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It has been found that acid-catalyzed interconversion of isomeric acetylenic dyes can occur. A discussion of the 
factors which influence the visible absorption properties ahd relative thermodynamic stabilities of pairs of isomeric 
dyes is presented. 

Syntheses of acetylenic analogues of the cyanines have 
been described in earlier papers of this series.’,’ In contrast 
to the cyanines, these compounds are intrinsically unsym- 
metrical. We report here a study of some of the effects of this 
asymmetry upon the visible absorption spectra and thermo- 
dynamic properties of the dyes. 

Spectral Properties. Acetylenic dyes possessing two 
identical heterocyclic nuclei, for example 1, have visible ab- 
sorption maxima hypsochromically displaced from those of 
the corresponding carbocyanines by 30-40 nm. This was in- 
terpreted’ as resulting from energetic nonequivalence of the 
extreme structures l a  and lb. 
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Further, comparison of the structures of 1 and its carbo- 
cyanine analogue 2 by x-ray crystallography’ supports the 

c10,- 
2 

view that l a  is of lower energy than l b  and reflects the dif- 
ferences in geometry between these two dye classes. For 
convenience, extreme structures such as la  and lb  are referred 
to as “acetylene” and “cumulene”. 

Acetylenic dyes containing nonidentical heterocyclic nuclei 
can exist in two isomeric forms, differentiated as in 19 and 20 
by the position of the single hydrogen substituent on the 
chromophoric chain, relative to the heterocyclic nuclei. For 
each of the isomeric pairs shown in Table I, both dyes absorb 
at shorter wavelength than the unsymmetrical carbocyanine 
analogue (e.g., dye 3). However, a more interesting feature of 
these dyes is the difference between absorption maxima of 
isomeric dyes. The structural factors which influence this 
difference may be explained as resulting from the interplay 
of two factors: the lower energy, other things being equal, of 
the acetylene rather than the cumulene extreme structure and 
the relative basicities of the two heterocyclic nuclei in ques- 

tion. Brooker4 has established a scale of relative basicity, or 
ability to stabilize a positive charge, for a large number of 
heterocyclic nuclei. Thus in an unsymmetrical carbocyanine 
3, the extreme structure 3a, in which the positive charge is 
located on the more basic benzimidazole nucleus, is of lower 
energy than 3b. 
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In the acetylenic analogue 19, the tendency for the acety- 
lenic extreme structure to be of lower energy is further rein- 
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forced by the location of the positive charge on the more basic 
benzimidazole nucleus. Conversely, in the isomeric dye 20, the 
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Registry 
no. 

61268-47-1 

6 1268-49-3 

56387-15-6 

61268-50-6 

61268-52-8 

61268-54-0 

56387-17-8 

56387-19-0 

61268-56-2 

61268-58-4 

61 268-60-8 

61268-62-0 

61268-64-2 

61 268-66-4 

Table I .  Isomeric Acetylenic Dyes 

R,C=CCH=R, C10,- 
+ 

Re1 basicityb ~ m a x  % of 
a (CH,CN), LAmax, equilibrium 

- Dyea R2 R, R, basicity nm 

19 

20 

21 

2 2c 

23 

24 

25 

26 

27 

28 

4 

5 

29 

30 

120 

50 

120 

58 

58 

24 

80  

58 

70 

50 
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62 

34 
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nm __ 
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mixture 

> 99 

<1 

> 98 

< 2  

> 95 

< 5  

>90 

7 7 t  5 

a For convenience, the dyes of this table are identified by the same numbers used in the preceding paper. See ref 4. IO- 
dide salt. 
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acetylenic extreme structure has the positive charge located 
on the less basic imidazo[4,5-b]quinoxaline nucleus, and the 
two factors oppose one another. Thus the energy difference 
between the extreme structures is greater for 19 than for 20, 
and the consequently greater degree of electron delocalization 
in 20 is responsible for the bathochromic displacement of its 
absorption maximum relative to that of 19. In Table I, iso- 
meric pairs of dyes are listed in order of decreasing difference 
in basicity between the two terminal nuclei. It is apparent that, 
in general, the dye in which the single hydrogen atom on the 
conjugated chain is adjacent to the more basic nucleus has an 
absorption maximum at  longer wavelengths than that of its 
isomer. In addition, the greater the difference in basicity be- 
tween the two nuclei, the greater is the difference between the 
absorption maxima of the corresponding pair of isomeric dyes. 
The dye pair 25 and 26 constitute an exception, for the ab- 
sorption maxima of these dyes are identical, although 25 has 
a much broader absorption envelope. The origin of this 
anomalous behavior is, a t  present, unexplained. 

Relative Thermodynamic Stabil i ty of Isomeric Dyes. 
Although the addition of acids such as hydrogen chloride 
across the triple bond of acetylenic dyes occurs readily,’ under 
suitable conditions acid-catalyzed interconversion of isomeric 
dyes can occur. Thus treatment of an acetonitrile solution of 
either isomer of a pair of acetylenic dyes with a trace of acetic 
acid leads to an equilibrium mixture of the two dyes. I t  is 
presumed that the equilibrium is established via a common 
dication formed by protonation of either isomeric dye. 

H +  
R+IC=CCH=R? + R+iCH=C=CHR+z 

The relative proportion of each isomer at  equilibrium is 
shown in Table I. For each pair, the isomer having an ab- 
sorption maximum at  shorter wavelength is the thermody- 
namically more stable. Paralleling the arguments presented 
to account for the spectral absorption characteristics of the 
dyes, this behavior is attributed to the increased stabilization 
of the acetylenic extreme structure in the hypsochromic iso- 
mer. The greater the difference in basicity between the two 
nuclei, the more strongly is the equilibrium displaced in favor 
of the hypsochromic isomer. 

An exception to the above is found in the dye pair 29 and 
30, in which case the equilibrium is unexpectedly displaced 
in favor of the bathochromic isomer 30. A possible explanation 
for this behavior is as follows: planar projections5 of isomers 

29 and 30 indicate that although the four steric interactions 
a-d are possible, only a is significant, and this interaction 
occurs only in 29. No steric interactions are indicated involving 
N-ethyl groups of either nucleus attached to the terminal sp 
carbon atom at  the opposite end of the dye chain. I t  is sug- 
gested that in 29 and 30, where the basicity difference between 
the two heterocyclic nuclei is small, the steric hindrance to 
planarity, caused by interaction a, destabilizes 29 sufficiently 
for 30 to predominate in the equilibrium mixture. I t  should 
be pointed out that  the equilibrium ratio of 29 to 30 (23:77) 
corresponds to a very small energy difference (-0.9 kcal/mol) 
between the two isomers. 

Molecular Orbi ta l  Calculations. The experimental re- 
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Figure 1. Acetylenic dyes and carbocyanine analogues (R = R’ = H). 
Charge densities [x(u)] as calculated by the CNDO/S method of Jaff6 
and co-workers.8 The carbocyanine analogue is predicted to absorb 
at significantly longer wavelength (430 nm) than the corresponding 
acetylenic dye (415 nm, Table IIB). Pariser-Parr-Pople calculations 
are summarized in Table IIA,C. 

sults for acetylenic dyes correspond closely to absorption shifts 
and tautomer stabilities expected from Brooker’s concepts 
about unsymmetrical dyes, the electronic properties of het- 
erocycles, and  deviation^.^ Since these concepts were based 
primarily on the *-electronic character of dyes without acet- 
ylenic bonds, it was of interest to use molecular orbital theory 
to examine the conjugated a-electron system of the present 
acetylenic dyes, treating them as geometrical isomers of their 
symmetrical carbocyanine analogues. The geometry for the 
acetylenic extreme structure of dye 1 is shown in Figure 1 
along with that of the carbocyanine analogue 2. The molecular 
orbital calculations for most of the dyes used Pariser-Parr- 
Pople methods,6 modified to include a-inductive 
In addition, valence electron calculations using the CNDO/S 
formalism of Jaff6 and co-workers8 were carried out for model 
dyes. The results of these calculations and related experi- 
mental data are summarized in Table I1 for three classes of 
dyes: (A) dyes containing identical heterocycles, (B) model 
acetylenic and carbocyanine chromophores, and (C) isomeric 
dyes containing nonidentical heterocycles. The dyes con- 
taining identical heterocycles were examined with two Par- 
iser-Parr-Pople parameter sets.6b,7 Both provide reasonable 
estimates of the relative transition energies for acetylenic and 
carbocyanine dyes (Table IIA). Results based on the first set 
are in better agreement with experimental values, and these 
are used for the discussion below. 

The allowed visible transition of acetylenic dyes occurs a t  
shorter wavelength than for the corresponding carbocyanines, 
indicating chromophoric asymmetry as discussed in the pre- 
vious sections. In the molecular orbital calculations for a 
electrons, introduction of this asymmetry as simple geomet- 
rical changes (bond lengths and bond angles) was sufficient 
to shift the,predicted absorptions to shorter wavelength and 
localize more of the x-electron density on the heterocycle 
nearest the C-H carbon of the chromophore (Figure 1). 

Dye 1 with the acetylenic geometry, la, showed a predicted 
transition a t  489 nm (2.53 eV), whereas the observed value is 
473 nm. A “cumulene” geometry for the dye, obtained by 
adjusting only the sp-carbon positions to equalize all the bond 
lengths, gave a similar transition (488 nm).9 The carbocyanine 
analogue 2 has a calculated transition at  524 nm (2.37 eV), 
corresponding to an observed value of 513 nm. The dyes 1,2, 
and 6-9, each containing identical heterocycles, exhibit a close 
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Table 11. Spectroscopic Properties and Relative Stabilities of Acetylenic Dyes and Carbocyanine Analogues 

A. Dyes with Identical Heterocyclic Nuclei 

Calcd by Pariser-Parr-Pople methods 
ET (lo-' e) Parameter set 1 Set 2, 

Registry no. Dye" obsd E d f )  s energyd E d f )  e 

52846-51-2 la 2.62 (14) 2.53 (1.81) 495.86 2.30 (1.87) 
61268-71-1 l b  2.54 (1.98) 495.62 

2 2.42 (21) 2.37 (1.79) 494.34 2.21 (1.78) 61268-72-2 

56387-12-3 6 2.30 (21) 2.27 (1.96) 475.29 2.28 (2.10) 
2.15 (1.95) 473.79 2.20 (2.00) 50818-84-3 7 2.13 (32) 

61268-68-6 8 2.42 (9.9) 2.36 (1.72) 347.12 2.24 (1.73) 
61268-69-7 9 2.24 (16) 2.22 (1.64) 345.71 2.14 (1.62) 

1E = 0.09 eV LE = 0.20 eV AJ3 = 0.16 eV 

1 E  = 0.17 eV SE = 0.138 eV 1E = 0.08 eV 

AE = 0.17 eV 

B. Model Acetylenic and Carbocyanine Chromophores 

LIE = 0.165 eV 1E = 0.10 eV 

Structure 
Calcd Calcd values 

quantity PPP methodc CNDO/S method/ 

Acetylenic dye 
(Figure 1, R = R' = H) 

Carbocyanine 
(Figure 1, R = R' = H) 

CHF -9.40 
ET f f )  2.57 (1.70) 

3.68 (0.10) 
3.99 (0.03) 

CHF -9.37 
ET (f) 2.41 (1.68) 

3.64 (0.13) 

C. Isomeric Dyes with Different Heterocyclic Nuclei 

-10.933 ( T )  

2.99 (1.37) 
3.51 (0.00001) 
4.15 (0.09) 

-10.971 (s) 
2.88 (1.29) 
4.09 (0.10) 

Dye a 

Obsd in CH&N 
ET (10P c), % isomer 

Calcd by Pariser-Parr-Pople methods 
ET ff)' K energy" 

19 2.54 (13) 
20 2.33 (>13) 

21 2.65 (9) 
22 2.43 (12) 

29 2.37 (16) 
30 2.33 (13) 

SE = 0.21 eV 

LE = 0.22 eV 

1E = 0.04 eV 

>99 
<1 

>98 
<2 

23 
77 

2.42 (1.86) 
2.31 (1.85) 
1E = 0.11 eV 
2.47 (1.74) 
2.42 (1.81) 
1E = 0.05 eV 
2.33 (1.85) 
2.26 (1.80) 
1E = 0.07 eV 

485.71 
485.57 

421.57 
421.41 

411.22 
411.23 

Dye structures: acetylenic dye l a / lb  from 1,3-diethyl-5,6-dichlorobenzimidazole and carbocyanine analogue 2; acetylenic dye 
6 from 1,3-diethylimidazo[4,5-b]quinoxaline and carbocyanine analogue 7; acetylenic dye 8 from 3-ethylbenzothiazole and carbocyanine 
analogue 9; tautomeric dyes (19-22,29,30) from Table I. 
e ,  1. mol-* cm-l) in acetonitrile (Table I and ref 1). Calculated transition energies (ET,  eV) and oscillator strengths (f) for the *-electron 
system excluding the acetylenic bond in the plane of the molecule. The basic program (QCPE, No. 71),68 modified to include heteroatom 
inductive effects, was used with standard parametersCc and additional inductive effects within the chromophore.7 Total K energy 
in eV, as calculated by equation 2.20 in ref 12. H. A. Hammond, private communication. Results using the original parameter set 
devised by Hammond.6b f CNDO/S method of Jaff6 and co-workers.8 

Observed transition energies ( E T ,  eV) and extinction coefficients 

correspondence between the predicted and observed transi- 
tion energies (Table IIA). In addition, transition energy dif -  
ferences between acetylenic/carbocyanine pairs of dyes are 
close. 

Model acetylenic and carbocyanine chromophores with 
terminal benzimidazoles were examined by PPP and CNDO/S 
calculations (Table IIB and Figure 1, R = R' = H). Calcula- 
tions on acetylenic hydrocarbons have suggested weak UV 
transitions a t  longer wavelength than the allowed x - n* 
transitions." In dyes 1 and 2, the CNDO/S calculations pre- 
dict the lowest energy transition to  be in the visible region of 
the spectrum with high oscillator strength, and weak transi- 
tions involving the acetylenic bond in the UV. In agreement 
with the n-electron calculations comparing acetylenic and 
carbocyanine dyes, shorter wavelength absorption for the 
acetylenic dye is also predicted, along with similar highest 

filled orbital energies and higher n-electron density on the 
heterocycle nearest the methine carbon in the acetylenic 
dye. 

The isomeric acetylenic dyes (19/20,21/22, and 29/30) were 
examined using a fixed acetylenic geometry for all isomers (see 
dye la, Figure 1). The results of these *-electron calculations 
generally exhibited better agreement with spectral data than 
isomer stabilities (Table IIC). Calculated and observed 
transition energies were within 3% for dyes 20,22,29, and 30 
and within 6% for 19 and 21. The dominant isomers in two dye 
sets (19/20,21/22) were observed to be 19 and 21. These also 
exhibited slightly higher total s energies," bu t  the high sta- 
bility observed for these isomers is not adequately reflected 
in the total x energies. Dyes 29/30 are much closer in stability 
as shown by equivalent total x energies and a 23%/77% tau- 
tomeric mixture at equilibrium. Although it is reasonable to  
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suggest that  the small differences in total T energy may be an 
artifact of the calculations, i t  is nevertheless interesting that 
the .rr energies qualitatively parallel the observed isomer sta- 
bilities. 

The Pariser-Parr-Pople calculations used here (cyanine 
dye parameters, fixed acetylenic bond lengths, nonconjugated 
bond omitted) reproduce most of the characteristics in the 
visible spectra of acetylenic dyes and their carbocyanine an- 
alogues. Some a-charge localization was observed in dye la 
similar to  previous suggestions made on the basis of experi-, 
mental bond lengths from an x-ray crystal structure.3a In 
addition, total x energies excluding components of the triple 
bond in the molecular plane provide qualitative estimates of 
the relative stabilities of isomeric acetylenic dyes. Thus, in 
both a qualitative and quantitative sense, the primary dif- 
ferences between acetylenic dyes and their symmetrical car- 
bocyanine analogues can be understood as a consequence of 
asymmetry in the conjugated a-electron chromophore. 

Experimental  Section 

Electronic spect,ra were recorded using a Perkin-Elmer Mode l  450 
spectrophotometer. 

Equilibration Experiments. Solutions o f  the acetylenic dyes in 
acetonitrile, in the concentration range of 1-2 X M, were used. 
T o  3 ml of dye solut ion was added 1-2 drops of acetic acid. Visible 
absorption spectra were then recorded periodically until equi l ibr ium 
was attained, giving a fami ly  of absorption curves passing through an 
isosbestic po in t  (the t ime required t o  reach equi l ibr ium varied f rom 
a few minutes t o  several hours). The equi l ibr ium propor t ion of each 
acetylenic dye of a pai r  was readi ly computed using the absorption 
curves of the two pure isomers and t h a t  o f  the equi l ibr ium m i x -  
ture. 
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An eff icient synthesis o f  a n  A-r ing aromatic trichothecane analogue, 6,9-bisnormethyl-8-methoxy-l%.l:i-epc,s~ - 
6,8,10-trichothecatriene ( l l ) ,  has been developed. T h e  ary l  a l l y l  ether, 2, was converted in a series of six steps t o  
7b in ca. 74% overall yield. Brominat ion o f  the enolate anion of 7b, removal of the benzyl protecting group, and cy- 
cl izat ion (sodium hydr ide in ether) gave the tr icycl ic ketone, 9, in very h igh yield. Alternatively, hydrogenolysi.: oi  
7b followed by acetylation and brominat ion gave 13c. Treatment  of 13c w i t h  DBN gave 9. T h e  spiro epoxide. 1 I ,  
was prepared f rom 9 by treatment w i t h  dimethylsulfonium methyl ide. 

The trichothecanes are a group of sesquiterpene mycotox- 
ins which possess the general structure I. Interest in this group 
emanates from the discovery that a number of the trichothe- 

canes display potent activity against fungi, protozoa, viruses, 
and/or neoplasms. The significant mammalian toxicity which 
most of the trichothecanes exhibit has also been implicated 
as a cause of massive livestock poisoning, a result of ingestion 
of certain moldy f0ods.l 

Structurally, the trichothecanes range in complexity from 
12,13P-epoxytrichothec-9-ene (1, R? = R4 = R7 = R'?' = H; X 
= Hz) to highly oxidized compounds such as nivalenol(1, R 
= R4 = R6 = R15 = OH; X = O).I Macrocyclic lactone deriv- 
atives, bridging C-4 to '2-15, are also quite common.! Three 1 


