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Abstract - Following a description of experimental methods, 
kinetic results are summarized, dealing successively with 

2nd order and 1st order rates. In each of these sections, 

studies of product formation are described, followed by the 

effects of leaving group (steric and electronic), alkyl 

group structure, solvent, nucleophile and temperature. 

Finally, overall conclusions are presented together with 

the outlook for further work. 
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I. INTRODUCTION 

A. POSSIBLE MECHANISMS 

The discovery that pyrylium mediated conversions of primary amino groups in 

aliphatic amines to other functionality constituted a preparative method of 

considerable synthetic value1 initiated a search for better leaving groups (see 

Chart 1). The first kinetic measurements were originally carried out to assess 

the leaving ability of different heterocyclic rings, and much preparatively useful 

information was thus obtained. For example, it was ascertained that 

nucleofugacity increased markedly for (1) < ( 2 )  < (3) and later preparative work 

has utilised compounds of type (2) and (3) extensively. However, it rapidly 

became clear that mechanistically the reactions also had considerable inte~est.~ 

The vast majority of mechanistic studies on nucleophilic substitution 

reactions at sp3 hybridized carbon atoms have been carried out with negatively 

charged leaving groups such as tosylates or halides. The substrate is thus 

neutral at the beginning of the reactions, and during an SN1 type reaction charge 

is created. This means that such reactions do not usually take place in non-polar 

solvents, and in the polar solvents where they can be studied there have been 

perennial difficulties in distinguishing between the nucleophilicity and the 

polarity of the solvent. 

By contrast, reactions we shall be considering here involve neutral leaving 

groups. Thus, the substrates to begin with are positively charged and in an SN1 

type reaction no charge is created. In consequence, SN1 type reactions can occur 

in non-polar solvents where nucleophilic participation by solvent can be 

excluded. This simplifies considerably the interpretation of the detailed 

reaction mechanism and allows identification of reactions which proceed via ion - 
molecular pair intermediates (which correspond to ion-pair intermediates for 

neutral substrates). Moreover, the positively charged substrates used here offer 

the possibility of electron transfer for a negatively charged nucleophile, and 

such S.E.T. reactions have been identified.' 

The possible types of reaction paths are shown in Scheme 1 and have already 

been discussed.2 As will become apparent during this review, the present work 

offers powerful evidence for the operation of separate unimolecular and 

bimolecular nucleophilic substitution reaction mechanisms, and does not support 

the view of a continuous spectrum of reactions spanning SN2 to SN1. 



Designation of N-substltuents (R) in compounds (1)-(58) 

( a )  Benzyl ( 0 )  L-PPOPY~ (bb) p-MeC6H4CH2 

(b) Methyl (P) s-Butyl ( C C )  z-MeC H CH? 
6 4 . .  ~ 

( c )  Ethyl (q) 2-Pentyl (dd) p-FCsH,CH, 
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- .  
R ( 2 6 )  pBrC6H4 ( 4 5 )  Benzoth ia -  H 

z01-2-y1 
( 2 7 )  5-02NC6H4 

( 2 8 )  4 - P y r i d y l  

u2 u3 u4 u5 u6 F12 

R5& ( 3 3 )  Ph h H Ph Ph ( 4 8 )  Ph 

( 3 4 )  Ph Ph Ph H Ph R2 ( 4 9 )  5-8" 
R6 R2 

I ( 3 5 ) H  H P h H  H 
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B. SCOPE AND ARRANGEMENT OF REVIEW 

This review covers work carried out up until 1984, but it omits work on 

radicaloid and electron transfer  reaction^,^ and also kinetic work carried out in 
aqueous s~lution.~ After consideration of experimental methods, we discuss 

bimolecular (SN2 type1 reactions in which the nucleophile is implicated in the 

transition state, and then unimolecular SN1 types. 

C. EXPERIMENTAL METHODS 

1. Preparation of compounds 

The preparative aspects of these reactions and particularly the preparation 

of the starting pyridinium salts have been reviewed up to 1980 in reference 2, and 

up to 1984 in reference 5. 

2. The Spectrophotometric Method 

Kinetics were followed by monitoring the decrease of absorbance of the 

pyridinium cation at a fixed wa~elength.~ In typical runs under pseudo-first- 

ordec conditions the concentration of pyridinium was either 1.6 x or 3.2 x 

LO-' mol 1-l, while that of nucleophile varied from approximately to 1.0 mol 

1-l. Pseudo-first-order rate constants were calculated from the slope of 

conventional plots of lnIa/(a-x) I = In1 lepsilonl-epsilon2)/ (epsilon-epsilon21 1 

with epsilonl and epsilon2 depicting the extinction coefficients of the pyridinium 

and of the pyridine at the kinetic wavelength) vs. time. Such plots are usually 

linear to at least 80% completion. Under pseudo-first-order conditions 

(Inucleophilel > 101substratel) Lbs values are equal within experimental error 
for substrate concentrations varied 50 times for a variety of different substrates 

at different temperatures.' Second-order rate constants were calculated as the 

slopes of the plots of Lbs 5 nucleophile concentrations. In many cases these 

plots passed through the origin within the experimental uncertainty indicating 

that the reactions were accurately first order in nucleophile. However,in other 

cases, a significant intercept on the y-axis (interpreted as a first order rate) 

was observed, indicating a reaction component zeroth-order in nucleophile. 

Examples of both possibilities are provided in Figures 1 and 2. 
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F i g .  1 .  Plot of observed rate constants (Itobs,) 2 piperidine 

concentration for the reaction of 2 ,4 ,6-tr iphenyl-I-  

(substituted benzy1)pyridiniurn cations ( la, I&$-lggl with - 
~ i p e r i d i n e  in  chlorobenzene at 100 C .  



I 
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Fig. 2. Plot of pseudo first order rate constants (k ) vs -obs. - 
nucleophile concentration for reactions of 1-prnethoxy 

benzyl 2.4.6- triphenylpyridinium tetrafluoroborate in 

chlorobenzene solution with piperidine ( V ) ,  morpholine (m), 
and pyridine (0 )  at 40 C. 
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3. The Conductimetric Method 

The reaction was followed by monitoring the decrease in conductivity with 

time. The conductivity at infinite time (G infinite) was nearly equal to that of 

chlorobenzene (GphC1) and close to zero. Observed rate constants under pseudo- 

first-order conditions (Gbs) were calculated from equation 1: 

Lbs = l/t lln /Go/G) I (1) 

Eight compounds have been studied by both the UV and conductivity methods. In all 

cases the 3 second-order rate constants from both methods agreed within the 

experimental error. 

4. Association and Dissociation of Substrates 

Vapor pressure measurements on the g-benzyl derivatives (la)-(3a) and on the 

N-(&-octyl) (3il provided information on the aggregation of these  compound^.^ In - 
all cases, at the concentrations used for the kinetic measurements the compounds 

existed as ion pairs in chlorobenzene solution, with negligible association to 

more highly aggregated species. 

11. SECOND-ORDER RATES 

A. STUDIES OF PRODUCT FORMATION 

Table 1 gives details of some of the preparative reactions that have been 

carried out with amine nucleophiles to give substitution products: they cover a 

wide range of N-alkyl groups, nucleofuges, and nucleophiles. 

B. EFFECT OF THE LEAVING GROUP 

1. Monocyclic Pyr idines 

Rate constants for the reactions of &-benzyl monocyclic pyridiniums with 

piperidine in chlorobenzene at 100'~ are given in Table 2. Entries 1-11 show the 

effect of variation in the 2-substituent while holding the 4,6-diphenyl 

substitiuents constant. Compared with hydrogen as the 2-substituent (4a, Entry 2) 

a 2-methyl group reduces the rate significantly in (Sa, Entry 31 but a 2-t-butyl 

group has very little effect on the rate, of ha, Entry 41. This finding is in 

contrast both with experimental rates for the demethylation of 2-substituted 

pyridinium cations and with molecular mechanics calculations, which indicate large 

steric effects for i-butyl substituents in the 2 position.23-25 



Table 1. W a c t i m s  of Pyridinium Caticns with Neutral Mlcleaphiles 

&tQ 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

1 5  

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

(lkk) 3-pyridylmthyl 

A.!L Feacticn t a b s t i t u t i m  
Nlcleophile [Sub. I Solvent Time ( h ) a  OC Product ( 8 )  

pyzidine 

2-piml ine 

3-picoline 

4-piwline 

piper idine 

mrphol ine 

oABcce 
an i l ine  

pyr id ine 

pyr idine 

pyridine 

pyridine 

pyridine 

piperidine 

mrpholine 

oABae 
pyr idine 

mrpholine 

pyr idine 

pyridine 

pyr idine 

4-picoline 

i-inoline 

piperidine 

nvrpholine 

pyr idine 

4-picoline 

isoquinoline 

p ipx id ine  

mrpholine 

21 pyridine 

28 2-piwline 

28 3-picoline 

28 4-picoline 

20 piperidine 

14 mrpholine 

1.1 chlorobenzene 

13 ani l ine 

- pyridine 

- pyridine 

6 pyridine 

6 pyridine 

26 pyridine 

35 piperidine 

29 mrpholine 

1.1 chlorobenzene 

27 pyridine 

14 mrpholine 

1.1 chlorobenzene 

7 pyridine 

- pyridine 

29 pyridine 

25 4-picoline 

16 i-inoline 

31 piperidine 

26 mrpholine 

29 pyridine 

25 4-picoline 

16 isoquinoline 

14 piperidine 

12 mrpholine 

30 min 100 

- 115 

24 115 

22 145 

12 140 

14 106 

14 129 

20 Ll5 

12 145 

18 110 

14 106 

14 129 
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Reactim t 
mcleophile [Sub.] Solvent T im ( h ) h  OC 

pyr idine 29 pyridine 14 l l 5  

4-piwline 113 4-picoline 14 145 

i q i n o l i n e  12 PfOH 12 242 

piperidine 14 piperidine 14 106 

m p h o l i n e  23 mrpholine 1 129 

pyr idine - pyridine - 115 

p i w r  idine - piperidine - 106 

mrpholine - mrpholine - 129 

h e m i n e  2 chloroform 12 61 

pyridine - pyridine - 115 

piperidine - p i p e r i d h e  - 106 

d 1.1 chlorobenzene 2 132 

h e m i n &  2 chloroform 12 61 

pyridine - pyridine - l l 5  

mrpholine - mxpholine - 129 

h e m i n &  2 chloroform 12 61 

hexamin2 2 chloroform 12 61 

h e m i n d  2 chloroform 12 61 

pyridine - pyridine - 115 

mrphol ine - mrpholine - 129 

pyr idine - pyridine - 115 

d 1.1 chlorobenzene 2 132 

pyridine - pyridine - 115 

mrpholine - mrpholine - 129 

pyridine - pyridine - 115 

piper idine - p i p r i d i n e  - 106 

pyr idine - pyridine - 115 

d Except where otherwise s ta ted;  b From xef. 10; C ham ref. 11; d DALCO = 1,4- 

diazabicyclol2.2.2)~tane; e man ref .  12; f man ref .  13; % mom ref.  14; I ham ref .  15; 

hexamine = hexanethylenetetramine. 



Wle 2. --order Rate Ccnstants (k2, 1 nol-I  set-'1 for the Reactions o f  PBenzy l -  

and >.Ukyl-wridinilms wi th  P ipe r i d ine  i n  Chlorobenzene a t  100 OC. 

h t r y  C m  R~ R3 R4 n5 R6 k2x103 Ref. 

1 ( la1  ~h - ~h - ~h 4.94 6,16 

2 14aI - - Ph - Ph 0.93 8 

3 (5al ~e - Ph - ~h 0.119 17.18 

4 l7al - t-BU - m - ~h 1.07 17.18 

5 (&I -&2%'4 - Ph - Ph 8.82 1 9  

6 (gal 2-wr i d y l  - Ph - Ph 18.0 19  

7 (10al 3 -wr idy l  - Ph - Ph 11.2 1 9  

Ph 

Ph 

m 6 ' 4  

PMeC6'4 

E-K6'4 

pC lc6H4  

E--6'4 

-mC1C6H4 

mBrC6H4 - 
-!!2%'4 

4-pyr i d y l  

Ph 

m 

Ph 
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A 2-phenyl group (la, Entry 11 gives a significant rate acceleration, which 

is somewhat greater for 2-2-nitrophenyl (8al. 2-(2'-thienyl) (14a1, and 2-(3'- 

pyridyl) (10a) (Entries 5, 11, 71. 2-(2'-Pyridyll (gal is significantly faster 

than 2-phenyl (la), but the 2-(E-oxido-2-pyridyll (llal hardly at all, (Cf 

Entries 6 and 8). Fastest of all are 2-(benzirnidazol-2-yl) (13al and 2- 

(benzothiazol-2'-yll (12aI (Entries 9 and 10). 

These results indicate that steric acceleration can occur, and we believe 

that this is the reason why the 2-phenyl group produces acceleration relative to 

hydrogen. However, a methyl group evidently causes steric hindrance to the 

reaction, and with tertiary butyl the steric effect is apparently almost same on 

the ground and the transition state. The phenyl group tends to become coplanar 

with the pyridine ring to enhance overlap: the steric acceleration would thus be 

maximized; however, steric hindrance in the ground state twists the phenyl group 

out of the plane. Such twisting will be less for a 2'-thienyl group, a 2'-pyridyl 

group, and especially 2'-benzothiazolyl and 2'-benzimidazolyl groups. In 

addition, the inductive electron-withdrawing effects of these groups increase the 

reaction rate. This can also be seen for the 3'-pyridyl group, and evidently is 

important for the 9-nitrophenyl. In the E-oxide-2'-pyridyl group, however, the 

electronic effect is evidently offset by hindrance to planarity. 

Table 2, Entries 17-25 shows rate variations induced by a substituent in a 4- 

phenyl group. Electron-withdrawing groups increase and electron-donor groups 

decrease the rate relative to the unsubstituted 4-phenyl derivative: the effects, 

however, are small. A quantitative treatment gives a reasonable correlation with 

Hammett sigma values (r 0.950, rho 0.46). The low rho value demonstrates the 

insensitivity of the displacement reaction towards substitution in the 4-phenyl 

group: the reaction centre is far from the structural modification. The rate for 

the 4-(4'-pyridyl) compound (28a) fits well into the Aammett plot (Entry 251. 19 

If a further substituent is placed at the 3-position of 1-benzyl-2,4,6- 

triphenylpyridinium cation, the rate of reaction is significantly decreased when 

the 3-substituent is a methyl or a phenyl group (Table 2, Entries 26, 28). The 

steric effect of an --substituent is usually enhanced by an additional 

substituent in the adjacent meta-position. This is known as buttressing. In 

previous examples, buttressing has invariably influenced rates in a direction 

corresponding to an enhanced steric size of the group. In clear contrast, simple 

buttressing has a rate reducing effect in the present series. Almost certainly 



this is because the 3-methyl or 3-phenyl substituent causes the 2-phenyl group to 

twist out of the plane of the ring, and therefore to be less effective in steric 

acceleration. This can be considered a manifestation of the "gear e f f e ~ t " ~ ~ , ~ ~  

defined as conformational transmission caused by the interaction between 

polyhedral substituents. 

It is clear that no single substituent parameter can describe the steric 

effects of substituents in influencing the rates of the present reactions.The 

steric shape of substituents can be conveniently described by the five Verloop 

parameters,28 which provide the substituent length (LI and the distances (B1-R4) 

in four directions along two axes orthogonal to each other and to the L axis, and 

the treatments of this type are more successful ( s e e  section 11. C. 3). 

As is shown in section 11. E, alpha-ethoxycarbonyl groups cause considerable 

rate accelerations, but in this case piperidine cannot be used as a nucleophile. 

2. Pyridiniums fused to One Other Ring 

Rates are shown in Table 3. Keeping the 2.4-diphenyl substituents constant, 

a fused 5.6-trimethylene system (36al has a rate very similar to that for a 6- 

methyl group, whereas the corresponding tetramethylene derivative (37a) reacts at 

double the rate (cf Entries 1 and 2). This once again demonstrates the 

sensitivity of the steric acceleration to the precise shape of the adjacent group. 

Preventing the 6-phenyl group from moving out of the plane has a large rate 

enhancing effect in the indeno derivative (38a), and still larger in the 

dihydronaphtho derivative (Zal, but in the 5.6-acenaphtheno derivative (48al the 

rate is actually smaller than for the 2.4.6-triphenylpyridine analogue (see Table 

3, Entries 3, 4, 121. 

The pendant phenyl group in compound (50al decreases the rate by a factor of 

3 (Entry 141. Considerable rate decreases are also found (Entries 5,61 for the 

insertion of 3-ethyl or 3-phenyl groups into the 2,4-diphenyl-5,6-dihydronaphtho 

derivatives as in (40al and (41a): further examples of the negative buttressing 

effect that was already discussed for the monocyclic series. 

Entries 15-17 of Table 3 provide some comparisons for pbutyl compounds for 

cases where it was not possible to prepare the g-benzyl analogues. The 

substitution of the 2-(2'-benzothiazolyl) group for 2-phenyl in this series has 

relatively little effect on the rate (Entry 16). The rather rigid tetracyclic 

fusion found in compound (52el causes a considerable rate reduction relative to 
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Table 3. %c.xd-&e Rate Ccmstants (k2, 1 ml-' --') for the Peactims of pSuhst i tuted 

Fyridinium and Related Catims with P ipr id ine  in  Chlorobenzene at 100 OC (Oxpunds with 

Fyridinim. Ring Fused to Qw Other Ring). 



Table 3 (cmtinued) 

h t r y  Cmp. 

d Extraplated value. 
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(Ze), presumably because of additional steric hindrance in the transition state 

(cf Entry 171. 

3. Pyridiniums with Additional Rings Fused in Both the 2,3 and the 5,6 

Positions 

Available results are summarized in Table 4. The bis-dihydronaphtho 

derivative (3a) has a very fast rate, which is considerably reduced in the 

analogue containing one less CH2 group (53a) and much further where one of the 

ring fusions has been replaced by an acenaphtheno group (54a) (cf Entries 1-31. 

However, in the nonacyclic derivative (58e. Entry 8 ) ,  the comparison with the 

reactivity of the n-butyl pentacyclic analogue (3el (see Table 51 indicates 

approximately the same activation. The marked difference to the behavior of (Ze) 

and (52e) discussed above again emphasizes the non additivity of steric effects. 

where the rings are fused on one side to dihydronaphtho and on the other side 

to cycloalkane ring, much slower rates are found, but again the compound with 6- 

membered ring fusion (56al is faster than the analogue with the 5-membered ring 

fusion (55a) (Entries 4 and 5). 

The one example of ring fusion with an oxygen-containing ring (57a. Entry 61 

indicates that this could be a favourable feature in increasing rates of reaction. 

C. DEPENDENCE OF SN2 RATES ON ALXYL GROUP STRUCTURE 

1. Comparisons of Rates for Heterocycle Displacement with those for Anionic 

Leaving Groups 

Second-order rate constants are given in Table 5. The tricyclic series (2) 

is the most complete and the discussion will concentrate on this. The generally 

order for SN2 rates with anionic leaving groups such as halide, 

sulfonate, etc., is: 

benzyl > allyl > methyl > primary alkyl > secondary alkyl > neopentyl. 

However, in the series now under discussion, e.g. (2), we find the sequence: 

benzyl > allyl > methyl = secondary alkyl > primary alkyl = neopentyl 

That this modified rate sequence applies to many of the present leaving 

groups is supported by the less complete data for series (1). (31, (121, and (46). 

Within the series of primary alkyl groups, the rate sequence for n-butyl, L- 
butyl and cyclohexylmethylene (compounds p, i, 11) in both series (2) and (31 are 
in good agreement with those for the reactions of alkyl bromides with chloride ion 



Table 4. Second-xder Rate Onstants  (k2, 1 ml-' sec-l)  for the Reactims o f  ESubstituted 

Fyridinium and Related Caticns with Piwridine in  Chlorobenzgne a t  100 OC (Campunds with 

Fyridinim Ring Fused to lb Other Rings). 

Extrapolated value. 
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Wle 5. Second-order Rate Constants (k2, 1 m1-I --'I for the Reactions of ?Subs t i tu ted  

F y r i d i n i m  Ca t i cn s  i n  S e r i e s  (11-(31, 1121 , and (46) with P ipe t i d ine  i n  Chlorobenzene. 

s e r i e s  (1) s e r i e s  (2) S e r i e s  (31 s e r i e s  1121 S e r i e s  (46) 

N-Subst. - (100 OC) I100 OC) (100 OCI I100 OC) 160 OCI 

(Rl k2x103 Ref. k2x103 Ref. k2x103 Ref. k2x103 Ref. k2x103 &f. 

(a)  Benzyl 4.94 6,16 343 1 7  4 4 4 e  1 7  316 1 9  - - 
(b) Me 0.60 20 5.02 20 24.90 20 - - 3.7 21 

(Cl EL 0.0306 20 1.32 20 6.70 20 0.45 21 4.4 21 

(dl n-P, - - 0.49 20 2.75 20 - - - - 

(e)  n-& - - 0.69 20 2.41 20 0 0 5.3 21 

IEI r p e n t y l  - - o.lP 20 1.99 20 - - - - 

(4 n-hew1 0.008 20 o.os& 20 3.05 20 - - - - 

lhl n-heptyl  - - o.lo& 20 2.51 20 - - - - 
111 apKe2 - - 0.0564 31  0.72 31  - - - - 

(k) M p K e E t  - - 0.0458 31  0.40 31  - - - - 

(11 =Fentyl 0.008 20 0 . 1  20 - - - - - - 
(ml M2=-proW1 - - 3.01 31  3.62 31  - - - - 

In1 M2f h e w 1  - - 0.0453 31  0.307 31 - - - - 
(01 i -PI  0.140 6.22 2.77 20 - - 1.4 21 8.5 21 

(P) 5-& 0.11 6.22 17  20 - - - - - - 

Is) 2-pentyl - - 1 3  32 - - - - - - 
( r )  2-heptyl - - 27 32 - - - - - . 

( s l  3-%-2-butyl - - 3 32 - - - - - - 
(t) 3-pentyl - - U 32 - - - - - - 
(u) M 2 a a 2  0 . 9 c  20 47 20 56.2 20 - - - - 

(v) a2-aiaa3 2.98 33 14& 33 - - - - - - 
1x1 5-butyl  - - 0.0593 1 4  - - - - - . 

IYI 5-pentyl  0.15 20 1 1 4  - - - - - - 

(21 =-hew1 0.020 20 0.1 1 4  - - - - - - 
(aal r h e p t y l  - - 5 1 4  - - - - - - 

E x t r a p l a t e d  value.  b Kine t i c s  were followed up t o  30% r m v e r s i c n  m l y .  K ine t i c s  were 

Eollared up  to 45% c m v e r s i m  cmly. 



in acetone-water3= and with methoxide in methanol. 37 Second order rate constants 

for cyclopropylmethyl compounds (2m and 3m), howevet, are higher than those of the 

analogous cyclohexylmethyl derivatives (2" and 3111, in contrast with the usual 

rate enhancement on increasing the ring size from 3 to 6 observed for the SN2 

reactions of bromomethyl-cycloalkanes with m e t h o ~ i d e ~ ~  and t h i ~ ~ h e n o x i d e ~ ~  ions. 

Within the series of secondary alkyl groups, the SN2 reaction is swamped by 

fast SN1 reaction for the N-cyclopentyl (ly), N-cyclohexyl (lz) and N-cycloheptyl 

(laal derivatives. For the cyclobutyl analogue (1x1 the much slower SN1 rate 

enables the SN2 rate for this compound, although itself very slow, to be 

measured .I4 

2. Comparison of Relative Rates Within the Heterocyclic Series 

The SN2 reaction of the pentacyclic derivatives (3) is invariably faster than 

that of the tricyclic analogues (21 ,17*'0 however, the rate enhancement varies 

widely for different E-substituents. 

We have compared relative rates, based on Et = 1, for these series with 

literature data for halide leaving groups (Table 61. Compared to the ethyl 

analogues: 

(a) Methyl in series (2) and (3), and allyl in series (31, react more slowly 

than typical. 

(h) Straight chain primary alkyl derivatives react at approximately the same 

rate as expected. 

(c) Benzyl in series (2) and (31, 3-alkyl, and =-pentyl react faster 

than expected. 

For benzyl, the tricyclic or pentacyclic leaving groups are respectively 

faster by E. 70 and 900 times, compared to the 2,4,6-triphenylpyridinium 

analogue, but these rate enhancements vary widely for other groups. Thus allyl 

shows enhancements of 48 and 58, methyl 8 and 42, ethyl 43 and 220. These factors 

are related to the overall steric requirements of the ~ - s u b s t i t ~ e n t s . ~ ~  Thus 

allyl and ethyl both respond much more than methyl to the change from (1) to (2). 

but methyl and ethyl respond much more than allyl to the second annulation 

involved in going from (2) to (31. A much higher rate increase (up to 30 times) 

due to the second annulation is found for I-pentyl, n-hexyl and n-heptyl groups. 

The biggest enhancements are found for benzyl. Thus, the enhancement in rate for 

primary alkyl groups tends to increase with the bulk of the alkyl groups. For the 
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Table 6. Serrnd-order Fates  Relative to t h e  B r r e s p r d i n g  Ethyl Derivative for the Reactions of 

N-Alkyl- and penzyl-pyr idiniums 1-3 w i t h  P i p x i d i n e  in  Chlorobenzene a t  100 OC and for the - 
React ims of Benzyl and Alkyl Halides with Nucleophiles. 

1 2 3 

a k y l  ~1.e *I.& 5 e r . e  

Nucleophile pip. pip. pip. 

(a) Benzyl 161 245 664 

lb) Me 20 3.8 3.7 

ICI Et 1.0 1.0 1.0 

Id) E-Pz - 0.37 0.41 

le) E-m - 0.50 0.36 

If)  E-Pentyl - 0.11 0.30 

( g 1 ~ - H e q l  4 . 3  0.07 0.50 

(h) ~ - ~ e p t y l  - 0.08 0.37 

(1) 9 - 0 . 0 4 i i  0.1d 
(k) 2-Me-1-Bu - 0 . 0 3 d  0 . 0 6 d  

(1) =Pentyl <0.3 0.10 - 
lrn) CH~ZETCV. - ~ . a  0.54 i  

(n) CH2-g-Hexyl - 0 . 0 3 d  0 . 4 d  

(0) L-Pr 4.6 2.1 - 
(P) 5-m 3.6 13 - 
(ul Ally1 3& 35 8.4 

(VI y -m-allyl - l o &  - 

5 EYcm re f .  20, except where otherwise s ta ted.  b In dry EtCH a t  42.5 OC; f rm:  D. Segaller,  J- 

chm. Soc., 1919, 103, l l54;  1914, 105, 106. In  dry EtOfi a t  55 OC; frcm: C.K. Ingold, 

'Structure and m h a n i r m  in  Organic Chemistry', Bell;  Imdm, 1969, 2 4  edn. m. 432-436; I. 

Dostrovsky, E.D. Hughes, J. Chem. Soc., 1946, 157; M.L. Dhar, E.D. Hughes, C.K. Ingold, S. 

Masterman, E. 1948, 2055. d In acetcne a t  100 OC, Erm: ref .  34, p. 435 and N. Wnrhu tk in ,  

2. Phvs. Chem., 1980, 2, 589. % I n  DMF a t  25 OC, Era :  S. Hartshorn, "Aliphatic b l e o p h i l i c  

S b s t i t u t i m " ;  Cambridge University Press; Cambridge, 1973, p. 32. f In acetone a t  25 OC, fran: 

ref .  34, p. 436 and P.B.D. D? l a  Mare, J. Chem. Soc., 1955, 3180. 3 In acetone a t  50 OC, f r m :  

J. Hine, "Physical Organic Chemistry", 2nd mi.; =raw H i l l ;  Ww York, 1962, p. 176; J.B. Colant, 

R.E. HUSSey, J. Rm. Chem. Soc., 1925, 4J 476; J.B. Ccnant, W.R. Kirner, R.E. Hussey, m., 1925, 

47, 488. h I n  MeOH a t  80 OC, E r a :  K. Okmto, I. Nit ta ,  T. I m t o ,  H. Shingh, m11. $32. - 
h m .  Japan, 1967, g, 1905. i Average re l a t ive  r a t e s  of a lky l  systems frcm ref.  3%. i man 
ref .  31. k Ent rap la ted  value, E r a  ref .  33. 



secondary alkyl groups, the effect of annulation is greater on 2-butyl than i- 

propyl. Stable pentacyclic compounds of series ( 3 )  cannot be prepared with 

secondary alkyl psubstituents, because of spontaneous fast SN1 reaction. 

3. Statistical Treatment of Rate Variations 

Kinetic data on the SN2 reactivity, with variation of both the alkyl and the 

nucleofuge in these and other conventional bimolecular substitutions (i.e. the 

logarithms of second-order rates relative to ethyl for reactions 1-10 in Table 6) 

were used for multivariate statistical analysis. Principal component analysis 

(PCA) allowed the study of the simultaneous dependence of SN2 rates on both alkyl 

group structure and leaving group n~cleofugacity.~~ The PCA analysis of a data 

matrix reporting log k2 for the SN2 reactions 1-10 in Table 6 provided a one PC 

model describing 70% of the total variance, confirming previous findings on the 

leaving group ability of quinoliniurns (2) and accidiniurns (3) as compared to 

halides and differentiating x-alkyl groups capable of resonance delocalization and 

secondary alkyls from primary alkyls. As Table 6 shows, groups larger than ethyl 

(where it is size near to the point of attachment that is significant) tend to 

react faster than expected, those smaller than ethyl more slowly. 

By contrast, no correlation exists between log k2 for series (1)-(3) and the 

Taft Es  parameter^.^' Whereas a single parameter could measure the bulk of 

substituents, it cannot measure the shape of the substituents, and changing shape 

with constant bulk may well affect different reactions in a different way, as 

shown by numerous literature examples.26 Thus, the 3-fold symmetry of the methyl 

group in pyridines was needed to rationalize both the quaternization kinetics and 

the conformational preference in isopropyl derivati~es.~' In the present case, 

the shape of x-alkyl substituents was accounted for using the recently developed 

method of partial least squares IPLS) analysis.31 PLS has several advantages over 

the usual multiple regression analysis (MRA), the usual approach of physical 

organic chemistry. PLS needs none of the assumptions of MRA, i.e., that all the 

variables are independent, error free, relevant to the specific problem, and the 

absence of non-random grouping of the data points, (for a detailed comparison of 

the above statistical methods, see ref. 31). 

The relative reactivity in the quinolinium series was described as a function 

of eight structural parameters ("descriptors") for the alkyls, which indicate 

electronic (sigma*) , 4 0  steric effects in terms of size (Es) 39,40 and shape (the 
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five Verloop parameters) and polarizability (MR140 of each alkyl linked to the 

carbon atom undergoing substitution. The results of the PLS analysis provided 

further support for the importance of the steric shape of branched primary alkyls 

(as measured by the Verloop parameters) in such nucleophilic displacements. 

4. Effect of Substituents in the N-Benzyl Group 

We have also investigated the effect of para-substituents in the benzyl group 

on the rates of various K-benzyl substituted systems (Table 7 ) .  1-(e- 

Methoxybenzyll- (lhh) and 1-(2-furfuryll-pyridinium (lii) react by SN1 and SN2 

mechanisms, the proportion of SN1 increasing with temperature, while other 1- 

(substituted benzyl) derivatives show only SN2 rea~tion.'~,~~ No quantitative 

relationship was found between log k2 and sigma, sigmaRO and sigma' substituent 

parameters in series ( 1 1 ' ~ ~  the Hammett plot showing a pronounced curvature for 

the pmethoxybenzyl (hh) and furfuryl (ii) derivatives which, in both series (1) 

and (5) react much faster than the unsubstituted derivatives (a) (see Table 71. 

?=Methyl substitution causes a low rate increase in all the examined series, while 

the reactivities of the E-chloro compounds ( e e )  do not differ significantly from 

those of the unsubstituted derivatives (a), being slightly higher in series (11, 

(5) and (7). and lower in series (3) and (441 (Table 7 ) .  

5. Effect of N-(alpha-Alkoxycarbonylalkyl) Groups 

N-Alkoxycarbonylpyridinium salts such as (lmm) proved extraordinarily - 
unreactive towards nucleophiles, 42 in contrast with the activation towards 

nucleophilic substitution shown for halogen atoms by alpha ethoxycarbonyl 

groups.43 Thiourea gave mixtures. approximate rate measurements with piperidine 

in chlorobenzene indicated rates much less than, for example, the 8-benzyl 

analogue (la). We believe that this low reactivity towards nucleophilic 

displacement is due to stereolectronic reasons. Activation by the ethoxycarbonyl 

group is believed to involve overlap of an approaching nucleophile with the C=O 

pi* orbital.35 Examination of models shows that the ethoxycarbonyl group is 

constrained by the 2,Gdiphenyl groups so that the C=O pi-orbital is orthogonal to 

the N-CH3 sigma orbital. Hence, an approaching nucleophile cannot interact 

simultaneou~ly with both the sigma N-C and the pi* C=O orbitals. 



D. COMPARISON OF LEAVING GROUP NUCLEOFUGACITY WITH THAT OF HALOGENS 

Second-order rate constants for the reaction of E-benzylpyridiniums (2a) and 

(3a) with thiourea in MeOH at 35 OC 20 are respectively 600 and 15 times lower 

than that of benzyl bromide,44 showing the pentacyclic pyridinium to be a leaving 

group somewhat poorer than bromide. 

The second-order rate constant for the reaction of benzyl chloride with 

piperidine at 80 OC in dimethylformamide is 0.0555 (1 mol-' s e c - l ~ , ~ ~  while those 

for the enalogous reactions of the tricyclic and pentacyclic derivatives (2a) and 

(3a) at 80 OC, in chlorobenzene are respectively 0.0966 and 1.96 (1 mol-' 

sec-I).'' The second-order rate constant for the reaction of the monocyclic 

derivative (1) with piperidine at 100 OC in chlorobenzene was found to be twice 

that in dimethylformamide.6 Hence, we concluded that in the reaction with 

piperidine at 80 OC, the tricyclic compound ( 2 )  is a leaving group as good as 

chloride, while the pentacyclic (3) is considerably better than chloride when 

attached to benzyl.20 Support for this hypothesis was provided by the PCA 

parameters for the different reactions (variables).31 In the hl values (the 

"loadings"), which can be related to the leaving group ability of the nucleofuge, 

showed that the tricyclic (2) and pentacyclic (31 nitrogen heterocycles are as 

good as chloride ion and somewhat poorer than bromide in leaving group activity. 

E. RATE DATA FOR PYRIDINIUMS CONTAINING RING ETHOXYCARBONYL GROUPS 

Results obtained at 100 OC with 3.E'-dimethylthiourea as nucleophile8 (Table 

8) show that replacement of an alpha-phenyl in (la) by an ethoxycarbonyl group to 

give (16a) causes an increase in b by a factor of 38; no significant part of the 

reaction proceeds by the SN1 route. With pyridine, (16a) again shows an increase 

in 3 by a factor of z. 40 compared to (la) .6 
When both the alpha-phenyl groups of (la) are replaced by ethoxycarbonyl to 

give (19a1, the reaction rate at 100 OC is too fast for convenient measurement, 

but comparison with piperidine as nucleophile at 30 OC, with those for the 

triphenylpyridinium (la) at 40 0c,17 indicates an increase in 9 for (la) by a 

factor of z. 2300.' Replacement of the gamma-phenyl in (la) by an ethoxycarbonyl 

group to give (29aI leads to smaller rate increase 1%. 12 at 60 OC). 

Quantitative assessment of the effect of the replacement of alpha-phenyl in 

(la) by a carbamido group (compound 15al is difficult because of curvature in the 

rate plots; however, initial rates indicate a rate reduction by a factor of E. 4, 
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Table 7. Seccnd-order Fate Ccnstants for the  Reacticns of %Substituted 

Benzylpyridinium and &late3 Cat iols  with Piperidine i n  Chlorobenzene. 

Se r i e s  (1) 
(100 Oc, 

k2xlo3 Ref. 

4.94 6,16 

8.52 1 5  

6.04 1 5  

7.81 15  

6 .U 1 5  

3.70 1 5  

2.96 1 5  

1e 1 5  

98d_ 1 5  

Ser ies  (3) 
(30 OC) 

Ser ies  (4) 
(60 OC) 

k2x103 Ref. 

36.3 17 

75.8 41 

- - 

Ser ies  (5) 
(100 Oc, 

Ser ies  (7) 
(100 Oc, 

a Extrapolated value. 

Table 8. Seccnd-order Rate Colstants (k2x103, 1 ml-' secY1) for the w a c t i c n s  of 

Fyridinium and Related C a t i m s  with W u t r a l  MIcleophiles i n  Chlorobenzene a t  1 0 0 ° ~  h 

Nucleophile 

Canp. R R~ P i p r i -  mrpho- Fyri- 2 - p i m  m i o  (MeNH) 2CS 2.6-Lu- 
dine l i n e  dine  l i n e  urea t id ine  

(3h) s 7 H l 5  Ph 2 . 5 s  0 . 7 d  0 . 0 l L  - - - - 

I E a )  Phm2 m-1-EU - - - - - 1.67C- - 
(16a) phai2 m2Et  - - 1 . 6 c  - - 2 5 e  - 
a Except *re otherwise s ta ted.  b I" sulpholane. 2 man ref .  8. d I" -2. e  ran 

ref .  6. f ~ l r m  ref .  16. q ~t 40%. h ~rom ref .  15. i Rom ref .  20. i Ext rap la ted  

value. k Rcm ref .  17. 1 Ran ref .  7. m At 30%. 



an effect opposite to that of the alpha-ethoxycarbonyl. 

The large rate enhancement shown for alpha-ethoxycarbonyl (16a) is similar to 

that for alpha-2'-benz0thiazolyl~~ (12.31, and confirms that electronic as well as 

steric effects of substituents can influence greatly the leaving group ability of 

the pyridine. 

F. EFFECT OF SOLVENT 

Second-order rate constants for three primary and two secondary N-alkyl 

substrates in a range of different solvents a r e  reported in Table 9. For the SNZ 

rates of the x-benzyl (la), 3-(p-methoxbenzyl) (lhh) , and N--methyl compounds (lb), 

factors of E. 20 span the rates. Rates are slowest in the hydroxylic solvents, 

intermediate in the dipolar aprotic solvents, and fastest in the "on-polar 

solvents. The pattern is similar for the SN2 rates of the c-propyl (lo1 and N- 

s-butyl (lp) derivatives except that rates are now as fast in the dipolar aprotic - 

solvents as those for "on-polar solvents. 

In all solvents, the observed SN2 rate sequence is analogous to that observed 

in chlorobenzene6'16: 2-methoxybenzyl (Ihh) > benzyl (la) > methyl (Ibl , i- 
propyl (lo) > s-butyl (lp), except that in protic solvents the sec-butyl 

derivative (lp) appears to be faster than the isopropyl compound (lo). 

According to the Hughes and Ingold theory of solvent effects on the rates of 

nucleophilic substitutions, for the reaction of a positively charged substrate 

with a neutral nucleophile, a small rate decrease on increasing solvent polarity 

is predicted for both bimolecular and unimolecular m e ~ h a n i s m s . ~ ~ ' ~ ~  This is 

indeed as observed for the substrates examined lcf Table 9). 

The logarithms of second-order rates for the pbenzyl and x-methyl 

derivatives correlate linearly with the ET parameter.48 The correlation is poor 

for the E-isopropyl, the B-butyl, and the ppmethoxybenzyl compounds lr 0.65- 

0.75). 

NO significant correlations with other solvents parameters were apparent for 

the substrates examined. Principal component analysis of the logarithms of 

second-order rate constants provided three principal components (PC) .22 The first 

PC parameters for the solvents (the "scores" i.e. theta values) differentiate 

aprotic solvents from protic ones, while the second PC parameters are linearly 

related to the basicity parameter B. The PC parameters for the pyridinium cations 

(the "loadings", i.e. beta values) point out the peculiarity of rate data for the 
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Wle 9. Seard-order Rate m s t a n f f i  (k x103, 1 ml-I sa2-l) For the Ideactims of N- 
Substituted 2,4,6-~iphenyl~ridinim%tims with P i p r i d i n e  in  Various Solvent; 

- 0.777 - - - 

0.0666 0.943 0.0348 0.0655 - 
0.0254 0.359 0.0333 0.0538 - 

b From ref .  6. 

Table 10. W l a t i v e  Seccnd-order Rates for the  Wactions of ERlkyl-  and N-Benzyl-pyridinium 
S a l t s  with Neutral Nucleophiles in  ~hlorobenzen& - 

Caop. &Subst. t lst-order P i w r -  p Fyri- ~-P~cG- 2.6-Lut- 
(OC) q e n t  idine l i n e  dine l i n e  id ine  

( l a )  phm2 100 w 15& 7 2 2  & o.& - 
(10) i-FT l o o  yes Z& 11c & - - 
UP) 5-BU loo  yes 3 9  19 1 - - 

llhh) pMeCC6H4CH2 40 yes 2 e  7= I.% - - 

@a) &a2 loo w 1 6 9  - 1 0.22 0.11 

60 207 81 1 - - 

(la) % a 2  f 100 no/yes- 1 4 8  - 1 0.29 0.10 

60 2a - 1 - - 

30 G 2 - - - 
5 k2 values from ref .  7, except where otherwise noted. b From re f .  6. C ~ r m  re f .  16. d Ron 

ref. 20. e Rcm ref .  15. f First-order w e n t  observed i n  the reaction with 2-picoline and 

2,Glut idine .  9 F r m  re f .  17. 1 Relative r a t e  with respect to rrorpholine. 



pmethoxy derivative (lhh) (measured at 40°c1 and discriminate the compounds 

reacting only by the SN2 mechanism (such as la and b) from those exhibiting both 

SN1 and SN2 components (lo and p). 

G. EFFECT OF NUCLEOPHILE 

Decreasing the nucleophilicity of the nucleophile decreases the 3 values. 
As shown in Table 8, rates decrease in the order piperidine, morpholine, pyridine, 

2-picoline, 2,6-lutidine, as expected. The second-order rates relative to those 

for pyridine for these g-benzyl compounds (la, 2a. 3al (Table 10) are consistent 

with previous work.62 For pyridine, 2-picoline and 2.6-lutidine they are similar 

to those found in the Menschutkin reaction with methyl iodide in nitrobenzene at 

25Oc (1:3.47:0.042) ,49 with methyl iodide and tran~-[Pt(Py)~Cl~l in MeOH at 2S0c 

(1:0.29:0.002)~~ and with methyl iodide in MeCN at 25'~ (1:0.43:0.04)~~'~~ and in 

DMSO at 23Oc (1:0.38:0.02)~~. 

Dimethylthiourea reacts with - N-benzyl-2.4.6-triphenylpyridinium 

tetrafluoroborate in chlorobenzene at 1 0 0 ~ ~  at a rate 1.3 times that for 

piperidine.' 

Dimethylthiourea has been used as nucleophile for cases where piperidine is 

either too volatile or reacts in a different way with the substrate. 

H. EFFECT OF TEMPERATURE 

Activation parameters for SN2 reactions are shown in Table 11. The 

activation entropies to within experinemtal error all lie within the range -15 to 

-30 cal mol-' C 1 ,  in agreement with the large negative values previously found 

for the SN2 reaction of benzyl halides with a n i l i n e ~ , ~ * - ~ ~  and with pyridine.57 

The clear differentiation between these large negative values and the much smaller 

negative or positive values found for the unimolecular components of these 

reactions (see  section I11 G) supports the separation into SN1 type and SN2 type 

components. The origin of the SN2 rate decrease with nucleophiles poorer than 

piperidine, such as pyridine for (Za) and (3a1, is seen from Table 11 to be due 

mainly to a higher activation enthalpy. 

I. EFFECT OF PRESSURE 

AS shown in Table 7 and discussed in section 11. C. 4, at atmospheric 

pressure and 10oOc, 1-2-methoxybenzyl-2,4,6-triphenylpyridinium perchlorate (lhh) 
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Table 11. k t i v a t i m  Parameters for the SN2 Reactions of Fyridinium and Related 

Cations with pipridin& in Chlorobenzene 

R2 R3 R4 R5 R6 

5 (12a) tenzothia- H Fh H Ph 19 20.3 -* 316 

w1-2-yl 

6 (16a) C02Et H ~h H Ph 8 1 6 . e  -17.93 - 
7 (31a) Ph Ph H Ph Ph 17 15.7 -29.8 1.64 

d Eicept where otherwise stated. b i 5 E i 9, High error. d N1 = (MeW)ZCS. 2 M1 = 

~ r i d i n e .  f At 30 OC, k2 for (3a) a t  30 OC equal t o  105x10-~. 



reacts with piperidine in chlorobenzene predominantly by the first-order route; 

however, at lower temperatures, a second order path offers increasing competition 

(activation enthalpy equal to = 13.6 i 3.1 kcal/mole, 26.6 + 3.6 kcal/mole for 
the first order path), and at 30°c it is the only one detectable.'' A study of 

the effect of pressure on the second-order reactions of (lhh) with piperidine58 

showed that the reaction rate decreases with increasing pressure. A positive 

3 activation volume (18.9 i 1 cm /mole1 was found; the reaction remains cleanly 

second-order as the pressure is raised. This reaction is clearly dominated by 

bond cleavage, and it was postulated that the substrate undergoes heterolysis to 

give a pyridine-benzyl cation pair (probably in the form of a charge transfer 

complex) followed by rate-controlling capture with piperidine. 

For the x-benzyl pentacyclic derivative(3a) the reaction rate first decreases 

with increasing pressure, but then passes through a minimum and then starts to 

increase again. This minimum is, of course, indicative of competing pathways, 

with opposite pressure dependence. The low pressure reaction has an activation 

volume of +22 cm3/mole; the high pressure branch upon extrapolation back to 

zero pressure is found (with less precision) to have an activation volume of about 

-20 cm3/mole. 

This behavior has been interpreted as a way to distinguish between the 

classical SN2 mechanism and an SN2 mechanism proceeding on an intimate ion- 

molecule pair as proposed by sneenS5' who emphasized that himolecular nucleophilic 

displacements of s - a l k y l  tosylates and similar neutral substrates could occur at 

an intimate pair stage of the Winstein solvolysis scheme." The classical SN2 

reaction should be rate-enhanced by pressure, whereas an SN2 reaction on an 

intimate ion-molecule pair which involves a pre-equilibrium of the type: 

RX++ R+ + X is expected to be decreased by pressure. 

This criterion hence indicates that both the substrates mentioned react at 

normal pressure by the ion-molecule pair mechanism, although as the pressure 

increases, the x-benzyl pentacyclic substrate (3a) changes its predominant 

mechanism to that of a classical SN2 path. 

111. FIRST-ORDER REACTIONS 

A. PRODUCT FORMATION 

Most first-order reactions have involved secondary alkyl groups and, for 

convenience, preparative reactions of such groups are considered here all 
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together. Preparatively we find that secondary alkyl groups can give unrearranged 

or rearranged products of nucleophilic displacement together with olefins. We also 

find that primary alkyl groups can give rearranged products under some conditions. 

1. Formation of unrearranged products. 

Although 1-(E-alky1)-2,4,6-triphenylpyridinium salts on moderate heating 

failed to give ole fin^,^^ the corresponding 1-(2-alkyllderivatives do give olefins 

in rather good yields.14 Nevertheless,substitution reactions succeed even with 

relatively poor nucleophiles. Thus, on heating in pyridine the x-isopropyl (lo) 

and E - b u t y l  compounds (lp) gave mainly substitution products in 63 and 56% 

isolated yield, respectively. However, for the x-cyclopentyl lly) and x- 
cyclohexyl derivatives (lz), similar treatment led to greater proportions of 

elimination.14 The poor yields of olefin from El reactions of unbranched 

secondary halides6' and the relatively high proportions of olefin formed in the 

reactions of pyridinium cations14 (22% or greater) suggest considerable 

bimolecular character. 

The formation of substantial amounts of substitution products using pyridine, 

which is a relatively poor nucleophile, indicates that with better nucleophiles 

substitution should be easier. This was confirmed in experiments with sulphur 

nucleophiles. Pyrolysis of 1-(2-buty1)- (lp) and 1-cyclohexyl-2,4,6- 

triphenylpyridinium thiocyanate (lz) each gave mixtures of the corresponding 2- 

alkyl thiocyanate and the a l k y l  isothiocyanate in ca. 70:30 ratio, in overall 

yields of 90 and 40%, respectively. However, mainly elimination occurred on 

pyrolysis of the 1-2-alkyl-pyridinium chlorides: from the 1-cyclohexyl derivative 

90% of cyclohexene was isolated.14 

The reaction of 1-phenylethylamine with various 2,4,6-triphenylpyrylium salts 

were studied by 13c nmr.14 In the absence of added nucleophile the main product 

was the alcohol PhCH(Me)OH, presumably formed by reaction of the cacbonium ion 

with the water released in the reaction. A trace of styrene was also detected in 

the reaction mixture. In the presence of pyridine, the main product was the 1- 

phenylethylpyridinium salt. These experiments provide strong evidence for the 

spontaneous formation of carbonium ions in the reaction of 1-phenylethylamine and 

triphenylpyrylium cations. This carbonium ion and that from 1-phenylbenzylamine 

were trapped preparatively. Thus the use of primary or secondary alcohols as 

reaction solvent at 25'~ led to the isolation of ethers in moderate yield. 

2-Cresol gave the 0-alkylated product (25%) and probably also C-alkylated 



products. E,E-Dimethylaniline gave a 38% yield of 1-(4-dimethylaminophenyll-1- 

phenylethane. Use of a 1:5:1 mol ratio of amine : acetic acid : triethylamine 

without solvent resulted in the formation of 1-phenylethyl acetate or 1- 

phenylbenzyl acetate. 

N- (2-Pentyll- (2q) and E- (3-pentyll -quinolinium cations (2tl were solvolysed - 
in different solvents, and the product mixtures were analysed by 13c nmr and 

g.1.c.-mass spectrometry.63 In solvolysis reactions in acetic acid or 2,2,2- 

trifluocoethanol without an added nucleophile, no rearrangement products were 

observed. Thus, the l-(2-pentyl)-5,6-dihydro-2,4-dipheny1benzo[h]quinolinium 

cation (Zq) gave only 2-pentyl acetate and 2-pentyl 2.2.2-trifluoroethyl ether, 

respectively. Similarly, the 1-(3-pentyl) derivative (2tI gave only the 

corresponding 3-pentyl acetate and 3-pentyl ether, respectively. Some olefin 

(elimination reaction) was also detected by g.1.c.-mass spectrometry. 

Reactions of the 2-pentyl compound (2q) and the 3-pentyl derivative (Zt) in 

chlorobenzene in the presence of piperidine, were kinetically of first-order, and 

no rearrangement products were detected. Similarly, in the solvolysis in 

hexafluoropropan-2-01 in the presence of morpholine as nucleophile, the 2-pentyl 

derivative (2q) gave only the "on-rearranged product N-(2-penty1)morpholine. 

Reactions of E-alkyl-primary amines with 5.6.8.9-tetrahydro-7- 

phenyldibenzo~c,h]xanthylium trifluoromethanesulfonate in the nucleophilic 

solvents acetic acid, various alcohols, phenols, and N,E-dimethylaniline gave O- 

and C-(secondary alkyll products. 64 In acetic acid, the corresponding sec-alkyl 

acetates were formed without rearrangement. Thus, 2- heptyl-, cycloheptyl-. 2- 

pentyl-, and 3-pentyl-amines gave only 2-heptyl, cyclopentyl, 2-pentyl and 3- 

pentyl acetates, respectively. In the corresponding primary alcohols as solvent 

at 2s0c, 2-pentyl methyl and 2-pentyl ethyl ethers were produced from 2- 

pentylamine and similarly, 3-pentyl methyl and 3-pentyl ethyl ethers from 3- 

pentylamine. Use of phenol and p-cresol gave mixtures of 0- and C-alkylated 

compounds. 

2. Formation of Rearranged Products. 

Reactions of N--sec-alkyl quinoliniums ( 2 )  without external nucleophiles in 

solvents of low nucleophilicity, such as trifluoroacetic acid and 1,1,1,3,3,3- 

hexafluoropropan-2-01 gave mixtures (ca. 50%) of rearranged and non-rearranged 

The reactions were followed with time: the ratio of the two products 

was constant. Thus, solvolyses of 1- (2-pentyll-5.6-dihydro-2.4- 
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diphenylbenzolhlquinolinium (2q) in trifluoroacetic acid and in 1,1,1,3,3,3- 

hexafluoropropan-2-01 gave mixtures of 2-pentyl and 3-pentyl trifluoroacetates, 

and of 2-pentyl and 3-pentyl 1 , 1 , 1 , 3 , 3 , 3 - h e x a f l u o r o i s o p y l  ethers 

respectively. Similarly reactions carried out starting from the 1-(3-pentyll 

derivative (2t) afforded mixtures identical with those formed from the 1-12- 

pentyll analogue (2q) as shown by g.1.c.-mass spectrometry and 13c studies. 

The 1-propyl-, n-pentyl-, and n-octyl-acridiniurns (3d). (3f), and (3i) 

solvolyzed in CH30D and CH3C02D to give mixtures of normal and rearranged 

products, none of which contained deuterium and therefore were not formed 2 

olefin  intermediate^.^' Methanolysis of the &-butyl compound l3jl occurred y& 

olefin, but the acetolysis also involved an important non-olefinic pathway 

yielding &-butyl and z - b u t y l  acetates. Methanolysis products from the E- 

pentyl derivative (31) were heavily deuterated, but acetolysis yielded 

undeuterated x-pentyl acetate as well as deuterated g - p e n t y l  acetate. The 

proportions of the products formed in these reactions were calculated using GC/MS. 

B. EFFECT OF LEAVING GROUP AND N-SUBSTITUENT FOR TERTIARY ALKYL GROUPS 

sN1 rates for pyridiniums with tertiary alkyls as x-substituents have been 

determined.66 The solvolysis of x-triphenylmethylpyridinium tetrafluoroborate in 

methanol and ethanol at ZO'C was too fast for the UV technique. The solvolysis 

rates for g- (1-adamantyl) -, E- I+-buty1)- and E- (1-methyl-1-phenylethyll-pyridinium 

perchlorates were measured at various temperatures in different solvents. The 

first-order rate constant for the solvolysis in water at 190°c of the 1-adamantyl 

derivative was found to be 0.77x10-~ (sec-'I, while first-order rates for the I- 

butyl and for the 1-methyl-1-phenylethyl analogues extrapolated under the same 

conditions, showed the latter substrates to be faster by factors of 24 and 25,000 

respectively.66 Changing the solvent from water to acetic acid produced small 

variations on the solvolysis rates of all three substrates. 

C. EFFECT OF LEAVING GROUP AND N-SUBSTITUENT FOR SECONDARY ALKYL GROUPS 

Table 12 compares the SN1 rates for the compounds investigated. The benzo- 

quinoline (2) is a better SN1 leaving group than triphenylpyridine (11 for these 

secondary alkyl substituents by factors of ca. 100. x-sec-Alkyl derivatives 0 )  
0 

react spontaneously at 20 C (see section III.A.l): rough calculations indicate 

that the SN1 rate ratio ( 3 ) :  (2) must be greater than 1 0 0 0 . ~ ~  Table 12 shows also 



Table 12. F i r s t d r d e r  Rate Cmstants  (kl,sec-') for the  W a c t i m s  of psec- 

Alkylpyridinim C a t i m s  i n  Ser ies  11) and (2) with Piperidine i n  Chlorobenzene a t  10@& 

Series  (1) Series  (2) 

k1rlO5 kl/kl (i-F'r) Ref. 

112 1 20 

330 2.9 20 

311 2.8 32 

398 3.6 32 

553 4.9 32 

539 4.8 32 

3.29 0.03 14 

1110 9.9 14 

505 4.5 14 

1090 9.7 14 

5 kl for (460) a t  60 OC equal t o  8.5x10-~, r e f .  21. 

Table 13. Canparison of SN1 Rate Ccnstants for Ideacticns of  N- 

cyclmlkylpyridinium with those for Cycloalkyl m s y l a t e s  

leaving group 

Solvent 

t (OC) 

Reference 

MezW 

Absolute r a t e s  (kl x lo5,  s-I) 

ols l t iphenyl- Benzo- 
pyridine quinoline 

Relative r a t e s  (Me2CHX = 1) 

Ors l t iphenyl- Benzo- 
pyridine quinoline 

P130H mc1 PhCl 

60 100 100 

67.68 20 14 

1 1 1 

14 - 0.03 
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a small rate increase in series (2) in the order i-Pr, 2-Bu, 2 pentyl, 2-heptyl 

and a further rate increase from 2- to 3-penty1.~~ 

Comparisons with the solvolysis rates (at 60°c) in acetic acid of secondary 

tosylates (Table 13), shows for the isopropyl, cyclopentyl and cyclohexyl 

substrates a rough correspondence with those for the corresponding 

triphenylpyridinium cations (at 1 0 0 ~ ~ ) .  However, the small difference in rate 

between the cyclopentyl and cyclobutyl t o s y l a t e ~ ~ ~ ' ~ ~  contrasts with the much 

Slower relative rate for cyclobutyl among the benzoguinoliniums (2); this could 

indicate an SN2 character for the tosylate ~ o l v o l y s i s . ~ ~  The rakes are similar 

for the cyclopentyl and cycloheptyl derivatives, both for series (2), and for the 

tosylates. The rates for the cyclohexyl analogues (Table 13) are lower. by small 

factors for the heterocyclic leaving groups, and by somewhat larger ones for the 

tosylates. 

The reaction of the di-isopropyl derivative (ltlnn) with piperidine occurs 

predominantly by the bimolecular route at 60°c, but mainly by SN1 at 100°c. The 

temperature coefficients for the SN1 reactions are larger than those for sN2.15 

All the E-(alpha-methylbenzyl) derivatives show faster SN1 rates than 1-E- 

butyl-2.4.6-triphenylpyridinium (lp), but the factors vary considerably: 540, 50, 

1.2 for (6nn), (18nnI and (36nn) re~pectively.~~ As expected (6"") is faster than 

(18nn); the rather slow rate for (36nn) underlines the small steric influence of 

the five membered fused ring. The SN2 rate of 136nn) is at 1 0 0 ~ ~  E. 20 times as 

fast as that2' for the E-benzyl analogue (36al. 

D. EFFECT OF LEAVING GROUP AND N-SUBSTITUENT FOR PRIMARY ALKYL AND BENZYL 

First order rate constants for primary alkyl groups are shown in Table 14. 

In most cases only an upper limit can be given as the rates are very low indeed. 

The highest kl values are found for the CH2-cyclopropyl derivative g in both 

series (2) and (3). The i-butyl compounds (45e) ,21 (46e) ,21 (51e) ,29 (52e) ,30 and 

show hardly significant SN1 rates, as already observed for the 

corresponding derivatives (2e) and (3e) (Table 14). 

Available data for first-order reactions of pbenzyl derivatives are 

collected in Table 15. Again, in many cases only an upper limit can be given 

because the reaction goes mainly by the second order mechanism. However, it is 

clear that there are two structural features which favour the first-order rates: 

an alpha-tertiary butyl group in (7a), (42a). (49al and a cyclo-penteno in (38aI 



Table 14. F i r s t o r d e r  Rate Ccnstants 1 k ~ x 1 0 ~ ,  sec-l) for the Reactims of % ( R i m y  

Alkyl) Pyridinium and Related Caticns in  Ser ies  (2) and (31 with P ipx id ine  in  

Chlorobenzene a t  1 0 0 ~ ~ .  

Ser ies  (2) 

<23 

<1.1 

<0.2 

<2.5 

2.58 

0.62 

4.58 

< O . l  

a.1 

'0.92 

29.1 

< O . l  

<3.5 

Series (3) 

<26 

<11 

'0.5 

<12 

10.5 

'0.7 

'1.5 

'1 

0 

- 

27.2 

c0.3 

'16 

Ref. 

20 

20 

20 

20 

20 

20 

20 

31 

31 

- 
31 

31 

20 

and (53a) (or indeno, but not azanaphthalino) fused ring. Exminat im of the individual ra tes  xd 

l i m i t s  indicates that both these features  probably increase the f i r s t  order r a t e  bj a factor of 

around 10. A signif icant  %1 event (kl = s-ll was observed for the reacticn of the 

alpha-ethoxycarhyl  c-urd (164 with pyridine;' a lpha-ethoxycarhyl  substituents,  harever, 

increase still m e  the %2 ra tes  (cf. S e c t i m  1I.E). 

F i r s t o r d e r  ra te  n n s t a n t s  for r e a c t i m s  of p ( s u b s t i t u t e d  tenzy1)- and Efur fury l -  

pyridinilans are shown in  Table 16. me %1 rate  is enormusly increased for the pmethorytenzyl 

and 2-furfuryl derivatives. main ,  a E - b u t y l  group in the alpha psit im produces s ignif icant  

r a t e  increases in se r ies  (7). (39), and (42). 
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Table 15. First-order Rate Cmstants  (kl, set-'1 for the Peac t ims  of PBenzyl- 

pyridinium a& Related Caticns w i t h  P i p r i d h e  i n  Chlorobenzene a t  100 OC. 

m t r y  canp. klx105 ~ e f .  

nZ 

1 (la1 Ph ~2 17 

2 (4a) H <2 8 

3 1%) Me <1 17 

4 l7al - t-ar 8.0 17.18 

F? 



Table 15 ( m t i n u e d )  

h t r y  C q .  k1x105 &f. 

X 

20 ( 4 6 4  S ~ 1 8  21 

21 (47a) W 1 21 
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Table 16. F i r s t a r d e r  Rate Ccns tan ts  lkl,sec-l) for  the Reactions o f  E S u b s t i t u t e d  Benzyl- and 

Furfuryl-pyridinium Kd Related Cat ians  with P i p x i d i n e  i n  Cnlorobenzene. 

S e r i e s  11) s e r i e s  (3% 

N-%bSt. - klx105 ~ e f .  k1x105 ~ e f .  

( a )  c @ p 2  & - 17 <1 17 

( b b ) r ~ C ~ ~ ~ r n ~  c 2 . e  - 1 5  4 . 4  41 

(ee) @lCgH4CH2 <1* - 1 5  0 41 

(hh) rMeCC6H4rn2 530@ 5& 1 5  23.1 41 

( i )  2 - 1  240@ 3 8  1 5  17.7 41 

'Table 17. First-order Rate Ccns tan ts  1 k ~ x 1 0 ~ ,  sec-l) for  the R a a c t i m s  of p % b s t i t u t e d  2,4,6- 

Triphenylpyridinium Cat icns  with P i p r i d i n e  i n  Various s o l v e n t s 2  

a Fran ref. 22. 



E. EFFECT OF SOLVENT 

Available data is gathered in Table 17. The first-order rates for the 

isopropyl and 5-butyl derivatives 110 and lp) are higher in dipolar aprotic 

solvents such DMSO and DMF, and lower for protic solvents and for aprotic solvents 

of low polarity. The pmethoxybenzyl compound llhh) again exhibits the highest 

SN1 rates for dipolar aprotic solvents, but here the rate variation with solvent 

is very low: in all solvents measured, rates ace of the same order of magnitude. 

The presence of a first-order component in the rates for the reactions of 

(lo), llp), and llhh) with piperidine in various solvents does not depend on the 

solvent, and is thus characteristic of the substrate. The logarithms of the 

first-order rate constants show no satisfactory correlation with any solvent 

parameter. 

Data for the first-order rates of x-substituted tricyclic derivatives (2) 

with neutral nucleophiles in various solvents at 1 0 0 ~ ~  are shown in Table 18. 

Reactions in the presence of piperidine (in chlorobenzene, acetonitrile, or 

chloroform) or pyridine (in 2.2.2-trifluoroethanol or 1.1.1.3.3.3- 

hexafluoropropan-2-01) under pseudo-first-order conditions showed good straight 

lines to at least 80% c o m ~ l e t i o n . ~ ~  The observed rate constants (kobs.l were 

independent of nucleophile concentration, demonstrating the absence of a second- 

order component. In the monocyclic series 1-@-alkyl) pyridinium cations also 

usually react mainly by SN1 mechanism.16r20r32 

Table 18. Firstarder Rate Colstants (k1x10-5, sec-l) for the Feactims of &Substituted 

5.6-Dihydr~2.44iphenylbenzoIhlquinolini Cations in Various Solvents at 100 OC. 

Cmpund .  EFSubstituent 

solvent t3.1 Ref 120) (Zpl 1%) (2r) 12s) (2t) 

i-pr 2-I% 2-Pentyl 2-Heptyl 3-ethyl- 3-Fentyl - 
2-Butyl 

PhU Pipridine 20 112 330 311 398 553 539 

d- Pipridine 63 37 104 105 117 370 222 

-2 Pipridine 63 257 436 680 805 1040 1020 

2,2,2-mi- Fyridine 63 2.07 8.24 8.77 10.5 - 26 

fluoroethanol* 

1,1,1,3.3,3-Hem- Fyridine 63 0.44 - 2.98 - - 6.96 

fluoroisopropanol= 

* Waction carried out in sealed tubes. 
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F. EFFECT OF NUCLEOPHILES 

First-order rate constants should not be affected by nucleophile, and the 

data gathered in Table 19 support this. 

G. EFFECT OF TEMPERATURE 

Activation parameters for the SN1 reactions of pyridinium and related cations 

with neutral nucleophiles are reported in Table 20. The activation enthalpies 

found for the unimolecular reactions, which are higher than those of the SN2 

reaction of the same substrates (cf. Table 111, can be compared with the 

activation energies reported for the solvolysis of benzyl chloride in 

~ e ~ ~ o / w a t e r ~ ~  (18-21 Kcal mol-l) and for the solvolysis of alpha-methyl-e- 

methoxybenzyl chloride (17.6 Kcal m01-l)~~. 

The activation entropies for the SN1 reactions are close to zero and 

correspond to log A values in the range 12.5-14.5. These log A values are in good 

agreement with those found for the solvolysis of alpha-methyl-pmethoxybenzyl 

chloride73 (11.7) and those for the solvolysis of substituted benzyl chlorides in 

Me2SO/water mixtures72 which are in the range 7-11. Positive activation entropies 

are also found for the solvolysis in water of s - b u t y l  and w-pentyl 

halides.74 ~ o n g ~ ~ ~ ~ ~  predicted positive or small negative entropies for SN1 

reactions. 

IV. CONCLUSIONS AND OUTLOOK 

This review has summarized the strong evidence for the existence of discrete 

mechanisms as outlined in Scheme 1 at the beginning. Future studies will 

concentrate particularly on the borderlines between the various mechanisms in this 

Scheme 1. There are four borderlines of particular interest: 

1. The borderline where we believe competition occurs between two 

alternative first order reactions: d, capture by solvent or nucleophile at the 

ion/molecule pair stage (i.e. rate determining formation of the ion/molecule pair) 

and 5, dissociation of the ion/molecule to give a free cation followed by further 

reaction with solvent or nucleophile 1i.e. rate determining formation of a 

carbocation). 

2. The borderline in reactions proceeding by the solvent or nucleophile 

capture of an ion/molecule pair between: c, rate-determining formation of the 

ion/molecule pair 1i.e. unimolecular reaction mode) and A, rate-determining attack 



Table 19 First-order Rates (kl x lo5,  sw-'1 for the Reactions of p a l k y l  and g- 

(p~e thoxybenzy l )  Fyridinium Cmpxrds with Neutral Mlcleophiles i n  

mlorobenzene. 

Corn& Es-substituent t(Oc1 p i p x i d i n e  n'arpholine pyridine 

(101 - i-Pr 100 0.7& 0.8& 0.9& 

(1PI - 9-B., 100 3 . e  2 . e  3 . e  

(1hh) pMeOC6H4M2 40 3.5& 4 . g  3 . 8  

a From ref .  20. b F r m  ref .  15. From ref .  7. 

Table 20. Pctivation Pa rmete r s  for the SN1 React ims of Fyr id in im and Related Cations 

with P i p x i d i n e  i n  Chlorobenzene. 

ccmp. ~ e f .  A &373 n &373 klx105 

R 

(Ihhl pMeOC6H4CY2 15  26.6 6.7 529& 

( l i i )  2-FurylCH2 15  25.4 -0.7 240& 
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on the ion/molecule pair 1i.e. bimolecular reaction model. 

3. The borderline where we believe competition exists between two 

alternative second-order, bimolecular reactions: 1, proceeding by direct 

displacement of nucleophile on the substrate (classical SN21 and 2, proceeding by 

displacement of nucleophile on the ion/molecule pair (ion/mole pair SN2). 

4. The borderline between those second-order, bimolecular reactions which 

proceed by b or c, the classical displacement (either on substrate or on ion/mole 
pair) and those which proceed by a, electron transfer. We have identified and 

described the electron transfer nature (non-chain radicaloid mechanism) of the 

reaction using nitronate anions as nucleo~hiles.~ 

Preliminary results4~" (in aqueous solution) paint to small effects of 

charge type of the leaving group which are an indication that the conclusions from 

this work will be of general relevance to nucleophilic substitution reaction 

mechanisms at sp3-hybridized carbon centres. Further work is proceeding. 

ACKNOWLEDGEMENT 

We thank C.N.R. (Rome) for financial support (to G.M.1 

REFERENCES 

1. A.R. Katritzky, Tetrahedron, 1980, 6, 679. 

2. A.R. Katritzky and G. Musumarra, Chem. Soc. Rev., 1984, 13, 47. 

3. A.R. Katritzky, M.A. Kashmiri, G.Z. de Ville, and R.C. Patel, J. Am. Chem. 

=, 1983, 105, 90. 
4. A.R. Katritzky and A. Gonzales-Gazulla, in preparation. 

5. A.R. Katritzky and C.M. Marson, Anqew. Chem. Int Ed. Enq1.,1984, 3, 420. 

6. A.R. Katritzky, G. Musumarra, K. Sakizadeh, and M. Misic-Vukovic, J. Org. 

Chem., 1981, 46, 3820. 

7. A. R. Katritzky, M.L. Lopez-Rodriguez, H. Schultz, G. Musumarra, and G. 

Cirma, in preparation. 

8. A.R. Katritzky, Y.X. Ou, J. Ellison, and G. Musumarra, J. Chem. Soc. Perkin 

Trans. 2, 1983, 1421. 

9. A.R. Katritzky, 2 .  Dega-Szafran, and M. Szafran, J. Chem. Soc. Perkin 

Trans. 2 ,  1985, in press. 

10. J.B. Bapat, R.J. Blade, A.J. Boulton, J. Epsztajn, A.R. Katritzky, J. Lewis, 



P. M o l i n a  B u e n d i a ,  P.L. N i e ,  a n d  C.A. Ramsden, T e t r a h e d r o n  L e t t . ,  1 9 7 6 ,  

2691.  

A.R. K a t r i t z k y ,  J .B. B a p a t ,  R.J. B l a d e ,  B.P. Leddy ,  P.L. N i e ,  C.A. Ramsden 

a n d  S.S. T h i n d ,  J .  Chem. S o c .  P e r k i n  T r a n s .  1 1 9 7 9 ,  418.  

A.R. K a t r i t z k y  and S.S. T h i n d .  J. Chem. Soc .  Pak . ,  1 9 8 0 ,  2 . 5 1 .  

A.R. K a t r i t z k y  a n d  S.S. T h i n d ,  J. Chem. S o c .  P e r k i n  T r a n s .  1, 1 9 8 0 ,  1 8 9 5 .  

A.R. K a t r i t z k y ,  J. M a r q u e t .  J . M .  L l o y d  a n d  J.G. Keay,  J .  Chem. Soc .  P e r k i n  

T r a n s .  2 , 1 9 8 3 ,  1 4 3 5 .  

A.R. K a t r i t z k y ,  G. Musumar ra ,  a n d  K .  S a k i z a d e h ,  J. Org.  Chem., 1 9 8 1 ,  16, 

3831 .  

A.R. K a t r i t z k y ,  G. Musumarra .  K.  S a k i z a d e h ,  S.M.M. E l  S h a f i e  a n d  B. 

J o v a n o v i c ,  T e t r a h e d r o n  L e t t . ,  1 9 8 0 ,  2697.  

A.R. K a t r i t z k y ,  A.M. E l  MOwafY. G. Musumar ra ,  K.  S a k i z a d e h ,  C. S a n a  U l l a h ,  

S.M.M. E l  S h a f i e  a n d  S.S. T h i n d ,  J. Org.  Chem., 1 9 8 1 ,  46, 3823.  

A. R. K a t r i t z k y ,  G. Musumar ra ,  a n d  K .  S a k i z a d e h ,  T e t r a h e d r o n  L e t t . ,  1 9 8 0 ,  

2701.  

A.R. K a t r i t z k y ,  J. Adamson, E.M. E l i s s e o u ,  G.  Musumar ra ,  R. P a t e l ,  K.  

S a k i z a d e h ,  a n d  W.K.  Yeung,  J. Chem. Soc .  P e r k i n  T r a n s .  2,  1 9 8 2 ,  1 0 4 1 .  

A.R. K a t r i t z k y ,  K.  S a k i z a d e h ,  Y.X. Ou, B. J o v a n o v i c ,  G. Musumar ra ,  F.P. 

B a l l i s t r e r i ,  a n d  R. C r u p i ,  J. Chem. Soc .  P e r k i n  T r a n s .  2 ,  1 9 8 3 ,  1 4 2 7 .  

A.R. K a t r i t z k y ,  J . Z .  B r z e z i n s k i ,  Y.X. Ou and G. Musumar ra ,  J. Chem. S o c .  

P e r k i n  T r a n s .  2 ,  1 9 8 3 ,  1 4 6 3 .  

G. Musumarra ,  F.P. B a l l i s t r e r i ,  S .  M u r a t o r e ,  A.R. K a t r i t z k y ,  a n d  S .  Wold,  J- 

Chem. S a c .  P e r k i n  T r a n s .  2 ,  1 9 8 2 ,  1 0 4 9 .  

U. B e r g ,  R. G a l l o ,  a n d  J .  M e t z g e r ,  J. Orq.  Chem., 1 9 7 6 ,  41, 2621.  

U. Be rg  and R. G a l l o ,  A c t a .  Chem. S c a n d .  B ,  1 9 8 3 ,  37, 661.  

C.  R o u ~ S e 1 ,  A. L i d e n ,  M. Chanon ,  J. M e t z g e r  a n d  J .  S a n d s t r o m ,  J .  Am. Chem. 

SOC. ,  1 9 7 6 ,  s 2 8 4 7 .  

Fo r  a r e c e n t  r e v i e w  o n  s t e r i c  e f f e c t s  see: R. G a l l o ,  P r o g .  Phys .  Org .  Chem., 

1 9 8 3 ,  14, 1 1 5  a n d  r e f e r e n c e s  t h e r e i n .  

C. R o u s s e l ,  A.T. B a l a b a n ,  U. B e r g ,  M. Chanon ,  R. G a l l o ,  G. K l a t t e ,  J.A. 

Memiaghe,  J .  M e t z g e r ,  D. O n i c i u ,  a n d  J .  P i e r r o t - S a n d e r s ,  T e t r a h e d r o n .  1 9 8 3 ,  

39 ,  4209. - 
A. V e r l o o p ,  W. H o g e n s t r a a t e n  and J .  T i p k e r ,  Drug D e s i g n . ,  1 9 7 6 ,  1 1 6 5 .  

A.R. K a t r i t z k y ,  C.M. Marson ,  S.S.  T h i n d  a n d  J. E l l i s o n ,  J .  Chem. S o c .  P e r k i n  



HETEROCYCLES, Yo1 23, No 7, 1985 

Transl. 1983, 487. 
A.R. Katritzky and C.M. Marson, J. Chem. Soc. Perkin Trans. 2 , 1983, 1455. 
G. Musumarra, M. Bruno. A.R. Katritzky, K. Sakizadeh, S. Alunni and S. 

Clementi, J. Chem. Soc. Perkin Trans. 2 , 1985, in press. 
A.R. Katritzky, J. Marquet and M. Lopez-Rodriguez, J. Chem. Soc. Perkin 

Trans. 2 , 1983, 1443. 
A.R. Katritzky, Y.X. Ou and G. Musumarra, J. Chem. Soc. Perkin Trans. 2 , 
1983, 1449. 

C.K. Ingold. 'Structure and Mechanism in Organic Chemistry', Bell, London, 

1969, 2nd. edn., p.555. 

(a) A. Streitwieser, 'Solvolytic Displacement Reactions', Mc Grav Hill, New 

York, 1962, p.13; (b) A. Streitwieser and C.H. Heathcock, 'Introduction to 

Organic Chemistry', 2nd. ed., Macmillan Publ. Co. Inc., New York, 1981, 

A.L. Solomon and H.C. Thomas, J. Am. Chem. Soc., 1950, 2, 2028. 

G. Le Ny, G. Roussi and H. Felkin, Bull. Sac. Chem. Fr., 1965, 1920. 

E.E. Royals and A.H. Neal, J. Org. Chem., 1959, 2, 1448. 

R.W. Taft Jr., 'Steric Effects in Organic Chemistry', Ed. M.S. Newman, Wiley, 

New York, 1956, p.598. 

C. Hansch and A. Leo, 'Substituent constants for correlation analysis in 

chemistry and biology', Wiley-Interscience, New York, 1979. 

A.R. Katritzky, W.H. Basinski, Y.X. Ou, G. Musumarra and R. C. Patel, J- 

Chem. Soc. Perkin Trans. 2, 1982, 1055. 

A.R. Katritzky, W.K. Yeung and R.C. Patel, J. Chem. Soc. Perkin Trans. 1 , 
1982, 2365. 

F.G. Bordwell and W.T. Brannen, J. Am. Chem. Soc., 1964, 86, 4645. 

R.G. Pearson, S.H. Langer, F.V. Williams and W.J. McGuire, J. Am. Chem. Soc., 

1952, 74. 5130. 

F. Jamamoto, H. Morita and S. Oae, Heterocycles, 1975, 2, 1. 

E.D. Hughes and C.K. Ingold, J. Chem. Soc.. 1935, 244. 

Ref. 34, p.460. 

C. Reichardt, Angew. Chem. Int. Ed. Engl., 1979, 18.98. 

H.C. Brown, D. Gintis and H. Podall, J. Am. Chem. Soc., 1956, 78, 5375. 

R.G. Pearson, H. Sobel and J. Songstad, J. Am. Chem. Soc., 1968, 90,319. 

J.L. Seeman, R. Galzerano, K. Curtis, J.C. Schug and J.W. Viers, J. Am. Chem. 



-, 1981, m, 5982. 
52. J.C. Schug, J.W. Viers and J.1, Seeman, J. Org. Chem., 1983, 2, 4892. 

53. L.W. Deady and J.A. Zoltewicz, J. Org. Chem., 1972, x, 603. 
54. F.P. Ballistreri, E. Maccarone and A. Mamo, J. Org. Chem., 1976, 41, 3364. 

55. P.S. Radhakrishna Murti and G.P. Panigrahi, Bull. Chem. Soc. Jpn., 1970, 3, 

81. 

56. S.P. Saksena and A.N. Bose, Indian J. Chem., 1975, 13, 421. 

57. P. Haberfield, A. Nudelman, A. Bloom, R. Romm and H. Ginsberg, J. Org. Chem., 

1971, 16, 1792. 

58. A.R. Katritzky, K. Sakizadeh, B. Gabrielsen and W. le Noble, J. Am. Chem. 

SOC., 1984, 106, 1879. - 
59. R.A. Sneen, Accounts Chem. Res., 1973, 6, 46; D.J. McLennan, Accounts Chem. 

Res., 1976, 9, 281. 

60. S. Winstein. E. Clippingee, A.M. Fainberg and G.C. Robinson, Chem. Ind. 

 ondo don), 1954, 664. 

61. A.R. Katritzky and A.M. El-Mowafy, J. Org. Chem., 1982, 1, 3506. 

62. M.L. Khar, E.D. Hughes and C.K. Ingold, J. Chem. Soc., 1948, 2058. 

63. A.R. Katritzky, M.L. Lopez-Rodriguez and J. Marquet, J. Chem. Soc. Perkin 

Trans. 2 , 1984, 349. 
64. A.R. Katritzky, M.L. Lopez-Rodriguez, J.G. Keay and R.W. King, J. Chem. Soc. 

perkin Trans. 2 , in press. 
65. A.R. Katritzky, 2 .  Dega-Szafran, M.L. Lopez-Rodriguez and R.W. King, 

Chem. Soc., 1984, 106, 5577. 

66. B. Brycki, unpublished results. 

67. J.D. Roberts and V.C. Chambers, J. Am. Chem. Soc., 1951, 11, 5034. 

68. C.A. Bunton, 'Nucleophilic Substitution at a Saturated Carbon Atom' , 
Elsevier London, 1963. 

69. T.W. Bentley and P. von R. Schleyer, Adv. Phys. Org. Chem., 1977, 14, 1 and 
references therein. 

70. H.C. Brown, R.S. Fletcher and R.B. Johannesen, J. Am. Chem. Soc.. 1951, 13, 
212. 

71. H.C. Brown and M. Borkovski, J. Am. Chem. Soc., 1952, 2, 1894. 

72. E. Tommila, Acta Chem. Scand., 1966, 2, 923. 

73. Y. Tsuno. Y. Kusuyama. M. Sawada, T. Fujii and Y. Yukawa, Bull. Chem. Soc. 

Jpn., 1975, 2, 3337. 



HETEROCYCLES, Vol 23, No. 7, 1985 

7 4 .  R e f .  34 .  p . 4 7 2 .  

7 5 .  F.A. Long, J . G .  P r i t c h a r d  and F.E. S t a f f o r d ,  J. Am. Chem. S o c . ,  1957 ,  19, 

2362.  

76 .  L.L. S c h a l e g e r  and F.A. Long, Adv. Phys. Orq. Chem., 1 9 6 3 , L .  1 .  

7 7 .  Unpubl i shed  work w i t h  T. Yousaf .  

Received, Z3rd January, 1985 


