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Switzerland 

(7. IX. 76) 

Summary. EDA-complexes of bicyclo[2,2,n]alkadienes (n = 1, 2, 3,4) (1 (n)-series), 1,4-cyclo- 
hexadiene (2) and various other cyclic monoenes, dienes and trienes as donors and tetracyano- 
ethylene (TCNE) as acceptor were investigated. Spectroscopic and thermodynamic constants of 
the complexes were determined and correlated with the ionisation potentials ( I D )  of the hydro- 
carbon donors obtained from PE. spectroscopy. The nature of the dominant energy contributions 
to the ground state and the two lowest CT-states of these weak complexes is discussed and struc- 
tural conclusions are drawn. The role of the complexes in the addition reaction of the hydrocarbon 
components and TCNE is discussed. The homo Diels-Alder addition product of 1 (2)  and TCNE, 
9,9,10,1O-tetracyanoquadricyclo[2, 2,2,02,6,23*5]decane, and the ‘me’-addition product of 2 and 
TCNE, 5-[l’, l’, Z’, 2’-tetracyanoethyl]-l, 3-cyclohexadiene were prepared and characterized. 
Preliminary results for the mechanistic scheme governing thc dehydrogenation of 2 by TCNE are 
reported. 

Introduction. - Heilbronner et al. have conclusively shown that for the series of 
homoconjugated dienes 1 (n) (n = 1,2,3,4) and 2 the ground electronic state of their 
radical cations changes from 2B2- for small n to 2A1-symmetry for large n or for 2 [2] .  

1 (n),n =1,2,3,4 2 3 5 

6 7 8 9 10 

Assuming Koopmans’ theorem to be valid the orbital scheme of Fig. 1 holds for 
the two highest occupied MO’s. We decided to  examine the CT-spectra of these donor 
systems (D) using TCNE as acceptor (A) with the idea in mind that the above 
feature might manifest itself in the intensity ratio of the two low energy CT-transi- 

1) Part 3 of the series: ‘Weak molecular complexes with hydrocarbon donors’. Part 2 :  [l]. 
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t 1 (m) = 2 

I 2 3 4 m 

Fig. 1. Orbital scheme f o r  the two Izig5~est occupied orbitals of the horno-cozjuguted dienes 1 (n) (n = 1 
to  4) and  2, deduced f r o m  PE-spectroscofiy [Zj 

tions expected in these systems. Furthermore, since weak EDA-complexes with non- 
aromatic D's of the present kind are virtually unmentioned in the literature, it was 
of interest to examine their stabilities and to relate them to properties of the D's 
such as the first ionization potential (IF), the chemical reactivity etc. In order to 
shed light on the role of homoconjugation in these systems, several complexes 
involving monoenes as donors were studied as reference systems. For the sake of 
completeness data for the systems 8, 9 and 10 are also reported, but shall not be 
further discussed. 

Results. - Measurement of spectra. The measurements, carried out a t  25" in 
CHaCla-solution2), were subjected to a Benesi-Hildebrand treatment using a least 
squares computerized procedure. For 1 (I), 1 (Z), 2 and 7, where under these condi- 
tions reaction with A took place, the optical densities were extrapolated to t = 0. 

Experience indicates that the mean error of the extinction coefficient E is much 
larger than that of the product XKE, xK being the equilibrium constant of (1) 

XK 

D + A  e DA 

in mole fraction units. If the error of X K E  is neglected, then the standard error of xK 
is directly related to that of E. The measured values and their standard errors are 
quoted in Tab. 1, together with the vmax-ValUeS of the CT-traniition (s). 

Recent work on other EDA-complexes [3] suggests that  the XK- as well as the 
AGO-values of Tab. 1 are only apparent ones (XKap, AG;,) since the observed equi- 
libria involve in addition to DA-complexes (cf. eq. (1)) also termolecular complexes 
DzA as well as complexes between A and the solvent. The presence of DzA-complexes 
does not greatly affect the thermodynamic parameters (cf. [3] [4]), in contrast to the 
solvent competition problem, which necessitates appreciable correction terms 151. 
These are presumably rather constant for a given A in a given solvent [l]. Using the 

2) For the  complexes of 1 ( l ) ,  2 and 3 measurements were carried out at various temperatures. 
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correction equation derived in [l] we arrive at the estimates for the free energies of 
formation dG! for the (1:l)-complexes quoted in Tab. 1. Equally, AH: and dS; 
follow on the basis of [l] for those complexes, where the temperature dependence of 
the equilibrium has been studied. 

Deconvolution of spectra. Only the spectra of the coinplexed dienes 1 (1) and 2 do 
clearly indicate the presence of two CT-transitions, in line with the fact that these 
two donors also have the largest gap between IF and IF (Tab. 2 ) .  For the other 

Table 2. Ionisation potentials of the donors; position of band nzaxinza of the deconvoluted CT-bands 

I? a) I? a) (eV) GFT (cm-1) Y FT (cm-1) ~ F ~ / s y ~  AI” ( e ~ )  A Y CT (eV) 

l ( 1 )  8 .70  9.55 21400 t 300 27800 f 300 1 . 9 5  0.85 0.79 f 0.07 

l ( 2 )  8 .85  9 .45  22700 t 300 26600 f 300 2.19 0.60 0.48  f 0.07 

l ( 3 )  9.00 9.20 22900 t 300 24900 1. 300 1 . 4 8  0.20 0.24 f 0.07 

l ( 4 )  8.95  9.30 22600 f 300 25700 t 300 .89 0.35 0.38 f 0.07 

2 8.80  9.80 22300 f 300 28700 f 300 1 . 1 3  1 . 0 0  0.79 f 0.07 

3 8.97  23700 

4 9.05 

5 9.12 

24300 

24400 

6 8.76’’ 23500 

6 8.88’’ 9.4qb) 23550 f 300 28200 f 300 2.39 0.56 0.57  f 0.07 

9 7.97 9 .25  17300 26500 t 500 1.38  1.28 1 . 1 4  + 0.06 

10 8.37 9.26 20400 27300 t 500 1 .32  0.89 0.85 f 0.06 

7 8.42’’ 9.34’) 19500 f 300 26500 f 500 - 8  0.92 0 .87  f 0.1 

a) 
b) Unpublished values. 

Vertical ionisation potentials from [6]. 

systems the deconvolution technique described in [l] was used. The parameters 
responsible for the shape of the two Gaussiaizs were at first calibrated with the well 
resolved bands of 2A. Application to the other spectra led with a ‘trial and error’ 
process to the optimal set (cf. [l]) : 

B = 0.15 , D = 5800 cm-1 for first CT-band 

B = 0.235, D = 5800 cm-1 for second CT-band 

The resolved band maxima as well as their intensity ratio are given in Tab. 2. The 
spectra are displayed in Fig. 2. 

Tewapeyature dependence of C T-spectra. Extinction coefficients of CT-bands of 
stable molecular complexes have been found to be more or less Tindependent [7]. 
For such systems the absorbance at any 1 increases by a constant factor for a T-de- 
crease AT, due to  an increase in the association constant. It follows that the ratio of 
absorbances of any two bands is independent of T. 

In Fig. 3 the CT-spectra of some complexes, taken in fluid and glassy medium, 
are displayed. Obviously, the above said is not valid for the present substrates. The 
monoenes exhibit a drastic blue shift of the band maxima on cooling. The diene band 
positions are not greatly affected, but the intensity ratio between long and short 

(2) 
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----c 
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0.8 '1 
25 kK 

0.4 \ I  
\ I  

-. 
15 25 kK 

Fig. 2. Experinaental ( -  ), deconvoluted ( -  - ) and synthesized (+ +) CT-spectra of the homoconjugated 
dienes with T C N E  

wavelength transitions has decreased. Phenomenologically it appears as if the spectra 
arise from the superimposed absorptions of a distribution of different species. On 
cooling, the concentration of those contributing mainly to the long wavelength 
absorption decreases. On an absolute scale, the absorbance for the dienes increases 
a t  any 2, whereas the long wavelength absorbance for the monoenes in fact decreases3). 

Experience from earlier work suggests that the above features are due to the 
presence of contact CT-complexes, whose formal concentration on T-lowering de- 
creases in favor of that of the stable complex [7]. I t  is reasonable to find contact 
complexes to be important for the present D/A-couples, in particular for the mono- 
enes, given their weak nature (cf. Tab. 1). To our knowledge the latter systems 
provide the first example where T-lowering results in a decrease of total CT-absor- 

3) This feature is not evident from Fig.3 as the concentrations of D were chosen differently for 
the two T-ranges; i.e. lower [D] for lower T. 
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t E  

l ( l ) : 1 2 3 K  
2 :123K 
3 :103K 
5 :103K 

A E  

2 

I I I 
30 25 20 V [kK] 

Fig. 3. CT-spectra in fluid and glassy (n-BuClICW2C12, 3 : 2 by vol.) medium (Arbitrary concentra- 
tions of D, [TCNE] = 6.43 x l o - 3 ~ )  

bance (for the low energy region of the spectrum), indicating dominant contact CT- 
contributions. We can not, however, exclude that the intrinsic CT-transition energy 
of the stable complex is also not subject to changes due to matrix effects. 

As a final point for the presence of contact CT-interaction we note from Tab. 1 
that the &-values roughly increase with decreasing complex stability (for a discussion 
of this criterion see 171 [S]). We note in particular the high €-values for 2 A  and 5 A  
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which are the weakest complexes of the series and therefore most subject to contact 
CT-interaction. 

Discussion. - 1. Correlation between ionization potentials and C T-excitation 
energies. According to the theory of weak molecular complexes the relationship be- 
tween I D  and hvCT is given by 

hVCT = ID - C1+ Cz (ID - C1)-1 (3) 
with C1, Cz being positive constants. For a limited range of ID-values the parabolic 
equation (3) can be approximated by the linear one (4) 

hvCT = aID - b 

It is evident that the smaller CZ is in eq. (3) the more will a in (4) approach unity 
(a = 1). Cz increases with increasing CT-interaction in the ground state of the com- 
plex [9]. Hence the closer a is to unity, the smaller is this interaction. 

For the present olefinic D's (mono- and dienes) the constants in (4) are (in eV) 

(4) 

a = 0.911 & 0.049, b = 5.275 & 0.448 

From the solution data given in [l] the corresponding values for the alkylbenzene- 
TCNE complexes are (in eV) : 

a = 0.768 & 0.041, b = 3.812 f 0.353 
Both correlations are shown in Fig. 4; their quality incidentally supports the decon- 
volution technique used and described in [l]. The standard conclusion here is that 

(5 4 

(5 b) 

8 

oolefinic D'S 

o aromatic D's 
J D  

(numbering system 
from [13 ) 

Fig.4. Plot of hv"T vs. ID f o r  olefinic and  aromatic donors (A = TCNE) 
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CT-interaction for the olefinic D's is very small, a t  any rate smaller than that for the 
aromatic D's where a is significantly different from unity. However, this outcome is 
rather surprising since both sets of complexes : 
- involve pure hydrocarbon donors, equal acceptor and equal solvent, 
- are of z-z sacrificial type, 
- exhibit rather similar ionization potentials and CT-energies, suggesting compa- 

rable interactions between no-bond and dative configurations. 
A modification of eq. (4) indicates a way out of this problem. It has since long 

been recognized [lo], and is supported by recent high quality quantum chemical 
calculations [ l l l ,  that the doniinant contribution to the ground state stabilization 
of complexes of this type is the dispersion energy (Edisp) between D and A. Hence, 
a < 1 in (4) might in fact indicate strong Edi,,-variations in the series of complexes. 
If this were the case then a' in (6) 

hvCT - AH: = a' I D  - b' (6) 

('7) 

or, assuming a roughly constant entropy term for the series, a" in (7) 
hvCT - AGO - a n I D  - b" 

1 -  

should be nearer unity than a of eq. (5). Application of eq. (7) to the present com- 
plexes yields (in eV) : 

a" = 0.919 f 0.066, b" = 5.377 & 0.604 

which is similar to eq. (5a), in line with the small differences in the thermodynamic 
paranieters of Tab. 1. On the other hand we obtain from the AH:-data in [l] for the 
aromatic substrates (in eV) : 

(8 a) 

a' == 0.883 * 0.051, b' = 5.057 0.433 (Sb) 
i.e. a significant increase of the slopc with respect to eq. (5b), which reflects the 
much larger variations in the complex stabilities within this series. This is also 
reasonable given that the benzenes have clearly higher polarizabilities (R) than the 
present olefins. Hence, variations in x on replacement of H for alkyl groups are also 
expected to be larger in the case of the aromatics. 

2. Correlation between complex stability and I:. Numerous correlations of the above 
type have generally shown an increase in complex stability (as measured e.g. by dGY) 
with decreasing I? of the donor [7]. This - also true for the benzene series in [lj - led 
many authors to the conclusion that CT-interaction (EcT) in the ground state is the 
dominant stabilizing factor. There is no doubt about the importance of ECT in 
systems such as pyridine - IC1 1121 etc. For weak z-z sacrificial complexes of the 
present kind, however, theoretical considerations did clearly point towards the 
dominance of classical van der Waals forces [lo]. The sometimes observed appreciable 
ground state dipole moments can in fact also be explained on this basis [12]. 

We have recent1.y concluded ;1] for the benzene-TCNE systems that the observed 
increase in complex stability with decreasing I D  of the donor does not necessitate the 
postulate of dominant CT-interaction in the ground state, since the phenomena may 
equally arise from strong variations in the van der Waals-dispersion contribution 
(Edisp) due to strong variations in polarizability (a=) within the donor series. The 
arguments given were, however, by no means a proof for the dominance of Edisp. 
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From perturbation theory I ECT 1 decreases monotonically with ID.  On the basis of 
London’s equation I Edisp I increases monotonically with I D ,  but also with ED. Hence, 
if the total stabilization energy decreases with I D  the two energy contributions are 
not clearly separable since EdisD could be decisive and determined largely by the 
variation in ED. If, however, for a given series of D the opposite trend were found, 
the dominance of Edisp would be established. 

In Fig. 5 a plot of log xRap us. IF is shown, indicating an increase in stability with 
increasing I?. We conclude that here Edisp provides the dominant contribution to 
the ground state stability of the complexes. We shall not discuss the question as to 
whether I D  or ED is mainly responsible for the observed trend since the effects are - 

Fig. 5. Correlation of complex stability (XKap) and donor capacity (I?) 

energetically speaking - very small and furthermore aD-values for donors of the 
present kind virtually unknown. Use of additivity schemes for ED does not seem 
recommendable given that the amount of ‘homoconjugation’ changes appreciably 
within the series as a result of significant changes in distance between the unsaturated 
units. Though this,feature does not manifest itself in the ground state, it bears on the 
excited states which inter alia determine ED. 

The unique fact remains that the present complexes exhibit increasing stability 
with decreasing donor capacity of the hydrocarbon component (i. e.  increasing IF), 
ruling out dominant CT-interaction in the ground state. 

3. Origin of multiple CT-transitions. Multiple CT-bands were attributed to 
- the presence of isomeric complexes [13], 
- the transitions from a D-MO to two successive A-MO’s [14], 
- the transitions from two successive D-MO’s to one A-MO [15]. 

The good correlation of Fig. 4 discussed earlier and involving both CT-transition 
energies and the first two ID’S of the donors points clearly towards the last explana- 
tion for the present diene substrates. This is further illustrated in Fig. 6, where a plot 
of dhvCT (including error limit) (cf- Tab. 2) against A I D  yields a linear correlation 
with a coefficient of 0.9485. Aloisi  et al. [16] were first in trying to settle the question 
of multiple CT-bands on the basis of PE-data for the donor molecules. The present 
results together with those for the benzene-TCNE complexes reported in [I] provide 
further information about this question. They also show that TCNE is an acceptor 
with an appreciable gap between the LUMO and the next higher unoccupied MO. 
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2 

0 0.5 1.0 AID[eV] 
Fig.6. Correlation between AhvCT and A I D  for the dienic donors 

4. Relative intensity of the two CT-bands and implications for the structure of the 
complexes. Using Mulliken’s approach [8] the ground state I VO ) and the two excited 
states I ) and 1 9 2  ) of our systems are given by 

1Vi > = coilyo > + c l i ( y l >  + czilyz);  i = O , ~ , Z  

/ y o  > = ,40/IyDi/ llyAll; no-bond configuration 

/ y z  > = AzjIyD+*/I * l/yA-il; second excited dative configuration 
1 ~ 1  > = A1 //yD+ / /  . /IyA- / /  ; first excited dative configuration (9) 

the A-factors being appropriate antisymmetrizers which interchange the electrons 
between the D- and -4-Slater-determinants. On this basis the transition moments 
from the ground to either of the excited states are given by 

+ 
where p j k  = ( yj I e i  1 yk ) . 
Consider the following cases : 

a) All configurations of (9) belong to the same representation of the point group 
of the complex. For this case all coefficients in (10) are finite. Furthermore all dipole 
moments ,& and transition moments ,&j are also finite since the intermolecular 
overlap does not vanish by symmetry. Hence both ,&I and are also finite; i . e .  
both CT-transitions allowed. 

It should however be noted that the term involving Z ~ Z  may be either finite or 
vanish. 

= (ylle;lyz) = A <IlwD+Il. //yA-//eT-iiYD+*l~~ I ~ ~ A - 1 1 )  (11) 

I t  signifies an intramolecular excitation localized within I)+, the orbitals involved 
belonging to the same representation and therefore their direct product being totally 
symmetric. Depending on the point group of D this local transition is allowed or 
disallowed. 
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symmetry01 

b) Only one of the excited configurations of (9) belongs to the same representation 
as the (totally symmetric) no-bond configuration I yo). For simplicity and without 
loss of generality this former shall be jyl ) . For this case 

, L Z "  

COO, c10, c01, c11 = finite 
co2, c12, cz1, c20 = 0 
c22 = 1 

It follows that $01 is still finite. For $02 we obtain from (10) and (12) 

the orbitals involved in the local D+-transition being now definitely of different 
symmetry. Hence F 0 2  is finite if D+ --f D+* is allowed, the associated transition 
Iq!Jo ) --f lq!J2 ) then borrowing intensity from the local one ly l )  -+ /y2 ) . It is 
interesting that in this case the transition moment between the preponderant 
configurations Iyo) and Iy2) is also finite by symmetry. However, since the 
intermolecular overlap is zero by symmetry, ,&z is not able to contribute to ,&2. 

Note that the application of group theoretical considerations for intermolecular 
CT-transitions is not as straight-forward as for intramolecular ones, as long as one 
does not depart from Mulliken's resonance formalism in favour of a 'supermolecule' 
approach. 

c) None of the excited configurations of (9) belongs to the same symmetry repre- 
sentations as ly0 ). For this case coi = 0 for all i in (10). It is trivial to show that 
here pol = ,UOZ = 0. 

In Fig. 7 three conceivable high-symmetry structures for the diene-TCNE com- 
plexes are shown. In the C,-structure TCNE may be either in an exo- or endo-position 

+ - 

0 

1 I J 
C2" 

A' 
A" 
A" 

Fig. 7 .  Conceivable high symmetry structures for  the d iene-TCNE complexes; symmetry species of the 
no-bond and the lowest two dative configurations 

a) for 1 (n) (n = 1, 2). b) for 1 (n) (n = 3,  4); for 2 
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with respect to the hydrocarbon double bond. Inspection of the corresponding 
configurational symmetries shows that - according to the discussion above - only the 
endo-structure @ leads to two allowed transitions. 

Further arguments for an endo-position of A are: 
- The stability of the complex 7A is higher than that of 1A. This indicates that  the 

bulky apical substituents in 7 do not interfere with A. That such an interaction 
may indeed be destabilizing is demonstrated by the fact that  6 A  is less stable 
than 3A. Apparently, here, A prefers an exo-position. BYOWL et al. have come to 
the same structural conclusion for the Ag+-complex of 6 and 3 in view of the 
longer retention time of 3 in a AgNOs-coated GLC. column [17]. 
An X-ray structural analysis of the 1(1)-PtC12 complex shows the metal in an 
endo-position, the complex exhibiting Cz,-symmetry [lS]. 
There is, however, a problem with the structural proposal according to 0. As 

mentioned before a dominant contribution to the total binding energy of the present 
weak complexes is certainly provided by dispersion forces. If so, the components 
will prefer an alignment with the largest principal axes of polarizability parallel to 
each other4). This undoubtedly is true for structure 0, which conflicts with tlie 
above conclusion based on symmetry arguments. It thus seems that either the 
theoretical model used for the prediction of the transition moments is too simplified, 
or the observed spectra stem from complexes with lower symmetry than visualized. 
The latter possibility may be extended to the proposal that  a whole variety of 
isomeric, structurally different complexes contribute to the CT-intensity. This con- 
clusion is in line with the earlier discussed finding of significant contact contribution 
to the measured absorbances of the present systems, including in particular the 
monoene-complexes. Indeed here, for stability reasons, a parallel arrangement of the 
double bonds is favoured, which however would result in a zero transition moment. 
We conclude that structural conclusions based on symmetry arguments and transi- 
tion probabilities are therefore bound to fail. From the stability of tlie sterically 
hindered complexes mentioned above, however, we propose an cndo-structure for the 
dienic and an exo-structure for the monoenic complexes. 

5. Reaction of the bicyclic diepzes with TCNE. l(1) and l(2) react with TCNE in 
CHZClz in a [ 2 s  + 2s + a s ]  homo-Diels-Alder fashion. 

- 

For l(1) this reaction was already observed earlier [ZO]. For l(3) and l(4) no adduct 
was found under a variety of conditions. 

4) For 1 (l), the axis of largest polarizability is the x-axis [19]. 
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The rates of the observed addition reactions were monitored by the disappearance 
of the CT-bands of the intermediate complexes5). The reactions were pseudo-first 
order in the complex concentrations, D being always present in large excess. 

d [DA] 
dt  

- kexp [DA] = k&p [D1 [DA] (14) 

'The results are given in Tab. 3. Several points are worthy of discussion: 
i) The reactivity of the bicyclic dienes l(n) qualitatively decreases with increasing 

n as indicated by the decrease of k& (at 25", comparable [D]). This parallels the 

Table 3. Rate constants for the disappearance of the EDA-complexes of 1 (l), and 2 with T C N E  in 
CH2CZz (For explanation of symbols see text) 

[D] (mol * 1-1) l o 4  kexp (s-l) lo4 kLxp (1 mol-1 s-1) 

1(1) at 25' C 0.98 
1.97 
3.95 

1(1) at O"C 2.03 

1(2) at 25OC 1.46 
2.42 

1(3) at 25OC 

1(4) at 25OC 

2 at 25OC 0.42 
0.85 
1.06 
1.59 

2 at O ' C  0.43 
0.87 
1.09 

3.85 
7.58 

12.13 

3.03 

1.16 
1.10 

no reaction observed 

no reaction observed 

3.61 
6.37 
7.14 
9.73 

1.92 
4.15 
5.45 

3.92 
3.85 
3.07 

1.49 

0.8 
0.46 

8.53 
1.53 
6.75 
6.14 

4.42 
4.77 
5.01 

increase in I: along the series (up to n = 3)  (Fig. 1). From simple perturbation theory 
this behaviour is expected since reactivity decreases with increasing gap between the 
HOMO of the donor and the LUMO of the acceptor. Once more it follows that charge 
transfer is important in determining the heights of the barrier towards chemical bond 
formation. Clearly, in the transition state there is strong intermolecular overlap 
between the addends. We recall that the stability of the DA-complexes showed an 
opposite trend with respect to IF, indicating that charge transfer is not important 
for the stabilization of the loose EDA-aggregates. Here, intermolecular overlap is of 
course minute. 

ii) Thermochemical estimates (including in particular a consideration of strain 
effects) [21] suggest that the exothermicity of the above addition reactions decreases 
with increasing n. The observed reactivity pattern thus also follows from the Bell- 
Evans-Polanyi principle [22]. In addition the estimates for dHO, AS0 indicate in fact 

5 )  The rates obtained by measurement a t  several different wavelengths were equal. 
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that  the equilibrium (13) for l(3) and even more probably for l(4) lies on the side of 
the addends. This would explain the observation, that for these two systems no 
addition was observed. In this respect it is interesting to note that l(2) does not react 
with TCNE a t  ZOO"6). Presumably, a t  this temperature, the positive -TdSO- over- 
rides the negative dH0-contribution to the free energy and the equilibrium (13) is 
shifted towards the addends. 

iii) For the mechanism of adduct formation the following elementary steps have 
been visualized [23] : 
- collapse of the DA-complex; 
- bimolecular reaction of free D and A; 
- bimolecular reaction of DA with free D. 
The rate expression for either of these processes or any combination of them have 
been derived by Ra$poport [23]. His results can be summarized by 

which leads to the general expression for kLxp as defined in (14) 

n = O o r 1  
ki  cK [D]* + kz ____ 

1 + cK [D] ' G x p  = 

From eq. (16) the six kinetic schemes discussed in [23] follow with 

scheme a) : kz = n = 0 
b) : k l =  0 
c) : k2 = kl, n = 1 
d) : k z = O , n = l  
e) : n = 07) 
f )  : n = l  

From Tab. 3 it  follows that kLxp decreases with increasing [D] which imme- 
diately excludes schemes c) and d). A plot of (kLxp)-l vs. [D] is strongly nonlinear 
for l(1) (25"). For l(2) (25") only two measurements are available; if a linear function 
between (kLxp)-l and [D] is assumed, the value cK = -6.2 1 mol-1 obtained from 
slope and intercept bears no relation to CK = 0.188 1 mol-1 from the B-H treatment 
(cf. Tab. 1). These observations exclude in addition the models a), b) and e). Hence, 
within the mechanistic framework of eq. (15), scheme f )  is left for the present sub- 
strates, where formation of the adduct occurs by both routes : bimolecular reaction 
of D and A as well as bimolecular reaction of the complex with a free D-molecule. 

6) 

7) 

Private Communication of Prof. C. Grob, Basel. 
Note that in [23] the expression for scheme e) is faulty. 
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This conclusion has to be considered as tentative, the collected data being admittedly 
rather limited. We are currently performing further work directed in particular to 
settle the question if the observed trend in kiXp may perhaps be traced back to 
strong variations in the dielectric constant of the medium on changing [D]. 

6. Reactiorc of 2 with TCflE. It has been reported that 2 is efficiently dehydro- 
genated by TCNE furnishing benzene and tetracyanoethane (TCNA) [24]. Dehydro- 
genation can also be effected by treatment of 2 with 2,3-dichloro-5,6-dicyanobenzo- 
quinone (DDQ) [as]. For the latter reaction it has been recognized that a concerted 
1,4-elimination where the two cis-hydrogen atoms are transferred directly to the 
oxygen atoms of DDQ may not take place for reasons of conservation of orbital 
symmetry [25]. The experimental results were interpreted in favour of a mechanism 
where simultaneous hydride abstraction by DDQ and proton abstraction by the 
solvent takes place. 

It is obvious that also with TCNE concerted cis-dehydrogenation of 2 is a disal- 
lowed processs). The figure below indicates that this process is also not favorable 
on a frontier orbital basis. The HOMO of 2 has - as a result of ‘through bond’ inter- 
action - al-symmetry [ Z ] .  

Evidently, its interaction with the LUMO of TCNE vanishes for all complex 
geometries possessing C2- or C,-symmetry. On the other hand interaction between 
the two orbitals as indicated in the figure leads to a finite matrix element and there- 
fore to a stabilizing contribution. We note that this interaction should initiate 
‘ene-type’ addition of TCNE to 2, leading to 1 1 9 ) .  

8 )  

9) 

On the other hand monomolecular Hz-extrusion from 2 is allowed and is indeed found to 
occur in a concerted fashion [26]. 
An intermediate corresponding to 11 has been earlier postulated to occur in the reaction of 2 
with the dimethylester of acetylenedicarboxylic acid, yielding finally (via internal Diels-Alder 
addition) a tricyclic addition product ([27]. 

171 
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CN CN 

11 

We succeeded in preparing 11 (cj .  experimental part), a colourless compound 
which decomposes above 100" to material not further investigated. Above 50°C slow 
decomposition of solid 11 to benzene and TCNA takes place if it is stored over PZOS 
under vacuum. The kinetics of formation as well as decay of 11 in CHzCl2-solution is 
rather complex due to the fact that the 2 . TCNE complex also intervenes as dis- 
cussed previously for the bicyclic dienes. From the disappearance of the above 
complex (cf. (14)) the rate constants kLxp were obtained at  25" and 0" as a function 
of [D] (Tab. 3). It is interesting to note that k'exp decreases a t  high, but increases at 
low T with increasing [D]. Such a behavior can only be rationalized if a mechanistic 
scheme according to f )  of eq. (17) applies, where two rate constants appear, one being 
weighted by [D]. The different response of the two constants on changing T then 
may lead to the observed T-dependence of the reaction. 

The matter is complicated by the fact that there is no (1 : 1)-correspondence be- 
tween disappearance of starting material and evolution of ll. We found that the 
ratio [TCNA]/[11] remains roughly constant (= 0.6-0.7) during most of the reaction 
and is furthermore not significantly dependent on [D] . It appears that consumption 
of 2 and TCNE is brought about by two parallel reactions : 'ene'-addition and direct 
dehydrogenation, the pseudo first order lives being 10-30 min for the studied 

+ TCNA 

? \  I 
I 

+TCNE 

f I 
*TCNE 

11 
I 
I 
I 
I 

range of [D]. The decay of pure 11 to benzene and TCNA in CHzC12 or CH&N is 
itself much slower and practically solvent independent. I t  deviates slightly from 
first order behaviour a t  the initial stages of the reaction. Nevertheless, to obtain a 
rough estimate of the decay kinetics of 11, we applied a first order treatment which 
yields a half live of N 20 h, i.e. the decay of 11 is some 40-120 times slower than 
its build-up. Solutions of 11 kept 3 days at room temperature contain essentially 
only benzene and TCNA. If the decomposition is carried out in the presence oi 
quadricyclane (12) which is known to scavenge efficiently TCNE [28] one observes 
after 3 days the product pairs (benzene/TCNA) and (2/adduct of 12-TCNE) in a 
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roughly (7:l)-ratio. It appears that only a minor fraction of 11 decomposes in a 
'retro-ene' fashion, the major portion reacting without liberation of TCNE. The 
decay of 11 may be strongly enhanced if NHZ-vapour is added, whereas HCI-vapour 
does not affect the rate. This suggests that the principal path converting 11 to 
benzene and TCNA consists in a base catalyzed reaction whereby the acidic methin 
proton of 11 is removed in a first step. The resulting anion undergoes an intramo- 
lecular l,Z-elimination, decomposing into benzene and l,l,Z,Z-tetracyanoethyl-anion 
which is reprotonated. 

A final comment concerns the surprising observation that 11 does not add TCNE 
within the timescale of our experiments, though 1,3-cyclohexadiene is known to 
react rapidly with this dienophile [24] with AH" = -31 kcal mol-1 [29]. The addi- 
tional substituent present in 11 is likely to diminish the exothermicity of the addition 
reaction, since - as suggested by molecular models - there is some steric crowding 
in the bicyclic Diels-Alder product of 11 with TCNE even in the case of a sterically 
more favourable anti-attack of the latter. Though this effect will presumably not 
suffice to make the reaction endergonic ( A  So N - 40 e. u. [30]) it will decrease its rate. 
Parallel to this works the deactivating effect of the substituent on the donor capacity 
of the diene. 

We are currently engaged in collecting further data for this system which hope- 
fully leads to a complete elucidation of the reaction mechanism. For the present 
purpose more important is the finding that 2 and TCNE interact chemically to a 
major extent in a fashion compatible with simple frontier orbital arguments. 

Experimental Part. - Addit ion of T C N E  to the diene 1 ( 2 ) .  Formation of 9 ,9 ,10,10-Tetra-  
cyanoquadricyc1o[2,2,2,O2~6,23,5]decane. 3,24 g of 1 (2) and 0,39 g of TCNE were dissolved in 30 nil 
of CHZC12. The solution was heated during 10 days under reflux. After removal of the volatile 
components the residue was twice recrystallized from ethanol. The adduct (1 g = 14% yield) 
had m.p. 237-238' and decomposed above 240". - NMR. (DMSO-d&DC13, &values in ppm rel. 
TMS): 3.52 (s, 2H) ;  2.14 (s, 1 H ) ;  1.78 (m, 4 H ) ;  1.64 (d ,  2H);  1.29 ( t ,  1H). - MS. (m/e-values): 

Calc. C 71.78 H 4.30 N 23.92% Found C 71.73 H 4.10 N 23.69% 

Addit ion of T C N E  to the diene 2. Formation of 5-[7', I', 2',2'-tetracyanoethyl] -7, S-cyclohexa- 
drene (11). 128 mg TCNE and 380 mg 2 were dissolved in 50 ml CH2C12. The solution was kept 
a t  RT. for 24 h until its initial colour had disappeared. After removal of the volatile components 
by vacuum without heating, the residue was extracted by rigorously dried CC14. 11 was twice 
recrystallized from cc14 and obtained in colorless plates. It decomposed above 100'. - NMR. 
(CD&TU', &values in ppm rel. TMS) : 6.4 (m. 1 H ) ;  6.0 (m,  3H); 5.30 (s, 1H) ;  3.40 (m, 1 H);  2.70 
(m, 2H). - NMR. (benzene-da): 5.8 (m, 1 H ) ;  5.55 (m, 1 H ) ;  5.3 (m, 1 H ) ;  5.05 (m, 1H);  2.75 (s, 
1 H ) ;  2.45 (m, 1H) ;  1.95 (m. 2H). The shift differences in the two solvents arc due to  a solvent 
effect, as evaporation of both solutions gave 11 back. - M S .  (m/e-values) : 208 (M+, weak), 181 

(benzene+). - UV. (CHzC12): ,ImaX 265 nm (log E = 3.6). - IR.: Compatible with structure 11. 

234 (Mf), 106 (M+-TCNE). 

(M+-HCN), 180 (M+-HzCN), 154 (M+-ZHCN), 127 (M+-3HCN),  100 (M+-4HCN), 78 

Calc. C 69.22 H 3.87 N 26.91% Found C 69.08 H 3.68 N 26.99% 

Kinetical measurements for  addition reactions. The rate of disappearance of the starting 
materials was monitored by the decrease of the CT-bands of the initially formed EDA-complexes. 
Evolution of the products in the case 2+TCNE was followed by evaporating all volatile materials 
a t  various time intervals a t  low temperature from the reaction solution, dissolving the solid residue 
in CDEN and determining the relative concentration of 11 and TCNA by NMR. spectroscopy. 
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The same procedure was applied for the decomposition of 11 in the prescnce or absence of the 
TCNE-scavenger quadricyclane. This rcaction could also be monitored by the decreasc of the 
A = 265 nm band in the optical spectrum of 11. 

This work is part of project No. 2.312.75 of the Schweizerischer Xutionalfonds zur Fardirung 
der wissenschaftlichen Fovschung. Financial support by Ciba-Geigy 5 4 ,  F .  Hoflmann-La Roc;he & 
CO SA, and Sandoz S A  is gratefully acknowledged. We thank Prof. C .  Grob and Prof. G. Schrader 
for gifts of some compounds as well as for helpful chemical advice. 
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