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THE CHARGE-TRANSFER INTERACTION AND SUCCESSIVE THERMAL

(2~{-2) CYCLOADDITION OF a, ~4-UNSATURATED ETHERS WITH 

            TETRACYANOETHYLENE

BY TATEO ARIMOTO and )IRO OSL'GI

   The systems of a, (i-unsaturated ethers and substituted olefins with tetra-
cyanoe[h}•lene (TCNE) give deeply colored 1 : I CT completes immediately after 
miring. Subsequently, the complexes react to form colorless 1, 1, 2, Z-tetracyano-
cydobutanes only in the case of the ether. Equilibrium studies on the complet 
formations and kine[it studies on the successive thermal (2}2) cycloaddition 
reactions were made in such poor soh•ents as CHZCIZ, CHCIa and CCII in the 
temperature range 10-40°C by the spectrophotome[ric method. 

   TCXE-unsaturated ether and TCNE-olefin complexes cshibit gradual in-
creases in stability with [he increase of [he double-bond substitution, in contrast 
with Ag*-unsaturated ether, .4g'-olefin and Iy-olefin complexes where the com-

plexes become more unstable with increasing substitution at the double hood. 
This tendency could be interpreted by considering that [he electronic and steric 
effecis of [he substituents are mutually competing. Furthermore, there is signifi-
cant diference in the substitueet effect tin the reactiviq• between the complet 
formation and the successive cycloaddition. The difference would be caused by 
the fact that the steric effect is more important in the activation process of [be 
cycloaddition because the transition state seems much more rigid than the com-

plex state. The cycloaddition reaction proceeds stereoselectively. 
   The etperimental results were drscussed on the basis of the cttended 

Hudel molecular orbital (EH3f0) theoryand the molecular orbital correlation 
diagram.

Introduction

   Siace [he end of the 19th century it had been known to chemists that two molecules with their 

valencies saturated interact to form a stable complex. Various theoretical speculations had been pro-

posed for interpreting this phenomenon, until about 20 years ago ~Iulliken'> achieved real insight into 
the molecular nature of some type of the complex on the. basis of quantum mechanics; 3lulliken's 

theory is called "Charge-Transfer (CT) Theory". Since then the information on the thermodynamic 

behaviors of CT complexes have increased'~s>. However, the pratticalrole of CT complexes in the 

reaction has been carefully examined only in a few instances'•'>. even though such complexes as

(Received :1fa.cG 26, 1974) 
1) R. S Mulliken, 7.. Anr. Cheer, $oc.. 72, 610 (1950); ibid., 74, 811 (1952); !. Phys. Ckern., 56, 801 (1952) 
2) G. Brieg]eb, "Elektronen-Donator Acceptor-tioroplexe", Springer Verlag, Berlin (1961) 
3) L. ]. Andrew; and R. \f. Reefer, "Molecular Complexes in Organic Chemistry", Holder-Day, San 

  Francisco (1964) 
4) E. Jf. Kosower, Prng. Phys. Org. Ckenr., 3, 81 (1965)
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Dewar's r.-complex°y and R'heland's a-complexrl a:e frequently postulated as intermediates or transition 

states. 

   Recently Nilliams el af.°y found that TC\E cydoadds thermally [o electron-rich olefins under 

mild conditions, but its mechanism has not been examined. For this purpose we studied the reactions 

of a, (~-unsaturated ether and substituted olefin with TONE°•10y, which are thought to be the good 

models for investigating the possible role of CT .complexes. These systems are so simple that the 

substituents on the double bond have considerably large effects on the NMR spectra, on the CT bands. 

and on the relative reac[icities both in the complex formation and in the cycloaddition. The following 

two basic problems are discussed in this paper Firs4 bow do the substituen[s affect the enegy level and 

the elecUOn distribution of the donor; practically its ionizafion potential and \33R spectrum? Second-

ly,how do the energy level and the electron distribution determine the reactivities both in the complex 

formation and in the successive reaction?

R' 

   Cg 

Rr ~

   He 

C, 
 ~ O

R

Fig. 1 a, S-unsaturated ether

Experimental

 biaterIals 

   Propenyl ethyl ether(PEE), isobutenyl ethyl ether (IBEE), 1, 2-diethoxyethylene, and p-methoxy-

styrene were prepared by the known methods">. The other donor was commercially available. All the 

donors were purified by the method described elsewhere°>. TCNE was iecrys[allized from chloroben-

zene three times, and then sublimed under high vacuum. The sublimate was colorless and its melting 

point was 20D-202`C. Spectrograde CCI, n•as used without further purification. CI-I_Clr and CHCI° 
were purified by [be usual method. 

 Apparatus and Procedure 

   Ultraviolet-visible spectra were measured with a Shimazu UV-200 and a Hitachi EPU-2A spectro-

photometer Thermos[ated water was circulated around the quarzobservation-cell compartment(optica] 

     5) R. Foster, "Organic Charge-Transfer Compleaes", Academic Press. London (1969) 
     ti) ht. J. S, Dew ar. "The Electronic Theory of Organic Chemistry", Clarenrlon Press, Oxford (1949) 

      i) G. \V. \4 heland, !. Arn. Cbern. Sot., bt. 400 (1941) 
     8) 1. R. \I'illiams, D. \V. R`ilry and B. C. 3lrliusiek, l Am. Chem. Soc., 84. 22t0 (t962) 

     9) T. Arimoto, bf. Sasaki and J. Osugi, Paper presented at 5th Symposium on Charge-Transfer Com-
        plexes, Osaka (1973) 

     t0) T. Arimoto and J. Osugi, Chenr. Lert., 271 (1914) 
     11) (a) A. Tlizote. S. Kusudo, T, Higashimura and S. Okamura, L Polyrn. Sti., A-1. 5, 1717 (1967) 

         (b) T. Ol-uyama, T. Pucno, H. Xakatsuji and J. Furukawa, !. Arn. Chern. Soc., 89, 5816 (1967) 
         (c) T. Okuyama and T. Fuona, 1. Palym. Sci., A-l, 9, 629 (19i 1) 

         (d) C. \l'alting and K. N'olfs[im, 1. ~bn: Chem. Sot., F9, 852 (194i) 
     11) A. Ledwit6 and A. J. Roods, !. Clum. Sa.. B, 973 (t967)
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path length is lOmm) and the donor and acceptor solution reservoirs; the temperature was regulated 
within 20.2°C. The donor and acceptor soluGons.•,vere mixed directly in the observation cell. The 

initial absorption measurements could be made n•ithin 6sec. All kinetic and equilibrium experiments 

were carried out Leith [he donor in large eacess over the acceptor, the donor concentration, (D)=0.2 
-1.6il1 and the acceptor concentration, (A)=ca.10-'\T. The cycloaddition reaction was followed by 

ohseroing the CT hand maximum and, if necessary, various wave lengths near this. The pseudo firt 

order rate coustnt was obtained by Guggenheim's plot. The initial association constant was obtained 

by Benesi-Hildebrand (B-I-I) ploN'y. In the case of reacting systems, n•e made use of the absorbance 

value obtained from the extrapolation of Guggenheim's plot to zero time io order to take the B-H plot. 

   NJ1R spectra were taken at 100 3IAz using deuterioacetone and CC4 as solvents n-ith This as an 

internal reference at room temperature.

Results and Discussion

 Assignment of the new band 

   The maximum of the observed new bandand He chemical shift of the donor arc listed in 

L \Ve can see that the e[fecls of {i'-substituents aremuchlarger than those of a-substituen[s on

Table 

these

Table t The CT spectra with TCNE and He chemical shifts of the donors in CCh

REACTILB~9

:1'06'REACTIVEI~1

Donoi l.,rr c value of He

vinyl 2-chlarocthyl ether (V2-CIEE) 

vinyl methyl ether(Vh1E) 
vinyl ethyl ether (VEE) 

vinyl n-butyl ether (Vr~-BE) 

vinyl isahutyl ether (Vi-BE) 

cis-propenyl ethyl ether (ris-PEE) 

bans-propenyl ethyl ether (trues-PEE) 

isobutenyl ethyl ether (IBEE) 
2,3-dihydro pyran 

1,1-diethoxy ethylene 

p-methoxystyrene

403 nm 

4l0 

428 

{32 

436 

480 

480 

518 

471 

582 

586

3.64 ppm 

3.60 

3.i0 

3.72 

3.74 

4.20 

3.90 

4-42

pentene-I 

pentene-2 

2-methyl-2-buteae 

tetramethylethylene 

a-clohexene 

styrene

340 

404 

467 

562 

420 

475

4.3

4.i

4.9

    a) "REdCT/VE" indicates that the cycloadducts could he identified by [he product 
       analyses (IR. UV, N>iR and elemental analysis). 

   b) ^rVO:CRE:ICT11'E` indicates that tbepycloadducts could not be identified. 

l3) Ii. A. Benesi and J. H. Hildebrand, J. ilnr. Clrem. Soc., 71, 2703 (I9J9)
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spectra. The new band is assigned to the CT absorption bandr> from the following reasons. First, as 
;vlulliken's CT theory predicts, the plot of the frequencies of the new bands against [be experimental 

ionization potentials of the donors" I really shows a linear relationship. in Fig. 2. Then, the complex 

           3.5 1 
                                       Fig. ? Frequencies of the CT bands for some TCNE 

                      2 complexes plotted against the ionization 

      U 3.0 3.                          4 potentials of the donors 

       .y 2.i ti5 t; pentenc-[ 2; peatene-2 3; V3fE 
                  ~ 4; tyclohexene i; 2-methyl-2-butene 

                                         6; styrene 7; tetrame[hylclhylene 
                   a.5 9.0 9.5 

                           Ir, cV 

stoichiome[ry is found 1 : 1 from the continuous variation plot">. Furthermore, the'H-X~1R chemical 

shift. of He and-OCHs in the complexed IEEE is about 0.1 ppm to the lower field in comparison with 

the isolated IEEE in CCI,, and the other protons do not show any shift; these shifts probably suggest 

that partial charge would migrate from [he donor to the acceptor.:lccording to these results, i[ can be 

concluded that the appearance of the new band is due to the formation of 1 : I CT complex.

 Complea formation equilibrium 

   The equilibrium constant of [he tomples formation, K 

determined by B-H plot as seen in Fig. 3. The values of t 

                               30•C 20'C 

         2i IO-C 

        20 

     O li Fig.3 
         o ,,.

e
a 

i

and molar extinction coefficient, a were 

do not vary among the donors used; 2000

Typical Benesi-Hildebrand plots 

Donor IBEE in CCIr

               2 4 6 8 
               1/(~) 

-~50 in CHCI, and 1400100 in CCI,. The heat and entropy of formation (d H° and dS-) are deter-

mined from the temperature dependence of Ke value, assuming a has no temperature dependence, and 

using the equation R In Ks=-d~(1/7~+dS° R to :. The thermodynamic parameters obtained thus 

are listed in Table 2. The values of dH' and dS` are both negative and have magnitudes similar to 

those of common a-., complesesel. 

   I[ is found that there are good linear relationships between the obtained values of logK and Ycr, 

and lines a and B have the same slope as seen in Fig. 4..according to ilSulliken's simplified resonance 

[heory1°~ the eave function for the ground state (\) of a complex is generally expressed as Eq. (1). 

     14) (a) J. Collin and F. P. Losing, J. dm. Cliem. Soc., 81, 2064 (1959) 
         (b) R. R. Bernecker and F. A. Long, !. PAys. CGem„ 65, 1565 (19G 1) 

     li) P. Jab. Conrpt. Rend.. 180, 928 (1925) 
     16) R. S. Tlulliken and R'. B. Person, "Molecular Complexes", John R'iley and Sons, New fork (1969)
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The thermodynamic parameters for the TC\E complex iormation equilibria

Donor

IBEE

rir.PEE~o

bans-60-PEE' 7 

VEE

Vi-BE 

VJ1E 

V 2-Cl EE 

styrene 

p-methoxystyrene

t0'C
A (1 mol-1) 

20'C 30'C 40'C
   ~s• ~r 

(kcal mol-q (e. u.)
Soh•ent

2.16 

0.74 

0.24 

0.10 

0.084

1.91 

0.65 

0.91 

0.21 

0.18 

0.33 

0.094 

0.078 

0.073 

0.93 

4.5

1.34 

0.52 

0.18 

0.033 

0.072 

0.071 

0.03

0.67 

o.v

-3 .9 

- 3 .0 

- 2 .9 

- 2 .3 

-1.7 

- 1.0

-12 .2 

-9 .0 

-10 ,0 

-10 .0 

-S .o 

-i-i

CCIs^s 

CHCIs 

CCIs 

CHCIs 

CHCIs 
CCh 

CHCIs 
CHCIs 

CHCIs 

CHCIs 

CCIt 

CCI.

a) 95 vol. 
b) and c)

4S CCIs-i vol. Pd CHsCIZ 

cis-PEE indicates the PEE containing 9i?S ris isomer and ]tons-60-PEE 

indicates the PEE containing 6Qoo' Want isomer, because the geometrical 

isomers of PEE could not be completely separated.

-10

0.0
cc 
c

1.0

9

~, 

i',
6 

~~ 

~~ 
6

4 3 

3

z~ 

2

1 

        3 •s      5
d. 
  "-1°. ' D 

     ~i3

A 

R

I,C 
m

Fig. 4

18 20 

  1"+cr(TCYE

  22 24 

complex), kK

A plot of IogK vs..the frequency of [he CT 

band far some TCVE complexes 

A; TCSE at 30'C in CHCIa 

B; TCVE at 20°C in CCI! 

C; la at 23°C in isooctane 

D; Ag• at 20'C in cthplenc glycol 

   1; V2-CIEE 2; V11E 3; VEE 

   i; Vi-BE 3; VSI-BE 6t cit-PEE 

   i; IBEE 8' styrene 

   9; D•methaxysq•rene

EacO<E 

- dr .

stele

active

Nc Bona

f flVC1Y1< 

tyl - -•'

clr Yeture 

~D -t-~. 
     d W --

   GIOYeE 

- <sn

elcle

Fig .3 Char ge-transfer interaction diagram

                           IV.xV/'o- ~Hoi-Solll'o ~t                                             [{'i-Ifo 

                                         6 _Hol-S•m ll'o 
                                  a _ [d5-II'o 

The energy of formation dW wn be approximately written from Fqs. (2) and (3) as;

(1) 

(2) 

(3)
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                                 dIF=Ib'x-Wo 

                       -~ n ~ (IVi-IVo)• (4 ) 
Here, IV',-1Vo is approximately equal to the CT transition energy hycx. Then, we have 

R'hen the donor molecules differ little in polarity, size, and polarizability with the accepr fixed, the 

contribution of the conventional van der 1\'aals force to the complex formation n•ould not vary so much 

in the series. If so, the relative variation in dfV by the substi[uent can be expressed as; 

                        Sd[V=dW-~l)r 

                      /' ( 1z 

where the superscript "'"' indicates a referencecompound. In the case of weak CT completes the 

value of \ Q )• is almost constant is [he series. Then, we have 
                             6-                          dd 6l%= -~a h(vcr-vcr`)• (i ) 

When n•e make the usual assumption that the variation in the equilibrium constant, K is mainly due 

to the change in the energy rather than due to the change in the entropy of formation, after all. we 

hate from Eq. (i) 

                      In K/K°= RT(a,>•Mvcx-vex ). (8 ) 
   The fact that Eq. (8) is obeyed reasonably well in TCV&ether complexes as seen in Fig. 4 does 

suggest that the variation in the value of K is almost due to that in the CT resonance energy'l. The 

line C in Fig: 4 shows a similar relationship in molecular iodine (Iz)-alkyl vinyl ether complexe;rrl. 

By tfle gradient of this line the value of (r can tie e;titnated from Eq. (8): i[ is about 0.04 a° for TC\E-

ether complexes and about 0.08 a=for Iz-alkyl vinyl ether complexes. The obtained values of L= are in 

good agreement with those determined for some other CT complexes by IR or dipole moment measure-
ment'~1°l. 

    However, in the case of Ag`-unsaturated ether complexes1F> the plot of log K vs. i+cx has an inverse 

tendency, which would mean that the effect of p-methyl groups on the stability of Ag' complexes is 

negative on the contrary to that of TC\E complexes. This tendency could be interpreted by considering 

that [he interaction distance between the donor and acceptor is much smaller than the sum of [heir van 

dex Waals radii so that the steric hindrance of the (i-methyl group may become important. In general 

the donor acceptor distance in n-r. complexes appears to be only slightly shorter than the sum of their 

van der R'aais radii, while it is considerably shorter than that is the case of v-acceptor, .ag` completes 

and o-acceptor, h comlexes. In addition, a similar phenomenon is observed in another case; the TC VE-

olefin complexes studied here exhibit gradual increases in stability x•ith increasing the double•bond 

substitution, in contrast with Ag`-olefin and h_-olefin compleses"~ which become more unstable with 

     17) T. Higashimura,.\. Kano, T. 1'oaezaa•a, K Fukui and S. Okamura, .Aripymr ft"agaka 2auhi (!. CGem. 
         Sot. JaQan, Pare Chem.Setl.), 81, Si0 (1960) 

     19) T. Fuena, O. Fajimolo, T. Okuyama and J. Furakawa, Bull. Chem. Soc. laDan, 31 785 (1968)
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the increase of substitution at the double bond. 

   It is found that [he higher the \DSR chemical shift of Ho in the corresponding donor, the larger 

the stability of the TCA'E complex. Really, there are linear relationships between ]og%andc value 

of He as seen in Fig. 6. The 1aC-r blR spectra reported by other authorss0>, rH-NSIR spectra and the 

t 0 
                            4 ~ 

           -1.0 3 

o

                                   3 2 Fig. 6 A plot of logK vs. He chemical shift 
     :~ .A 6 4 A; at 30'C in CHCIa 

      ~ 0.0 5                                              B; at 20'C in CCI, , 

               g 6 I; V2-CIEE 2; V?fE 3; VEE 
                                                  4; Vi-BE S;cis-PEE 6; IBF.E 

            1.0 

                        4.5 4.0 3,5 
                   c value of Hc, ppm 

EHMO calculation described below show that n-electron density on [he a-carbon (Ca)increases and 

that on Cry decreases as alkoxy groups become buIlrier and the number of p-subsCituenU increases. 

According to these facts, it could be supposed thab the interaction of s-electron on Ca wick TCNE is 

more important than the interaction of --electron of Ca with TC\'E in thecomplex [ormation. 

                       Extended HutkelMO calculation 

 ~•Iethod of calculation 

   As preciously discussed the steric effect is les=_ important in the initial complex formation Thus 

the relative reactivity in the complex formation could be discussed mainly in terms of the electronic 

energy change behveen the initial stage and the complex stage. Such energy change may be approxi-

mately estimated by a h10 method. In order [o consider the effects of a- and p-substituents, n-electro-

nic system should be dealt with as well as r,-system, and then the EHb10 method developed by 

HoHmann"> wa; adopted here. All the calculations and parametrizations were performed according to 

the original prescription of Hofimarn. Since the geometry of each molecule except TC\Er> has not 

been established, a resonable one was postulated with the usual bond lengths and angles~l, although 

the C-O-C bond angle was arbitrarily assumed to be tetrahedral. The molecular geometry adopted 

     19) (a) R J. Cvetanovic, F. J. Dun[an, t6. E. Falconer and R. S. Irn•in, L .4 m. Cl+em. Soc., S7. 1827 
          (1965) 

         (b) R. ]. Cvetanovic, F. J. Duncan, 1V, E. Falconer and W. A, Sunder, ibid., RS. 1602 (1966) 
     20) (a) H. ]'uki. &. Hatada, li. Nagata and T. Emura. Polym. l., 1, 269 (1970) 

         (b) T. Higashimura, S. Okamura, I. blorisbima and T. Tonezawa, 1. Polym. Sci., Part B, 7, 23 
          (1969) 

     21) R. Hotfmann, I. Ckem. Pbys., 39, 1397 (1963) 
     22) D. A. Bekoe and S. n. Traeblood. Z. ArittalJogr., 113, 1 (1960) 

     23) J. A. Pople and D..L. Beveridge, °Approxiaate ASolecular Orbital Theon•", IeleGeaw-Hill (19'0)
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here for \rEE is shown in Fig. i. 

\ H            H H 

H/a-C\ C, ,     o~ \ 
             C~   (-568.128eV) H H

Comparison with eaperiments 

 The electron popu 

         Table 3

H

T. Arimoto and ]. Ospgi

Fiq. 7 The molecular geometry adopted here for VEE 

The numerical value in the parenthesis is the 

calculated total electronic enerq}•.

ladon data given in Table 3 suggest that the electrophilic reactivity at 

Atomic population (AP) and rz-atomic orbital population (n-AOP) an 

the w and Q-carbons and oxygen of a, j?-unsaturated ether

Ca is

AP r.-.40P H0, rz-AOP
Donor  6-

carboo
  a- oxy-
carbon gen

 t1-
carbon

  a- oxy-
[afbon g¢n carbon carbon gen

HO~IU 

level. eV

VEE 4.3390 3.4681 1.1632 1.1 Oi9 0.92D9 1.9671 D.5472 0.4!30 0.0351 -12 .980

lra~~s-PEE 4.1196 3.6135 7.1fi74 1.0097 1.0601 L9725 0.3834 0.4671 0.0319 -12 .50:

cis-PEE 4.1184 3.6165 21620 1.0104 1.0607 1.9720 0.3851 OA684 0.0308 -11.517

!BEE 3.9084 3.7308 7.1657 0.9322 1.1694 19737 0.3336 0.3239 0.0312 -12.248

reduced and, on the other hand, that at Cv is increased by the ~-methyl substitutions. In fact, these 

population data on Ca coincide well with our experimental reactivity order for the complex iormation; 

VEE<trans-PEE<cis-PEE<IBEE. This result supports the previous assumption that the role of rr-

electron on Ca is more significant than that on Cg in the complex. However, the total atomic popu-

lation (AP) on Cg is far greater than [ha[ on Ca is contrast with the r.-atomic orbital population (r.-

AOP) and the highest ottupied s-atomic orbital population (HO, s-AOP). .As a-electron certainly 

plays a dominant role in such ,rr, complexes, the ..-AOP or HO, r,-AOP would be one of the best 

reactivity indeces for the complex formation. From the view. point, however, we cannot examine the 

configuration of the complex. For this purpose it is a better method to estimate the delocalization energy 

for various kinds of configuration models shown in Fig. 8. The r.-electronic delocalization energy for 

model (C) (d En) is approximately given by Eq. (5). 
                                          ~anoc< mio~~ C'/ ~ 1 t 

                          "I" i i T Er-El 

                         ~~~~_ 
                           i'T Ei-El 

x-here T is [he resonance integral between the compornent molecules being assumed for simplicity to 

be constant for any type of interaction. The values of dE for various configuration models are sum-

marized is Table 4. Models (B). (C) and (E) adequately predict our experimental results. Among these 

three models, model (E) is in most reasonable agreement with lfulliken's "Overlap and orientation 

principle"N~. 

     24) R. S. Ylulliken, Ru. Trm•. CMm., 75, 845 (1556)
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 (~) 
NC\ /CN R\ IR 

     Ct_____~ 
 li 
 /`~ ~~ ~ 

NC G1 OFt H

 (D)         R R NC\
C/CN ' i/   ~y ̀ aC 

          _ / \ 

NC/ \Gl OR H

 (B) 

NC\ /CN R\ /R 
   Cr ~C 

  I: '~ 
   c' ---~~~ 

NC/ W ~ H 

  (E) , 
NC CN R R 

 I: 
   Cam, %C   / 
~ 'OR H NC CN

 (C~ 
NC\ /CN R\ ~R 
    C_____o 

  ~i ~       ~_'~ \ 
  / ~ OR H 

NC CN 

  (F) 
NC\ /CN R\ /R 

    0 _____~C 
   ~a _.I 

    Cc= -- /C \ 

NC/ W `OR H

Fig. S The configuration models 

for calculating the de-

localization energies

Tnhle 4 Calculated delocalization energies for the various configuration models

Donor
(~3) (B)

 dL, -7r~eV 
(C) (D) (E) (F)

4 \fE 

VEE 

Vi-PE 

lrarts-PEE 

cir-PEE 

IEEE

0.0922 

0.0922 

0.0936 

0.0933 

0.0930 

0.0926

0.0692 

0.0692 

0.07Ifi 

0.1061 

0.1058 

0.1427

0.0029 

0.0029 

0.0037 

0.0045 

0.004fi 

O.DIlI

0.2331 

0.2261 

0.2340 

0.2481 

0.2388 

0.2187

0.4865 

0.4869 

0.4957 

0:5968 

0.6056 

0.6933

0.1039 

O.I021 

0.0962 

0.09!7

   Before the kinetic experiments were carried out, we thought that this model was regarded as a good 

transition state model for the cycloaddition, and that the delocalization energy was an index of the 

activation energy. r1s discussed below, however, the steric effect is important to some degree in the 

process o[ the cycloaddition, and it is concluded that the reactivity indeces derived from the EH.VfO 

method in which only the electronic energy change is considered cannot be applied to the successive 

cycloaddition.

 Kinetics 

     characteristic color due to the I : 1 CT complex appears immediately after mixing and gradually 

diminishes; during the change of the color, in V MR spectra only the reactant ether and the cycloadduct 

are observed and nothing else can be found. Just st the time the color completely disappears. [he 

change in the ti ViR spectra stopps. In this reaction process TCNE anion radical could not be detectedul. 

Thus the cycloaddition accompanies no side reactions. The cycloaddition was followed by observing 

the CT band and the pseudo first order rate constant obtained by Guggenheim's plot was almost con-

stant despite the different wave lengths near the CT maximum band. The second order rate constant. 

kn is pseudo first order rate constant divided by the initial donor concentration (D); first order in the 

donor and in [he CT complex respectively. The value of klt decreases with the increase in (D) for 

     25) N. 5. Isaacs, I. Ckem. Sot., B, 1053 (1966)
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cis-PEE and IBEE, white it is independent of (D) for VEE, ~~'i-BE, V\1E and V2-CIEE within the 

eaperimen[al error. Dependence of kn on the acceptor concentration is not found for all the systems 

in the concentration range from i.OX 10-*x to 3.SX 10-a st. Those phenomena can be satisfactorily 

interpreted by Scheme (1) or (2), though Rappoport et al.bi proposed Scheme (3) based on the similar

kre k,K    t t K(D) 

i _(D)} t

   Scheme (t) 
    K k. 

AtD~C~P 

d(C) k: K(D)(C)

 kt k~ k:k 

kinetic study in the tric 

                  ae

(1-1) 

(t-2) 

(1-3)

                  yanovinyl Gon o rom trc 

of kD wtth the mcre s in (D) for cis-PEE and IEEE. 

the increase in (D) must increase the value of kn uale 

1 for our systems. The value of ku is indepedent of 

or (2-2). and then ku=krK or k'r respectively. As d' 

however, thekinetic method alone does no[ enable us 
complex lies on the reaction co-ordinate and Scheme 

action in a rapid equilibrium with free donor and acce 

plot of 1/ktt vs. (D) has fairly good linearity for ci

   Scheme (2) 
   K k', 

CAA+D~P 

de t+K(U) 

  _ k'r kt 
I+K(D) 

t _ l K(D) k
t k',}T 

a' fa z' a

               Scheme (3) 
              K k"~ 

(t_t) d(C)_._k": K(D)t(C) (3-1)          dl I+K(D) 

           t+K(D) 

          1 t 1 (1-3) kt akar K(D)}krr (3-3) 

mines. Schemes (I) and (2) predict [he decrease 

On the other hand, in the case of Scheme (3) 

ss K(D))1; however R(D)is not so larger than 

(D) for VEE etc. because 6{D)(1 in Eq: (1-2) 
tscussed extensively by Andrews and Seeter't, 

to distinguish between Scheme (1) in which [he 

2) in which thecomples formation is a side re-

ptor. As expected Irom Eq. (1-3) or (2-3), [he 

s-PEE and IBEE as seen in Fig. 9. The rate

50

45

Y \ 

40

35

Fig.9 A plot of 1/kl vs..the initial 

      donor concentration (U) 
     Donor: IBEE

                      0.0 0.2 0.4 0.6 0.9 
                      (~). M 

constants kr, k', and initial association constant X are determined by the slope and intercept of the plot. 

The value of K obtained thus is found in good aaordance with that previously determined by the 

B-H plot. The obtained Itinetic parameters for both Schemes (1) and (2) are listed in Table 5. 

   As seen in the interesting globs of ]ogk: and k'~ against vcr in Fig. 10, each curve is not linear 

with a shallow minimum in contrast with that of [he complex formation (Fig. 4). There is an essential 

difference in the substituent dependence on the relative reactivity between in the cycloaddition and in 

the CT complex formation. Thus, the reactivity difference behveen thetydoadditiml and the complex 

     26) Z. Rappoport and 9. Horowitz, !.Chem. Soc.. 1348 (1964)
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Table > The kinetic parameters for the cycloaddition reactions in CHCh

Donor

cis-PEE

1EEE

VEE

Vi-SE

VME

V2-C1EE

10'C 20'C 30'C E,°) dS+:u

k. ^) 

kr. e) 

kr 

k'r 

k~ 

k'r 

k~ 

k'r 

k~ 

k'r 

kr 

k',

LOX IO-t 

2.5 x 10'2 

2.g x 10-2 

2.1 x 10-2 

4.4 x ZO-2 

i.4 x 10_3

l.4 x 10-~ 

3.1 x 10-2 

4.7 x 10-2 

3.1 x 10 2 

fi.8 x IO-2 

6.4 x 10-2

2.3 x 10-t 

4.1 x 10-2 

7.1 x 10-2 

3.7 x 10-2 

LO x 10-~ 

9.1 x ID-s 

iSx10-1 

1,1 x 10-2 

LO x 10-2 

i.3 x ]0-~ 

2.0 x ]0-2 

L0 x 10-~

6.9 

4.4 

6.2 

5.2 

i.3 

6.8

-41 

-52 

-39 

-30 

-41 

-46

-4 .0

-3.0

m -2.0 

0

-1 .0

0.0

a) sec's

6

b) \I-t sec's

q 3

2

c) kcal mol-~ 

A 7 
i

2

fi
5

4 3

B

d) e. u.

Fig, 10 A plot of logk~ vs. the frequency of the CT 

       band for some TCA-E complexes 

      A; ]og k': B; log k~ 

         I: V2-CIEE 2; V\IE 3; \'EE 

          d; Vi-BE 3; ris-PEE 6; IEEE

20 22 Id 

icr(TCNE complex), kR

formation seems not [o he explained concurrently merely in terms of the electronic structure of the 

ground state of the reactant ether,; likely the chemical non-crossing rulem cannot be assumed in this 
type of cycloadditions. In order to explain the implication of the negative slope of the plots for cfs-

PEE and IBEE in Fig. 10, some steric effect is to he taken account of in addition to the electronic effect 

as in the case of Sg*-unsaturated ether complexes described before. The activation entropy of the 

cydoaddition is very large negative; ca. -doe. u. in Scheme (1) and ac. -30 e. u. in Scheme (2), while 

the entropy of the complex formation is ca. -10 e. u. Then, it seems that the configuration between 

the donor and acceptor in the transition state is so rigid that the steric elect overshadows the electronic 

effect of p•methyl groups, while in the complex state the configuration is so labile that the electronic 

efiectis more significant than the steric effect. 

   Kex[ we studied the stereochemistry of the cycloaddition of TCNE with PEE in the isomer range 

96-30% of cis-PEE in CHzCIs. The reactant isomer composition was determined by vapor phase 

chromatography and \>IR. The product isomer composition was determined by NivfR characteristic 

absorption intensities; cis-adduct: r=6.3 (Hs) and r=5.0 (Ht); bmts•adduct: r=G.fi (Ha) and ;_

1 i) R. D. Brown, Quart. Rev„ 6, 65 (1952)
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5.3 (Hc)- The reactant isomer composition is always equal to the product isomer cdmpasi[ion in each 

run. This result suggests that the tycloadditiogis stereoselectively cfs, in other words, it will follow 

2rrs t 2r. s approach.

cis-PEE ris-adduct 

  H~ /tti TCNE (r,d, CM. 

  c=c J, H^~t+c 
 N.C~ ~OEt N

.t OEt 

frarts-PEE bans-adduct 
 H,C~ 

_ O< TCNE INCI, ICM.   C-C~ ~ N.O~t~ 
  ~/ ~OEt ~ OEI

Fig. I1 Stereochemistry of the cycloaddilion 

        reaction

   Rrhy is the unsaturated ether "REACTIf'E" and is the olefin "A•O.NXEACTIi'E" as shown in 

Table 1, though two kinds of the donors have similar CT' bands and NiviR spectra? This reactivity 

diUerence should mainly be attributed to considerable transition state stabilization of the TCNE-ether 

system. The transition state of the TCNE-olefin system is isoconjugate to antiaromatic cyclobutadiene 

when 2.,s+2rs approach is followed. Similarly, the transition state of the TCNE-ether system is 

isoconjugate to cyclobutadiene in the same approach. In the former case resonance does not reduce the 

antiaromaficity of cyclohutadiene, while in the latter case resonance can effectively destroy the anti-

aromaticity as seen in Fig. 12. This presumption is supported by fhe fact that '"Push-Pull" cyclobu-

tadiene is isolated stably~l.

R'~-~ OR 
NC~~_ ~~CN 
NCB RCN

RFC=C~H RFC-C.H 

NC.~=I`OCN ANC-~_Ci~N 
NC' CN NC a

Antiaromatic 

4n system

Aromatic Cue 
N 2

r. SYatem

Fig. 12 The transition state a[ 

      2s+Irs cycloaddilion 

      for the TCNE-ether 

      system

 Correlation diagram 

   2rat 2.-.s thermal cycloaddilion is symmetrically forbidden from the 1b'oodward~Hoffmann rule99J. 

R'hy does our cydoaddition proceed under very mi]d conditions in this pathway? In order to consider 

this question we prepared the molecular orbital correlation diagrams for two cases. Fig. 13 shows the 

correlation diagram for a typical 2rs+tns non-polar c}•cloaddi[ion i-e, ethylene-butene-2 system. The 

energy lec•els of the ;VSO's of the cycloaddeads and the transition state (TS) complex have been deter-

mined by reference to ionization potential and ultraviolet spectroscopy and also by the EHb10 calcu-

lation. Dioreover, Fig. 14 shows the correlation diagram for a typical 2rs+Irs polar cycloaddilion 

    2g) (a) \'on R. Gampper and G. Seybold, Angem. Ch¢rn., g0, 804 (t96fi) 
         (6) bi. Neuenshwa¢der and A. Niederhauseq Hefo. Chirn-:1clo, 53. 519 (19101 

     29) R. B. R'oodn•ard and R. Hoffmann, "The Conservation of Orbital Symmetry", academic Press; 
        London (19)0)
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i. e. IBEE-TCVE system. ti1'e will compare these two diagrams. First, the diagram in Fig. 13 shows 

that the lowest state of the TS complex correlates with a diexcited cydobutane product and according-

ly the reaction is thermally forbidden. In order to render [he reaction al(ow•ed in 1rst 2rs approach 

two elctrons must be promoted from V. to ~s. This would need the expenditure of considerable energy 

since the energy gap between tlii and r/ia can be estimated to be 4.SeV. Such a considerably much 

energy- is not supplied by means of thermal agitation, and [hen anon-polar 2rs+lrs thermal cpclo-

addition cannot proceed. Secondly- [he diagram is Fig. 14 shows the same shape as before and the 

reaction is formally not allowed. inlike the previou case, however, the promotion of two electrons 

from rGz to (bs would require only small energy ecpenditure since its energy gap is very small' ca. 1 

eV. Hente a polar 2. s+2as thermal cydoadition may well occur. under mild conditions.
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