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Abstract - The solvent effect of the Duels-Alder (DA ) reacnons of 
N-(2’,4’-&chloro-6’-oxo-2’,4’-cyclohextien- 1’-yhdene)-4-nltrobenzanude (1) was kmetlcally 
mvestlgated 1. wth 2,3-dlmethylbut @MB), behaves mamly as heterdenophlle 
whereas, with ethyl vmyl ether (EVE), reacts as hetetiene 
The mechanism of salvation 1s the same m both D A. reacaons and involves 1 since log kDm 
1s linearly related to log kEVE 
The monoparametnc inverse relationshIp between rate and baslaty D, parameters shows that 
solvent behaves as a nucleophlle This relauonshlp 1s largely improved by a bi-paramemc 
equation with solvent baslclty and polanty conmbutlons 
The negative polanty conmbunon of the solvent to the rate 1s discussed m terms of change of 
polanty for these D A reacnons going from reactants to tmnsltlon states 

Previous papers of this seneW) investigated the solvent effect of Duels-Alder (D A ) and Hetero-D A 

(I-I D A ) reactions with either heterodlenes or heterodlenophlles 

Both the results obtamed from the above studies and those of the solvent effect@ of DA reactions 

reported m the literature fit mto three different classes with the kmenc data correlatmg 

A) with the electrophlhc parameters of the solvent and the rate increases with the increase of the 

electmphlhc character of the solvent, 

B) with the nucleophlhc parameters and the rate decreases with the increase of the nucleophlhc 

character of the solvent, 

C) with the cohesive pressure parameters of the solvent and the rate shgthly mcreases (as expected for 

a b:molecular reaction) with the Increase of the cohesive pressure 
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The same result IS obtamed rf the Kamlet-Tsf@) muluparametnc equatton 1s apphed to the same set of 

reactions The mam conmbutton remams that outlined with the monoparamemc approach, and the secondary 

conmbuaon in general &ves from the polanty effect of the solvent 

This model assumes, m classes A and B, a specific solvanon of the reagent mvolved m the solvent 

effect. Hence the solvent effect should be the same for merent D A reactions mvolvmg the same solvatable 

reagent, independent of playing the role of dlene or dienophde 

To test this. the solvent effects of two &fferent D.A reactions of o-qumone nmne 1 were stubed This 

1s reported@) to behave as hetedenophrle with 2,3&methylbutiene @MB-2) to gve the azasprro 

denvanve 3 In our hands, the xeachon gave, m addmon to 3, a mmor adduct (8-128 yield depending on the 

solvent) ldenafied as 5,7-dmhloro-2.3-Qhydro-2-lsopropenyl-2- methyl-4-(4’-mtrobenzoyl)-1,4-benzoxaune 

(4) With ethyl vinyl ether (EVE-5), 1 behaves as heterdene to give(*) the benzoxazme 6 (Scheme 1) 

To compare these two reachons, a common set of solvents was tested This does not include acenc acid, 

reactmg with EVE, and alcohols that nicely add to 1 to gve 7 Finally 1 IS not stable m DMSO, DMF, and 

The kmenc runs with 2 and 5 were stud& at 20 “C by u v -VIS spectroscoprc analysis of the 

Qsappeanng 1 at the suitable wavelength, followmg the reacnons to about 70% completron The product 

rmxture was monitored durmg the reacnon by h p 1 c for a slgnlficant number of solvents to exclude the 

conversion of 3 to 4 under the expenmental condltlons Finally, blank expenments at 20 ‘C excluded a 

subsequent second D A reactlon of 3 with 2 already observed with tetrahalo-o-qumones and 2 (‘) 

Scheme 1 

Cl 
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In the presence of 50-200 fold excess of 2 or 5, pseudo first ox&r rate constants were detemuned and 

the second order rate constants were then calculated. The lanetic data reported m Table 1 represent the 

average of at least 6 kmenc runs, each with varymg reagent ratios. 

The rate of the reaction with EVE IS about 10 tunes faster than that with DMB, but, more s~gmficantly, 

the solvent effect IS nearly the same. 30 and 35 respectively. m the range cyclohexane-acetone The 

lmphcatlons of tlus become more evident when log koMB IS plotted vs log kEVE (Fig 1) smce a mce hnear 

correlanon IS obtamed with a slope nearly equal to 1 The solvent effect being the same for both H D A 

reactions. we conclude that the interaction of 1 wth the solvent must be independent of its behavlour as a 

dlene or a &enophle 

About the mechanism of solvatlon of 1, the fast reacnon in cyclohexane unmdately suggests that the 

electrophthc propemes of the solvent are not involved in From simple conslderaaons on the effect of 

subsmuents, 1 IS expected to be characterized by a low-lymg LUMO. If the rate of 1 and DMB IS about 3 

rimes faster than that of DMB and tetrachloro-oqumone at 20 ‘C (e g 110 x 10” vs 33 x 10” m cyclohexane 

resp )>‘) the LUMO of 1 should be at least equal, If not lower, than -2 60 eV t9) Therefore the solvent should 

behave as a nucleophlle in the solvanon of 1 and the rate of both H.D A reactions of 1 with DMB and EVE 

should decrease with the mcrease of the nucleophlhc character of the solvent (B-type D A ) 

Table I Rate constants for the reactron of I and DMB (2) or EVE (5) at 20 OC zn various 

solvents with D, parameters of the solvent 

No Solvent D, ld x k (L mol-ls-l) 

2 5 

1 Carbon tetrachlonde ___ 69.1 f 05 620 f 10 

2 Chloroform - 156 35 fl 225 f 10 

3 1,2-Dlchloroethane - 122 16 3 f 01 114 f3 

4 Cyclohexane ___ 110 f5 770 f 10 

5 Chlorobenzene - 0903 17 4 f 01 143 fl 

6 Nltromethane - 0724 888 f 008 418 f 08 

7 Nltrobenzene - 0583 120 f 04 835 It 10 

8 Acetomtnle - 0440 525 f 005 278 f 07 

9 PDC ___ 625 f 005 408 f03 

10 Methyl benzoate - 0225 665 f 0 15 59 f 1 

11 Benzene 0 13 1 f 02 119 f2 

12 Butanone 0 177 418 f 005 347 f 03 

13 Acetone 0261 310 f007 255 fl 

14 Ethyl acetate 0.289 622 f 006 557 f 06 

15 Dlmethoxymethane 0 383 99 f 01 797 f 07 

16 Toluene 0.394 9.7 f 05 98 f2 

17 1 ,CDloxane 0590 450 f 008 43 f 1 

18 THF 0 639 328 f 005 295 f 03 
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Figure 1 Plot of the rate constants of the reactzon between Z and2 vs those of Z and 5 (Table I) 
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Agure 2 Rate constants of H D A reacttons between Z and 2 (a-0) or 5 (b-m) at 20 ‘C m 

dlffermg solvents plotted vs the D, parameters of the solvent 
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When the kmetrc data m Table 1 are plotted vs emptncal parameter D#@ of solvent nucleophthctty 

(Fig 2) two hnear correlattons of rather poor quality are obtamed, both wttb a negattve slope. 

The reason of the heavy devrattons from hneanty ts eastly explamed tf the Kamlet-Taf@) (K T ) 

multtparamemc equatton (1) is tested In this equatton d&rent conmbutions of the solvent sre constdered 

R* 1s the mdex of solvent polarity-polanzabthty (corrected by a Qscontmuous polwxabthty term 8). a and 8 

are the actdrty and basictty conmbuttons (the latter integrated by the co-ordmate covalency parameter 0 and 

81.12 ts the cohesive pressure of the solvent 

A=AO + s (rt*+d8) + aa + b 8 + h St!@0 + e 5 (1) 

When the K.T. equatton 1s applied to the kmettc data m Table 1, the conmbuttons of acirhty and 

cohesive pressure are negligible, but the polarity-polanxabihty term IL* (corrected by 6) conmbutes 

stgmficantly to solvatron and two good hnear relattonshtps are obtained @g 3) 

A polarity conmbutton to the solvent effect of D A reactron ts not an unusual phenomenon (more than 

50% of the DA reacttons analyzed m ref. 1 wuh the K T equaaon have a postttve conmbutton of the 

polartty-polarlzabtltty term m the range 2040%) What 1s new 1s that both reacttons of 1 wth DMB and EVE 

show a negunve conmbutton of the polanty term 

A posmve conmbutton of the solvent polanty to the rate of a cyclotitton was rattonahxed by 

Htusgen(“) as the result of the mcreasmg charge separahon during the acttvatton process Sometunes the 

monopartunetrtc relattonshtp between rate and the Dmuoth-Reichardt parameters @) allows to represent 

thts effect.(“) The large solvent effect on the rate of [2+2] cycloaddmon of donor and acceptors olefins were 

well reproduced by the muln-paramemc Koppel-Palm equatton.(‘*) only the two parameters of eq (2), I e 

Ktrkwood’s functton of the dlelecmc constant and the nucleophthc solvahng power B, were essential (11) 

Instead of B, the mentioned parameter D, (eq 3) was ltkewtse sunable (13) 

log k = log k” + a (e-l)@+l) + b B (2) 

log k = log k” + a (e-1)/(&+1) + b D, (3) 

The stausttcal treatment of the kutettc data of Table 1 with eq 2 or 3 1s reported m Table 2 Agam the 

coefftctents of the polarmatron term are always negattve and the rate decreases wtth the increase of the 

&elecmc constant e of the solvent 

This solvent effect, whtch IS similar to that of the 13-dtpolar cycloaddmon between 

N-methyl-C-phenylmtrone and ethyl acrylate,04) suggests that polanty m these HD A reacttons 1s shghtly 

reduced m going from &ene and dtenophtle to the transmon states A probe of thts 1s offered by the dtpole 

moments of reactants and cycloadducts 

Scheme 2 reports the measured dipole moments (benzene, 25 “C) of 1,3, and 6 plus those of DMB(t5) 

and EVE(‘@ taken from the hterature (due to the low yteld, 4 can be Ignored) 

If log k2 IS a linear function of (E-1)/(2~+1) for a reactton of two neutral dtpolar molecules, Knkwood’s 

functton allows an approxtmate determtnatton of the dipole moment of the t s >t7) However, this 1s 

meamngful only for large solvent effect dictated essenttally by the polarity term and cannot be apphed to a 

sttuatton where the rate is a functton of two parameters 
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Figure 3 The K T relationships for the reacttons of 1 + DA4B (a) (relame weights of co&icients are 
IL*, 3146, S,4%, p. 65%) and 1 + EVE (b) (relatrve wergths of coefficients are IL*, 40% 
8,18%, @, 42%) 

Table 2 Treatment of the krnetx data tn Table 1 with the brparametrtc equations 2 and 3 

Reaction eq2 eq 3 

na 15 15 

ab -1 09 (24%) -180 (37%) 

l+DMB b= -0 010 (76%) -043 (63%) 

log k” 2 15 151 

Id 091 094 

na 15 15 

ab -172 (36%) -224 (46%) 

l+EVE bC -0 008 (64%) -037 (54%) 

log k“ 2 18 158 

P 092 090 

*Number of solvents, b&effictent of the Klrkwood’s functton, tn parentheses Its relattve wetght, 
C)coeflictent of the baslclty parameters, m parentheses Its relattve weight, d)corrclation coeffictent 



Frontter molecular orbital mteractlon-VI 
5863 

Scheme 2 

DMB EVE 
3 - 1- 6 

P = 56 127 48 D 

When consldermg a hypothehcal D A reachon where the rate 1s msensltlve to the change of the solvent 

polarity, the dipole moment of the transihon state (p*) can be denved by eq 4 

If the cubes of the radu of the molecules were approximated by their molecular masses,(“) eq (4) 

furnishes 5 9 D and 6 4 D for the p* values of the reacttons with DMB and EVE respecttvely These are 

somewhat higher than the Qpole moments of the cycloadducts 3 (5 6 D) and 6 (4 8 D). Takmg into account 

that the rates of both the above H D A reacuons have a neganve conmbuhon from the polanty of the solvent, 

the dipole moments of ther t s s will be lower than the calculated p* values 

SmcetheHDA reachon1+2*[ts]* - 3 seems to occur with nearly no vanation of the dipole 

moment along the reachon coordmate, these data alone do not explam the weight of the polar term evidenced 

m Table 2 On the contrary, for the H D A reachon 1 + 5 * [t s ]* - 6, the data suggest a sign&ant loss of 

polanty from reactants to the transmon state Both reactions are probably concerted, but not synchronous 

CONCLUSION. 

In conclusion, the mam result obtamed from the kmettc lnvesngahon of the solvent effect of the H D A 

reactions of 1 is that solvent behaves mamly as a nucleophlle, with the same mechanism of solvahon if 1 

behaves as heterodlene or heterodlenophlle Furthermore a polar conmbunon of the solvent m a D A reaction 

can be either posmve or negahve and cannot be ignored 

EXPERIMENTAL SECTION. 

Meltmg points were determmed by the capdlary method on a Tottoh apparatus (Buchl) Elemental 
analyses were made on Carlo Erba CHN analyzer mod 1106 ‘H-n m r spectra were recorded on Bmker 
WP8OSI spectmmeter, 1 r spectra (nuJo1 mulls) on a Perkm Elmer 983 spectrophotometer, and massa spectra 
on a Fmmgan MAT 8222 mass spectrometer 

iUurer&s - 2,3-dlmethylbutadlene (2) and ethyl vinyl ether (5) were commercial freshly dutilled 
products The solvents for the kmenc runs were freshly dlsnlled reagent grade (u v spectroscopic grade when 
available) 

N-(2’,4’-d~chloro-6’-oxo-2’,4’-cycloh~~~en-l~-yl~&ne)~-n~trobenz~~de (1) - The product was 
prepared as descrtbed in the literature (*) 
163-165’C (lit @) 170-173 “C). 

and was recrystallized from benzene as small orange crystals, m p 

Reamon of 2 and 2 - Compound 1 (0 65 g - 2 mmol) &ssolved m few cm3 of acetone was allowed to 
react at room temperature for a night with an excess of 2 The solvent and the excess dtene were evaporated 
and the resrdue was crystalhzed from ethanol to gwe 0 60 g (74 9i yield) of 3 as yellow crystals, m p 185-186 
‘C (ht t8) 188-189 “C) The mother hquors were evaporated and the restdue was column cromatographed 
[Merck silica gel 230-400 mesh, eluant cyclohexane-ethyl acetate (9-l)] The first fiachon gave 4 (008 g - 



G DESIMONI er al 

10% yield) which crystalhzed from dusopropd ether as white crystals, mp =139-14OY! (Found C, 56 1, H, 
3 9, N, 7.0 Calc. for f&I-It&l N 04 C, 56 0, H, 4 0, N, 6 9%) Mass spectmm 406 (M)+ m/z ‘H-NMR 
(DMSO-ds). temperature 115 o&(K) 143 (s, 3H, methyl m 2 posmon), 1.89 (broad s, 3H, allyhc methyl), 
2 49 (m, 2I-I. H-3), 4 98 (broad s. 2H, vmyhc H), 7 03 and 7 11 (two doublets, J=2 Hz. 2H. H-6 and H-8), 7 79 
(d, J=9 Hz, 2H. H-2’ and H-6’), 8 24 (d, 2H, H-3’ and H-5’) I r 1684 cm“ (vco) The second fraction gave a 
further carp of 3 (0 08 g - 84% total yield) 

Reuctron of1 and 5 - Compound 1 (0 65 g - 2 mmol) dissolved m few cm3 of acetone was allowed to 
react at room temperature with an excess of ethyl vmyl ether 5 After few hours the discoloured reaction 
mrxture was evaporated and the residue crystallized from ethanol to give 7, m nearly quantrtattve yield, as 
white crystals, mp. 174-176 Y! (ht ,@) 176-177 “C) 

Reactron of 2 and ethanol - Compound 1 (0 65 g - 2 mmol) was boiled for 15 minutes with 10 cm3 
ethanol The solunon rapidly drscoloured and the solvent was evaporated to give quanntauvely 
N-(l’-ethoxy-2’,4’-~chloro-6-oxo-2’,4’-cyclohexa~enyl)-4-nl~oben~~de (7, R=Et) as white crystals, m p 
(dusoproprl ether): 178-179 “C (Found C, 48 3, H, 3 2; N, 7 5. Calc for C,sH,,Cl N 
7 5%). ‘H-NMR (benzene-d&) 0 97 (t, 3H, methyl), 3.08 (m. 2H, drastereotopic - 

0s. 
& 

C, 48 5, H, 3 3, N, 
s-). 6.23 and 6 34 (two 

doublets, J=2 Hz, 2H, H-3’ and H-5’). 6 69 (broad s, lH, NH), 6 98 (d, J=8 5 Hz, 2H, H-2 and H-6), 7.52 (d, 
2H, H-3 and H-5) I r 3150 cm-l (v&. 1685 and 1641 cm-l (vco) Srrmlar products were obtamed with 
different alcohols 

Determnanon of the [3]:[4] ratros - These were performed by h p 1 c on a Waters Associated 
ALCKPC! 244 hqmd chromatograph with a Beckman mod 25 spectrophotometer operahng at 255 nm as 
detector The cbromatographrc separations were performed on a stainless column (25 cm length x 4 mm 
mtemal hameter) Tre-packed with Lichrosorb Si 60 (10 pm) Merck, eluant cyclohexane-ethyl acetate 85 15, 
flow. 0.7 cm3 mm- , retention times. 3 8 5 mm, 4 5 6 mm 

Five solutions of known compositions of 3 and 4 were prepared with the raho [33/[4] m the range 80/20 
- 97/3. each composition bemg tested on two mdlpendent samples at least four ttmes each A cahbrahon curve 
(which is m practice a straight line) was obtained by fittmg the composition vs ht/(h +h ), hiand h, bemg the 
peak heights of 3 and 4 respectively The unknown composihons were determmed b y dttmg the raho of the 
peak heights on the calibration curve 

Solutions of l(0 01 M) and 2 (1 5 M) m a selected number of solvents were thermostatted at 20 ‘C until 
the colour of the solutron disappeared The solvent was evaporated under vacuum at room temperature and 
the residue was dtssolvcd m a small volume of eluant Each solvent was tested on three mdependent samples 
at least four hmes each and the data obtained are reported in table 3 The reacnon mixtures were tested at 
dtfferent degrees of complenon and the rah0 [3] [4] was found to be constant wnhm the hrmts of the 
expenmental error (ti.5%) 

Table 3. Products dismbuhon of the H D A adducts 3 and 4 m differmg solvents at 20 “C 

Solvent 3%6a 4% 

Chloroform 
Nnromethane 
Benzene 
Acetone 
Ethyl acetate 
1 ,CDloxane 

@The error was m the hmn f 0 5% 

919 81 
907 93 
905 95 
907 93 
906 94 
88 1 119 

Kmetrcs - The overall reaction rates were measured by following the disappearance of 1 on a Perkm 
Elmer Lambda 5 spcctrophotometer provtded wtth a thermostatted-cell transport assembly and an automahc 
multrcell programmer The solutions were measured m 100 cm OS Hellma cuvettes of 3 cm3 capacity 
Measuraments were taken at the wavelength of 440 nm for mtrobenzene and 420 nm for other solvents 

A sample of 1 (2-5 mg) was weighed accurately and Qssolved m the requtred solvent m a 25 cm3 
volumemc flask Dtmethylbutadtene or ethyl vinyl ether (cu 0 5-l cm3) were poured into an accurately 
weighed 10 cm3 volumemc flask contammg cu 5 cm3 of the reqmred solvent The flask was agam werghed 
to determme accurately the amount of 2 or 5 and then filled wtth solvent Stx samples of the soluhon of 1 
(2 00 cm3 measured usmg a pipette) were placed m SIX cuvettes thermostatted at 20 C and vanable amounts 
(from 0 25 to 0 75 cm3, accurately measured with a mtcrosyrmge) of the DMB or EVE soluhons were added 
After vrgorous mixmg, the kmehc determmanons were mmated 

The actlvahon parameters m benzene and l&droxane (Table 4) were detennmed by measunng the 
reachon rates at 25,30, and 35 OC, followmg the same method described above 
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Table 4. Rates and acttvanon parameters of the reacnon between 1 wltb 2 and 5 
m benzene and 1 ,4-hoxane 

Reactmn TPC 
ld x k (l mol-ls-l) 

Benzene 1 P-Dtoxane 

1+2 
z! 

13 lf02 450fO08 
169fO.l 57 f02 

zi 
226f02 80 f01 
29.4fO 1 107 f01 

AH+a 91 f05 99 f05 
-ASfb 36 fl 355 fl5 

1+5 ;i 119 f2 43 fl 
164 f2 56 fl 

30 189 fl 71 fl 
35 224 f 3 865fl5 

AH+’ 67f05 78 f05 
-ASfb 39 fl 38 fl 

*) kcal mol-‘, b, cal K-‘mol-* 

Dipole moments - The dipole moments of 
and the methodology described by Hmsgen 

roducts 1, 3, and 6 were measured by usmg the mstmment 
& In table 5 are reported y2, molecular fracaons of the 

soluaons, et2 and dt2, dtelecmc constant and densny of the soluaons. A&z, slope of the plot e12 vs ~2, Ad&z, 
slope of the plot dt2 vs y2; P2-, molar polanzaaon at mfimave thlutlon, Ro, molecular refracaon at D-he 

Table 5. Dlelecmc constant and density measures III benzene soluaons at 25 ‘C 

Compound 
Dlelecmc constant Density 

lo”XY2 El2 104XY2 42 

1 

P2,=598 8 

Ro=74 7 

3 

P2,=574 7 

Rt,=97 3 

6 

P+=750 3 

R,=lOl 3 

2 158 2 2808 
3 324 2848 
4451 2889 
5 923 2938 
7 116 2982 

Ae/y2 = 35 7 

1028 2 2780 
2 230 2830 
3809 2910 
4 919 2953 
6 101 3010 

Be/y2 = 46 2 

1349 2 2770 
3 193 2825 
5 205 2897 
6 346 2941 
7351 2971 

Acly2 = 33 6 

3908 0 87328 
7 111 379 
8971 403 
13 12 466 

AdEyz=149 

3903 0 87346 
5 821 385 
8.875 441 
12 44 511 

AdIy2=192 

4571 0 87351 
6 830 400 
9 019 429 
13 87 523 

Ad/y2 = 1.88 
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