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and 

TbeLX&-AldCffUCtiOOhoChiCVCd~’ pO?tMCChwopaicl~thCSiSSiaCCitSfOrm*tiOO(;r; 
~~~~l~.‘S~~~~~~~ 
been coltsiderahk interest ia the ttactb from the 
stdpohts of lrK?&nhalL4 alul tkwks of ekctrc+ 
cyclic addiths.’ In this aed subwquent papers’ we 
report 00 substituent and solvent effects 011 tbc reaction 
of ant&nceae &rhdvcs with tetracyanoetbykDe 
fctbeoctmocutronibik, TCNE). This system was 
clloseabwalJscoftlhenlativerigStydt&m~ 
owku!Sandthedominantadditioototheceatralring 
pdakrly when 9-aIkyl substitwats are present. Anu- 
tbcrgreatadvaatsgeisthattbekinetkd8taare8c* 
curately?eprohiiaodtbc~ngeoaallyfru 
from any ixm&dq side reacthos. TCNE was chosen 
astbediewp&ikbeSxweofits~reactivity. 

Most of the avail&k evidew for the mec&nism of tbc 
reStioa points to a c.ow!rtd process. The rterwchemis- 
try involves exclusively ck additiotL” The lack of an 
appkabk so@lt dkct ah4 seems to prechxk zwit- 
tdoaic intermahw5” Kktic evidence also favours I: 
coecerted attack by the dicnophik. Activation entropies 
ut usually highly negative (between -3s ad 
4 ad deg%of - ‘) with comes-y ioqt cothrtpics 
of activuioo. Iovcfse stmadq isotope effects (k”/kO = 
0.93 - 0.99) are low ad have been taken as evideace for 
very small changes in bybridisathl of the rwtion centres 
iRtkratedetermi@jstep,~forn’YacM”lik.e 
shicture for tbc trdtion state?* In spite of this evi- 
dtm. fbe wllcerted fWwe of the reach has recently 
been questioned’ 8nd in is&ted examples deal inter- 
adates are postulated? However for the reactioa be- 
tweenlndeicanlI*d Mthceneanditsbento- 
derivatives, a poor ixxr&th w8s obtain4 between 
loefnte cousmnt) sod k#cdisetion energy for tbc ap 
pqhte reaction centres wke.8s a rcasoaably. & 
lilnwplotwuobtakdus@thepuplogllrclotioa 
e of Brown.’ The latter correlation is tltc one 
expected for a concerted mechpnism. Recently these 
find&s have been cdhed by Kisekv et 01.” 

Is&-Alder reacths ueusuallyuwwaicdbytlu 
pmductioaofa~tcdourwhich~astbc 
~~~.~~~~~f~~a~fa 
haQetnasfcrhtamodhttbetweendooor(&ae)aad 
%cccplw 0lkwPhk). 

Until recently, tbc nxchdstic importiwe of these 
irwIndate compkxes w8s oot clear. The reacth may 
be fofmllataf io two ways. fA=lKzapta, B-doaa); 
CT, charge traasfer comp&x; P. product.) 

AtBzk+L’P (1) 

scheme 1, 

C&A+B~P 

scbeme 2. 

(2) 

FoctkC.dithlthU(B]~(A],it~krerdilysbOWll 
that for !MenJc I, the txperimentally observal,sawnd 
u&r rate constant Ck.,) is givea by 

L? .Kka _ 
l+Wl 

aDd for !wlefDe 2. 

&-.A- 
1 +K(B]- 

ltltis the two schemes are kittdcay intIistiaguishttbk. 
Evhbceforttiuefordf&mscomefromtbeobser- 
vathlth8tk,dw8ueswitb illadng&tiy- 
drkk fexcas) izonceati for the rc&ct+ with 9,10- 
diatetbyhmhmmr” 

Equuhs(3)uld(4)cankr!wan#dintochemo~ 
coaveaht forms (3 ad (6) mpectively 

l~-~~~tl~k, (5) 

lb - Kwk, + l/k3 f6) 
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A% = AG’+A&, 0 

wbf?eAG:istbebafriertoconvtiofcompkxto 
~~A~~~f~~off~of~ 
Wlpkx. sia&f txprc&xls fB8y be w&al fa the 
corrupondial cuthlpy and entropy tams. Thus AH, 
wiUbe&aminodinpattbyAHc, 

FaSchane2,AHL,, will bt in&pa&nt of AHO. 
T?mtsifrsuBkhlyst&kcompkxisformcdsU&that 
AH‘,>AH: then wh vpluts of AH;,, could be 
~*~V~~~V~f~~b~ 
vahtcs from a study of the fcactioa of 9&iimctbyl- 
PDthnceaewithTCNEiD habauh solvents. v&es of 
AH:,intherqe-1.6to-3.1 kcaJ*mo&-‘wcrcfamd 
togetbcr with Qbly Dcgative ClmupiCs of activlrion 
(--&8l~&g-‘miv). unfommatdy the data was 
obtaind at only time diUemt TCNE cotxxma~s for 
each sdvent and tcmpcntufe which ill our expahcc 
wasnotwbc@satisfactaY. 

we repat here ul iaves~ of subshalt ehcts 
attbc9posithinthen?acthofrs&sofmthrace~ 
withTCNEinsotvcatCCl,.Tbcratcsofnxthwar 
fauowal~yMdrtivPtionenagics 
~~~~~~~W~ 
masurcd. 

Tat.hliistsv&esofthcobservcdwcoadadante 
coltstants at 2.5-* A cohduhk rrpoe of R8ctivity is 
fotmdwtdcbcoa~monOtywiththclimitcdrPapcof 
valWslWinedfoftbeequWiumcoostantsfachugc 
baa!h colllpkx fornutba (see pccccdh paper). Alkyl 

mthncaw). W& tbc alkyl series 
~~~a~~~~~~~u 
@MCdsaicaMC,Et,ERitttbCBh?*N&thMWtU, 
whichsqgcststbatbypcrcatju&e&ctsmiat- 
pmaot. However tbc t-h derivative reacts faster tbaa 
kopmpyl,idc&gthrttbefcbaoompkxhtartiw 

ofpohrandstcriccffects.ollerrrsonabk bYpothisis 
tb8t t-butyhnti itsdf is 8 ftaicrlty stfai& 
mokcukdueto ~~n~~~~ 
andtbcpcribybnopas.%chcoqnhoawoukibc 
alkvhtalbyachuqpofbytdaathsp’tosp’which 
occltrsabqjtbcrvmioacoa&inote Itissignihatio 
tbiscootextt&tuvlImxim8 fa t&tbnccm show 
amrkedb&ochxnicshiftsaswcll~bwacxtin&n . 

InsomciWulcesstaicfacta!S&rppeutobeim- 
port+as~bytbefxtthattbenorm&yekcbxm 
~o.~e~~pwp horn a rdc eohmmmt d ody 

allhc4Xandwbartwslbcbgrmrpc 

occupytbc9md10podiou8,nrctionibesnotoccur. 
thba burky salbhmmts (ph$i Pb$o) also pnnat 
m&m. Tk 9 mctilyl-, 10 bromwkivltive throws 
~~t~~~of~e~of~ 
intermediates. Tbc Me and Br substhats brve siatihr 
bulk (Van dcr waals radius -2.OA). so tlmt 8 &St 
appXh8thlStidkCtSSbOddbtcomparbk. 

ckdy tbe +I, -1 lmtlue of the sub&Wats would 
fac%t8tctbcpfoduch0f8naterioniciIltamedhte 
~~~~~f~~~~9.1~ 
dimethybnthacet~. However the WJIPWX! reacts 
sbwcrbyrfactordfourpwersoftca.Compuisoaof 
MeandBrsub&ucntsiscoqtic@bytbeope&att 
ofdhct&Idc&tsiotbchtterw&ichwouMhhibitt&! 
rpprorcboftbcTCNEarhicbkur&ilypoluhbkr 
ckctroes.MkylsabstituentsiatbeoutariagsalsoffociE 

TkblC2.UV abuiau (r. Em) of saaw Mthnaac dcrivdva 0 CCL at room ta8pamc~cnhlaia 
-1 

krthncen8 

9-)(rthYl- 

9-Ethyl- 

I)-aroprl- 

9-i-Propyl- 

9-i-Butyl- 

'I-t-btyl- 

9-r*p- 

9-f+hj5f- 

9-Ph3h- 

9-w- 

9-*10-k- 

334(3.46) 

333(3.47) 

334f3.47) 

335(3.48) 

3Sf3.45) 

WO(3.38) 

33S(3.46) 

342(3.54) 

33)(3.51) 

30(3.47) 

344(3.4) 

aso(3.56) 

P 
UZ(3.76) 358(&W) 378(3.68) 326(3.46) 

350(3.,77) 

349(3.78) 

349(3.76) 

JsO(3.77) 

352(3.78) 

ae(3.68) 

352(3.79) 

356t3.83) 

364(3.82) 

363(3.79) 

362(3.83) 

36Sl3.86) 

340(3.56) 

36q3.98) 

%8(3.%) 

368(3.%) 

369(3.95) 

370(3.%) 

376(3.63) 

370(3.96) 

374(4.01) 

371(3.99) 

372(3.%) 

xul(4.05) 

3iy4.07) 

359(3.%) 

3%(3.%) 

aB(3.97) 

3%(31%) 

387(3.91) 

jeS(3.95) 

3%(3.76) 

mq3.91) 

394(3.%) 

391(3.97) 

rn(3.92) 

403(4.02) 

4tq4.07) 

377(3.58) 
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itate racth at the 9.10 positha. 2$LBis+butyhnth- 
facacfcacts8boutfourtcca~fxsmthMxnth- 
mccac.Act.ivatiminthisascbpmumblybyro 
iUiWtiVC~oQentinprlpap~CCboCld¶. 

Ioo&rto8ndyscthesubamlmtedbcuinwm 
dUAiltbCnteC0Mt8OtStWCbSCOcorrrirtsd~tbC 

extcndodfonnoftbcHammettcquathprcvioudyrg 
p&al by Cbutoa.” 

Q.=am..+h.+h (8) 

w&re~,Mdc?~rcprrctllttbCcoatrikmoototbc 
ovenllpohrcua3m8debyilhctived- 
cumpomtsmdhistheanutantofthc~.The 
mb6~ts~urrPgedinscts~ aminimum 
ofhahanbcfs. 

Ttlccom~ofthcsas,dcrivdfromtbe% 
subrtiadadlatbrxaerilltbc~(compktc)sct(Sul) 
aodthendtingcomhtjo(uarcplwtlltcd~Tab&x2 
Md3leqK&ety.~SetIsbonrcomheioa,it 
isrfrirlypoorooc.Bydimim&onevatucatrtimc, 
thc&Xtmtheamlmtioocaobcsysmwkauy 
akmiDaiulltiltbebcstthbobt&d.mgrla.at 
illqxovenlcotinthcscsctswasfoudtobeinSet2 
whichcxchKksk-butylMthn#K.ItrbwldbcDotsd 
t&tiut&extcodcdHamcttcq&walforthc 
amhtioo.thereisnopurwtato;rcouatforstuic 
dTcctx.Tbecquatimtakcsiutorcrount~afld 
inductiveinOuaumpmducaibythesubstimmtsaod 
xoybcmioodstaiccdeuxmuttsioapoorrrca- 
rchth nus tbc otmavai improvcmcot on excltio of 
1autylmuldrcBazt~~~~~pn- 
~a&.A&n&exc~dtbcockrnhvrehrqn 

arrda!m tbescchPpcsarcmtdaoy 
si&kmce. exaqlt for ict s wticXc tlw vduc for Pi- 
prop*ilexctu&dwhkha&aincouMbcduetoasttric 
fwor.Exck&odthc9Me,Signntp(Sct6)Qernot 
im$rove the comktioll s@i!lcmtfy. which w that 
thc&!$~rouphukssrtaichio&mceth~tbct-Bu 
g4UUpWhiChir msomb&ioviewdthegraterSi-C 
bondkagth.TbebutamchtiooisshowninSet7which 
is obtaimd by exchrsion of SWkutyl- lad pi-propyi- 
aathncw.~~~cauacimprovemeot 
&obyth&Mividuddimin&mfmtheSctl(Scts2 
and 5). Elimi&on of MeX- ami Me&- (set 9) shows 

aoimptovaooatovaSet2Lluthcrethcrchrbwcr 
caMencckvd,aincco&aixdatapoiata+dmiai 
iuthisaet.ThcimprovcmeotofthecurdummIPSet9 
isrdxtaitothcexchUiooof9-t-butyLMdaut9-tri- 
nuthy&ilyL.AHm&-d9-wtbyl-aodP- 
etllyL(su10)&0vutkmhtioa,itirstitlDot 
malpmbkwiththemlttxobtinatillSct7.Mti 
eviknceittdkat~that.inthclbsenceofrtaiccdactr, 
the extended form of Hmmett cqudon bad oo eke 
trodcel?tctxcank SWCMfUUyrppliedtOtbC~~ 
AkkrmctiomdTCNEwitbanthrunamdtihin 
itself strongly uyg#tr a similu feacth pathway for 
alltbckivativaempbycd.Somefurtbainfcrencea 
umybcdmwllfnmthctn@tudeoftbc~vahbcxhown 
in Tabk 4. If the tram&n state were dmc to the 
pmilKt,tbcvahEoftbc--dY~(B) 
sboddbcMmnriacethe-twouldbelttrbed 
tO8cuboartomWithproDOUCCdSp’ChU8CtaMd 
intartionwitlltbersystanlwauldbc~.Tbe 
ob8crval @ VahKa are frirly large and c(=@u) ix 
gmtcrthxntmitywhichslg@stsM”afly”traaai& 
stakT?lisrc8uhcoafirmstbciataprrtrtiooof~ 
c&tsbyBrownandCookson~lltcfactthatdimine- 
tionoft-Bumdi-Rsub&umtsmkailyimprovuthe 
codathmryweilrcdtffomtkscsub8thntxbiv- 
inpElORSp’ChW!~inthC~itiOOStPtetO8Jkvhte 

SlaicSmiO. 

A* ptanmtim. Ttu rctintion puamden f?r 
‘KNE uiditioo tog&u with the hmodymw 
pnmratforcompkxformathnappcuinTabkI. 
Promthixd8taitisnowposs1&+ct0cak&ctbertin- 
tioopuamlWsforthc~variooofcompkx~tod- 
ductusiq~(7).TberuultxapparinTabk4andarc 
notable for the very small w of AS: v&es. Tbc 
prhc@factorsthcd~~~totheobauvai 
ntediucreac4% cuethuscathdpic.Thc@htyncgative 
catrupyvahexshowth8ttheinitialc.ompkxixnt&r 
looadybaundwhkhiscon5mmfbytheobmvcdbck 
ofrupouscofKctosub6titueotx.Mdthcamanaeptive 
vdws of Aso. 

ADotheintenstiPgfeuurrofthe~bthc 
excdkntmdxtiaaofAG&withAG,“showoinFi I. 
l%isprovi&sstro~supponfortheulalp&xrcrrerc- 
tiooinm I+lrammplocsofbgt,vrF_ 
for the TCNE coinpkxcs arc also t&u. 

Tab&l C~dthcdaarn~~trfathc~ rqrushulxlyaisofdxtauJalthecxrrododHumet! 
cqlmth(+,compcwdirhdcd; -.compwdcxcb&d)x=9rubrtitatsl 

I I 10 * - . l . l . 

I L -_ 
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T&&4. Rahdcmduba 

sot . n h d P TeC TC nd C.L.e 
f 

e 
a 

1 - 8.74 -14.0 0.224 0.94a 21.98 6.567 4.%5 a 99.5 1.60 

2 - 9.60 -15.7 0.182 0.973 35.92 a.424 6.533 7 99.5 1.64 

3 - 8.26 -12.9 0.2m 0.954 20.19 6.33 4.669 7 99.0 1.57 

4 - 9.09 -14.0 0.201 0.9% 9.1% 1.518 4.262 7 97.5 I.54 

5 - 9.06 -14.7 0.227 0.956 22.20 6.611 5.031 7 99.3 1.62 

6 - a.01 -14.4 0.165 0.943 16.25 5.669 3.177 7 99.0 1.64 

7 -10.31 -17.4 a174 0.997 275.1 23.% la.46 6 -99.9 1.6a 

a - a.37 -13.0 0.223 0.914 7.662 1.433 3.902 6 95.0 1.55 

9 - 9.73 -16.6 0.075 0.972 26.02 7.167 4.293 6 99.0 1.70 

10 - 7.77 -12.1 0.1% 0.%9 23.01 6.772 5.035 6 97.5 1.56 

1: kltiplr comlrtton coefflctant; b: F-test for Si~iflclncC of rqrtsslon; 

c: T-test for sigl1flcrnc.e of 0 rrd B; 4: II&w of points in srt; 

.: Cmfidrncr lrnl (c~prrd with the F-dirtrfbutlon Ub1.s. Ukm from t’TfWWK@ 14); 

f: Ccqosltlon of rktrlcrl effect (C l 610). 

The ovcnli tkmfymh puMeten (AC&, A& 
andA!Qfortbcflacthoft&xlkylul~were 
xbo &!tcmhi from the xbmrpha of fully cquili- 

bmted8ddoMrtnriour tempclmtma. Tbc VahJal 
appcarinTab&4.AcexpectaitbcvahmofA&mall 
hi&tyDc@ivcthcn&thxtofPwtbylMthrrceaeis 
dJLTrorpLindyWCtllDOfCpositiVC~thCothu 

dkyl daintivec. 

Vduuof-Ac&dtaauayrtemrticrlly~tbc 

saitrMe,EfPI,CRbnfort-Bucbe~brev~. 
-nliscaqwlvitbthemaepositjve~tum~ 
tbl3cooa7#drrcliefofperi-mcsotistniuoa 
amvarioa to adduct. 

lkcisdsoanintcratiagcomlotionofAG=,ti 
Mi~~~2).TbcMe,EtradRderintiv~liconrline 
dsbp0_2!9whastbct-BuandCFrkivativalkon 
a line of 8bpc 0.63. m bw slope of the CorrcJxtioa of 
thCa9yldChtiW3xgxillMQ#Utx”tuly”tnnrition 
st8tcswililsttbowofthebulk8umdmyradttrthry 
subrtitueata occur somewhu “later” abag the reaction 
coofdbk.Prolntbctbamodynrmicduxpr#eatd 
bm, the rtivation pmmmeta forthcrevcfsccank 
compkai(-hbk4)aDdquite~raaionproaks 
c8nbc&awIl. 
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Et 
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t&l 

lhp 

UT 

9.10 art 

* 

6.9 

1.0 

6.6 

6.2 

6.7 

- 

- 

-i-i? 1 

t6.9 

1S.Z 

IS.7 

IS.7 

16.7 

16.4 

u.3 

19.a 

12.4 

e 

* 

14.9 

17.6 

19.4 

19.2 

17.3 

_ 

* 

- 

-l&,-x)- ‘ebt (IO) 

-Id&-A.)-k4(&+ (II) 

9.6 

6.2 

6.4 

6.5 

7.0 

7.1 

8.6 

10.7 

4.1 

i-7 -1 

* 

16.6 

19.9 

22.1 

22.7 

20.1 

* 

1 

* -31.3 - 

-20.2 -30.4 -18.6 

-35.6 -31.4 - 3.6 

-43.0 -30.7 4 4.6 

-43.6 -32.4 + 4.11 

-3S.6 -31.0 - 2.1 

- -32.4 - 

- -I).$ - 

- -27.6 - 

At!kAd+& 
A. tn WA.- 1) 

(13) 

Vhdk~wutrtphcibkto~r3%~- 
byr~r(radud&vi&asovcrwvcralws. 

v&es of tbc thxlrrodyarmic (bG& etc.) Md xtivuioa 
puaalaa (AGG;, UC.) were ala&ted froal the uaml cqa& 
tioasusiqlkastfqtmruCzomparpDQury. 

‘O.LXdSradK.AIQ,~AUL~4@~l~. 
&Y. A. fitov. Rmu. ch. Rnx 31. 267 (l%2); ‘1. 0. Martin 
ad R K. Hill, tXm. Rrc. 61. S37 (1Wl): ‘1. SIpa. m. 
C&m. lot. Ed 5, 211 (1966); ‘H. Kwut aed K. JC& Chew. 
J?#u. 60. 415 (1%8); ‘A. Wassam~, lxda-Auu Rarr&ns. 
EtseviK. Alwudun r19tis). 

‘Fortan+summuysaT.H.LowryandK.S.Ri&rdwn 
MeMlm~~~k~~~.p.3658adftf~ 
t&&a. Harpa & Row. New Yo& (1976). 

ti U. M. Lat5 sod St. Y. G. Robert& 
‘J. Saner. Aqrw. C&m Int. Ed. 6, I6 (190. 
?.~mwaudRC.~ootroa.tccrol#la, 21,1931.1993 (I%s). 
‘N. D. Epi&. 1. Arr, cb. Sot. 95.3624 (1973). 
‘G. Huybru& ud 6. Vu-Mdc. Id 1. clbrr KLWL II, tl83 
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