complexes. comparison 

between .!&, and At;,., show\ (Table 2) IhaI Ihe 
aromalic proton\ of lhc acceptor are closer lo the ccnlre 

of the complex than the protons of the OMe group. and 

WC can expect that rhe K?,,, values of Table Z are the 
most significant ones. This was ascertained by plotting 

K$., and KE:, values against K,,. values: only rhe 
former *erc connccrcd linearly with K,..,, (l+g. 2). 

according IO relation 2. The lesser stability of the indole- 
‘I’NA complexes a\ compared with the indolc-‘I’NB 

complexes may be explained by the smaller charge of the 
benrene nucleus for TSA.” 

Fig. 2. PIoI\ of KX’,, and KX, for hr complexes of Indoles I.41 u-lth TN.4 or TS‘T. re\prcllvel). YS K,,. for rhc 
concrpondmg mdolec-TSR complexes. m C’IX’I, a~ 27” 



Indolc- TNT complexes 
The association constants of some indole-TNT com- 

plexes were determined both from aromatic protons and 
protons of the MC group of the acceptor (Table 3). The 
values K& and K$,r show the same discrepancy as that 

noted previously for the indole-TNA complexes. 
However, plotting of K&r and K$ against KNB (Fig. 2) 

shows that only the former may be significant. .Morcover. 

the Kg, vahres fit well with relation 2 for the indole- 
TNA complexes, and we can infer therefrom that TNT 

and TNA have the same ability IO form CT complexes 
with indole and its derivatives. However. this result 

cannot be considered as general; hcxamethylbenzene. for 
instance. gives. with TNT and TNA, complexes of quite 

different stabilities.” Perhaps, specific interactions of the 

Me or OMe group of the acceptor with some donors 

account for the discrepancy. This could be the case for 
2-methyhhioindole. whose complexes with TNT and 

TNA have slightly different stabilities. 

Tabk 3. Association constants K,, (mole ‘I) and 

&r (Hz) (rclarron I) for lhe complexes of indokr (A) 

with TM’. m CM, ar 27. evahrared from aromatic 

(Arr and Cti,(Mc) protons of ‘MT 

H 0.60 

CH, 068 
C(CH,J, 0.49 
SCH, OS7 

9tf 0.33 62 

6u 0.36 39 
lo4 031 70 
7x ’ ’ 

‘Srgnal masked 

Complcres of 2-mtthylindolt with I .3-dinitrobenzene and 
its den’catices 

II proved lo be interesting lo compare 1.3dinitroben 
zene (DNB) and its S-X substituted derivatives (X = 

OMe, C?i’. COWMe) (B) with the trinitroaromatic ac- 

ceptors. Comparison was made only with the good elcc- 
tron donor, 2-methylindole, and the association constants 

of the complexes were determined both from the mag 
netically nonequivalent aromatic protons H-2 and H-S 

(Table 4). It appeared that these constants. Kx”’ and 

K,“‘, were not dependent of the reference ‘aromatic 

Tablcl. Assocrationconstants K. (mol ’ band LfHrj 

frelatron II for rhc complexes of 2.mcthylindole with 

Dh’R and IIS 5.X subsburred derrvarrves (Rj. in CM, 

ar ?P. evaluarcd from H.2 and H-4 of the acceptor 

0,N H(4) 

x (13) 
0.N H(6) 

H 0.23 104 0 24 II5 

OCH, 0 23 Iu) 0.23 110 

COWH, 0.54 g9 0.54* IW 

c’ti I.14 102 I I2 110 

‘From H of OCH, as reference protons. were ob- 

tained: K 7 0.23 mole I ‘. .b = 100. 
Ihc three aromatic protons are magnclrcally 

equivaknr borh in the acceptor and the complex. 

proton of tbe acceptor. contrary to our previous evalu- 
ations from aromatic and non-aromatic protons of TNA 

and ‘TNB. This result is not surprising, since the H-2 and 
H-t of rhe dinitroaromatic acceptors (B) arc. very likely, 

equally close lo the centre of the complexes. 

Moreover. when changing the S-X substituent on the 
DNB acceptor, stability of these complexes increases 
according to the order: X = H 1 OMe < COOMe < CN < 

NO? which is the same as noted before for analogous 
complexes of hexamethylbenzene;% the association 

constants Kx can be connected IO the Hammett’s a. 
values of the 5-X substituent (Fig. 3). 

The above results make it clear that the NMR method 

can give reliable determinations of the association con- 
stants of the 1: 1 donor-acceptor complexes formed 

between very different indoles and several 1,3dinitro- 

and 1.3.5~trinitrobenzene derivatives, provided that the 
aromatic protons of the acceptor arc used as reference. 

Generally speaking, the stability of these complexes 
appears more related IO the electron-withdrawing power 

of the acceptor than to the nature of the substituents in 
-I. -2 or -3 position of the indolc donor. Moreover, the 

lack of correlation between the association constants of 
these complexes and those previously determined’ for 

the analogous indole-chloranil complexes indicates that 

the stability of such molecular complexes cannot be 
simply connected with the respective electrodonor and 

clectroacceptor abilities of the two components. 
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Fig. 3. Plot of log,0 K, for the compk~es of 2.mcrhylmdole wrrh 

I.3dinitroknzenc and its S-X subsutured derivatives f R) vs ~hc 

Hammer! o_ constams for the .Y subsrirucnt. m CDCI, ar 2P 

log,.K, = 0.69-1.24.0,: r=09KR 

Commercmlly no1 available substances were prepared ac- 

cording IO published procedures: indoles 2;” 3;” 6.- 7;- I;’ 
IO.” 12:” 13;” 14;” IS;” 16 n 1.3dlnctro.S.mcfhoxyhenzcne.” 

All the indoles were purified’ jusr before UK. and the nitro- 

aromatic compounds were recrystallixd IU’ICC 
Mixed solutions of rhc donor and the acceptor were prepared 

m pure (99.8%) dcurenochloroform (L’vasot Merck). immediately 
txforc NMR measurements For rhe derermmation of each as. 

\ociarjon consrant. erghr diffaenr concenrrarrons of ~hc damn 

(0.1-2 molllj and a fixed concentration of ~hc acceptor. according 
IO the number of cquivaknr aromatrc prorons (0.02 (3Hr. 003 

f!H) and 0.04 mot/l (IH)). were used. Proton SMR spcclra were 

recorded at 60 MHI on a Jeol C&l instrument. operaring at 
27 z I’. and using TMS as rntcrnal standard Signal frequencies of 

rhc reference protons were dctemnned. wrrh a 0.2 Hz accuracy. 
by the frequency sweep merhod by mean\ of a frequencemelcr 




