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Abstract  - The synthesis i n  our laboratories of a wide var ie ty  of nicotine 

analogues has served as the basis f o r  a range of chemical investigations. We 

have examined the ef fect  o f  substituents an nicotine's structure,  conforma- 

tion, and chemical react iv i ty.  The methylatian of nicotine and a wide var ie ty  

of nicotine analogues has been studied. Three modes o f  alkylation a re  

observed: pyr id ine  and pyrrol id ine,  the  la t te r  occurring either c is o r  t rans  

to  the  pyr id ine  r ing .  The results of these alkylatians a re  evaluated i n  terms 

o f  the  Curtin-Hammett pr inciple and the Winstein-Holness equation. Attent ion 

is focused on the ef fect  o f  conformation on chemical react iv i ty.  Ground state 

and transi t ion state react iv i ty modes o f  the Menschutkin reaction a re  presented. 

I. INTRODUCTION 

Nicotine (1) is undoubtedly the mast well known tobacco constituent t o  the  lay  person, if 

not the  only constituent known to  both t h e  tobacco consumer and nonconsumer alike. Th is  

alkaloid, which has received more scientif ic attention than any other compound isolated from 

was t h e  subject of a comprehensive review article over f o r t y  years ago. 3 

,., 

Nicotine has a long and splendid h is tory  (see Table I ) . ~  Nicotine was named a f te r  Jean 

Nicot., a French ambassador t o  Portugal, who in  the mid-sixteenth century  is said t o  have in t ro-  

duced tobacco seed and leaf t o  the  royal cour ts  of France. Nicotine was f i r s t  isolated in 1828, 

B Th is  Paper was presented a t  the  Symposium on Chemistry o f  Tobacco and Tobacco Smoke, 

September 15, 1982, 184th National Meeting, American Chemical Society (AGFD-67). 



T m .  Selected Important Events i n  the  Chemical History o f  Nicotine 

F i rs t  Isolated 

Correct  S t ruc ture  Proposed 

F i r s t  Synthesis 

Determination o f  Absolute Confuguration 

F i rs t  "Modern" Synthesis 

"Bibliography o f  Nicotine" b y  USDA l ist ing 6000 publications 

Major Summary of Nicotine Chemistry i n  Chemical Reviews 

Biosynthetic Studies 

Elucidation o f  Nicotine's Conformation 

Synthesis of Nicotine Analogues 

before t h e  isolation o f  such other important alkaloids as codeine, atropine, papavarine and physo- 

stigmine. The correct  s t ruc ture  of 1 was proposed b y  Pinner i n  1893 and it was f i r s t  synthe- 

sized b y  Pictet in 1895. The chemical l i terature of the  nineteenth century  is replete w i th  ref-  

erence t o  nicotine's react iv i ty.  Far example, the famous August Kekui6 reported the ethylation 

of nicotine in  1853,' some twelve years before he proposed the s t ruc ture  o f  benzene. 

Nicotine clearly has had a l i fe of i t s  own, independent of i t s  inherent relationship w i th  

tobacco and  tobacco products. There have been many interest ing chemical results which or ig-  

inated du r i ng  studies on nicotine and related compounds. One of our goals was the development 

of structure-react iv i ty relationships f a r  nicotine analogues, from which we could evaluate a wide 

variety o f  physical and chemical react iv i ty features. Consequently, we prepared various series 

of nicotinoids having substituents i n  cr i t ical  positions on the nicotine r i n g  per iphery  and/or 

modifications i n  t h e  r i ng  system i tsel f .  Fallowing to  some extent the  chronological development o f  

our work, we shall f i r s t  discuss the s t ruc ture  of nicotine, placing pr imary  emphasis on conforma- 

tional properties, followed b y  a presentation of our chemical react iv i ty results. 

I t .  THE CONFORMATION OF NICOTINE 

Specification of nicotine's conformation requires definit ion o f  th ree stereochemical features: 

(a)  the orientation of the pyr ro l id ine  N1-methyl g roup relat ive t o  the pyr id ine  r i ng  (cis as i n  2, 

trans as in 3); (b )  the conformation of the  pyrrol id ine r ing;  and ( c )  the  orientation of the  

pyridine r i ng  relat ive t o  the  pyr ro l id ine  r ing ,  described b y  the  dihedral angle r(H2g'C2'C&*). 

By conformation we mean "any one of the inf in i te number o f  momentary arrangements of the  

atoms in space tha t  resul t  from rotation about single  bond^."^ I f  we keep to  th is  definition, it 

may be argued tha t  the arientational properties of the N'-methyl graup i n  nicotine is a configura- 

tional question, no t  a conformatianal one.' This is a subt lety about which there remains same 
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debate among pract ic ing stereochemists, and we wi l l  not concern ourselves about it i n  t h i s  

context. 10,ll 

A .  The Orientation of the  N1-Methyl Group 

I n  the x - ray  analyses of both nicotine dihydroiodide12 and nicotine-salicylic acid complex 

(1:1),13 the N1-methyl group was found t o  be t rans to the pyr id ine  ring, as i n  5. However, 

th is resul t  does not necessarily reflect solution o r  gas phase conformational propensities, since it 

is Well known that  crystal  latt ice forces are not always suitable models f o r  alternate environ- 

ments. Furthermore, the crystal l ine samples were undoubtedly prepared under condit ions i n  

which the equi l ibr ium between 6 and 7 were operative (c.f. Scheme I), and it is theoretically 

possible tha t  the acid salt of a minor component could have crystall ized preferent ia l ly .  

S s .  Note that  rotation of one r i ng  w i th  respect to the other effectively in ter -  

changes the spatial orientation o f  H2 and H, wi th  respect t o  the pyr ro l id ine  r i n g .  



A number o f  theoretical studies have also suggested that  the  N'-methyl g roup i s  t rans,  a t  

least for  an isolated molecule in the gas phase. 14-19 That  3 would be more stable than 2 i s  

intuit ively reasonable on the basis of ster ic hindrance. However, Chynoweth, Ternai, Simeral 

and Maciel reported in  the f i rs t  solution phase experimental data on th is  subject " that  t h e  N- 

methyl g raup is preferent ia l ly  an the same side o f  the  pyr ro l id ine  r i ng  as the pyr id ine  ring."20 

Their s tudy  involved the observation of an intramolecular nuclear Overhauser ef fect  (NOE) on 

the protons attached to  C, and C, (Hz and H, respectively) when the resonance o f  t h e  N1- 

methyl g roup was i r radiated. Chynoweth, e t  al. based the i r  conclusion an three factors: (a) 

the observation of the NOE; (b) an NOE can b e  observed on ly  when the pro ton o f  the  i r radiated 

resonance and the proton of the observed resonance are spatial ly closed to  each other; and ( 3 )  

the N'-methyl g raup is close to  HI and H, in 7 b u t  @ in 6. 20 

One factor which ~ h y n o w e t h ,  e t  al. d i d  not consider was the ef fect  of the  ni t rogen inver -  

sion process an t h e  NOE experiments." Scheme I i l lustrates the equi l ibr ia involved. Let us 

assume t h a t  3 is t h e  mare stable isomer. i f  n i t rogen inversion (2 : 3) i s  fast re lat ive t o  l/TI(J), 

where T, is  the  proton relaxation time, then du r i ng  the NOE experiment, there would be suffic- 

ient time fo r  the  methyl group of  3 to  i nve r t  t o  2 p r i o r  t o  relaxation and r e t u r n  t o  spin equil ib- 

rium. The  ne t  ef fect  could be the observation o f  an NOE even though the resonance i r radiated 

was that  for the N 'me thy l  group i n  3 and no t  21 Alternat ively,  the  major isomer could be 2 as 

concluded b y  Chynoweth, e t  at., though based on inconclusive 

T O  differentiate between these two alternatives, we determined t h e  NOE f a r  nicotine under 

+ 
conditions i n  which the rates o f  interconversion 2 + 3 were much slower than l/~,(?).~ This  

condition was obtained when nicotine was dissolved in a v e r y  strong acid (e.g., tr i f luaroacetic 

acid), resul t ing in the dipratanated nicotine salts 6 and 7 (see Scheme I and Fig. 1). Under 

these conditions, we established that  depratonation a t  the  pyr ro l id ine  n i t rogen was v e r y  slow on  

the NMR timescale, and certainly considerably slower than l/T1(?). Table I1 indicates t ha t  no 
NOE was observed a t  the  resonances o f  Hz o r  H, when the N'-methyl g roup resonance was 

irradiated in  the  mix ture  o f  6+7 (TFA-d l ,  though signi f icant enhancements were observed for 
~ ~ 

~ ~~ 

the resonances o f  Hzo8 and Hs'B.  hi &k o f  enhancements a t  the  resonan& of  Hn and H, 

implies t ha t  the  N'-methyl g roup is t rans  to  the  pyr id ine  r ing .  The observed enhancements a t  

the resonances o f  HzoB and HgmS could only b e  obtained if the N'-methyl g roup were + to  H ' 
9 

2 B  
and H5, , consistent w i t h  the  methyl g roup being t rans ( 6 )  t o  the pyr id ine  r i ng .  B 

It i s  well known tha t  protonation of amines l ike nicotine w i th  strong acids is di f fusion 

controlled and thus  faster than ni t rogen inversion. Accordingly, the  observation that  6 is the  

major diprotonated isomer implies tha t  3 is  the  major free base isomer. In fact, ba r r i ng  the  

well-documentated experimental diff icult ies associated wi th  kinetic quenching o f  amines, the  ratio 
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w. NMR spectra of nicotine (Figure l A )  and nicotine-3',3',4',4',S1,5'-de 

(Figure 1 6 )  in trif luoroacetic acid-d a t  100 MHz. I n  this solvent, bath ni t rogens a re  

protonated and deprotonation is slow compared to the NMR time scale. From re-  

ference 9. 

T m .  NOE Studies of Nicotine 

sample proton proton 
description i r radiated observed 

% 
enhancement! 

22% DCI N-CHs o f  2,4,6 0 

6 2'8 12.5 
5'a 3 
5'8 11 

a Enhancements reported a re  based on total number of protons in the mult ip let  observed 

and not on t h e  number of  protons expected t o  be enhanced. Data from ref. 9. b- 
Acidi ty was adjusted wi th  D2S01 in D20. f Data in  parantheses from ref. 20. 



Figure 2. The most probable solution conformations of nicotine. Note tha t  "a" and 

"p" refer t o  the stereochemistry of the  pyrrol id ine hydrogens or pyr ro l id ine  subst i t -  

uents, as indicated in 8. (See references 23 and 29.) 

6:7 is  equal t o  the  rat io ?:2.21,22 The former rat io could be obtained b y  assigning specific 
N - 
resonances fo r  both  5 and l; e.g., f o r  the resonances of H,' and N1-CHz. We obtained addi- 

B 
tional evidence b y  prepar ing nicotine-3',3',4',4',S1,5'-d, and subjecting it to  the kinetic quench- 

ing procedures discussed above. These resul ts a re  i l lustrated i n  Figures 1A and 1 6  and Table 

1 1 .  On th is  basis, we concluded that  the major isomer, 3, was present t o  an extent >90% i n  

nicotine. 9 

6. P y ~ ~ o l i d i n e  Ring Conformation 

While pyrrol id ine r i n g  geometries a re  available for  nicotine dihydroiodide12 and nicotine: 

salicylic acid complex13 from the i r  respective x-ray analyses, th is  information may no t  be trans- 

ferable t o  solution phase conformations and may be somewhat unreliable due to  the errors asso- 

ciated w i th  locating hydrogen atoms b y  x - ray  methods, especially f o r  large compounds containing 

halogen atoms. Dur ing  the last twenty years, canformational information has became available b y  

evaluation of NMR proton-proton coupling data using Karplus-type relationships. 

Pi tner,  e t  al. reported i n  1978 the analysis of the seven spin (seven attached protons) 

p y r ~ o l i d i n e  r i ng  system of nicotine.23 B y  obtaining NMR spectra for a number o f  specifically 

deuterated nicatines, they  were able t o  assign the chemical shifts and relevant coupling const- 

ants f o r  nicotine itself. From these evaluations, they  concluded that  nicotine's pyr ro l id ine  r i ng  

exists in an envelope conformation w i th  HZbp and Hs,o protons in a pseudo axial orientation, w i th  

a n d  HSLa eclipsed, and Hgnp and HdmP eclipsed, as indicated i n  Fig.  2.23 There are a t  least 

three reservations thaf t ag  along wi th  these conclusions: (a) the  Karplus equations a r e  empirical 

and depend an the choice o f  coefficients used; (b) the treatment assumes tha t  there are no t  a 

number of equally stable minimum energy conformations on a ra ther  f ia t  ground state potential 

energy surface; and ( c )  there a r e  no signi f icant bond angle distort ions in the pyr ro l id ine  r i n g  

which affect the  val id i ty o f  the  Karplus equations. 
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Whidby, Edwards, and Pi tner subsequently reported similar analyses of two nicotine anala- 

gues, 2-isonicotine (2) and 4-isonicotine (2) using deuterated der ivat ives t o  obtain chemical 

shi f ts and coupling constants.24 interest ingly,  although ?, 10 and 2 have di f ferent physical 

and chemical properties, the i r  vicinal and long-range coupling constants indicated that  they  have 

v i r tua l ly  identical conformations i n  CDCls 

1 Recently, we obtained H NMR spectra far a series of additional nicotine analogues at h i gh  

field (300 and 360 MHz) which resulted in separate resolved resonances fo r  each of the  py r ro l i -  

d ine r i ng  protons. Analyses of these spectra have led to #"formation regarding the ef fect  of 

wbs t i t u ten ts  on pyr ro l id ine  r i n g  confarmations, g iven the same three reservations mentioned 

above.Z5 In addit ion, far  nicotine i tsel f ,  th is  work has resulted i n  chemical shi f ts and coupling 

constants identical t o  those reported b y  Pi tner e t  thereby mutually confirming each a t h e r k  

experimental techniques. 

There have been additional investigations directed at d iscerning information regarding 

nicotine's pyr ro l id ine  r i ng  conformation. Ohashi, Morishima and Yonerawa have reported a 

lanthanide induced shi f t  (LIS) s tudy of nicotine,26 and  Castagnoli and Cushman have disclosed 

analogous LIS experiments on trans-3'-methylnicotine (lZ).27 In both cases, s igni f icant ly greater 

shifts were observed for  the  p y r i d y l  r i n g  protons ra ther  than for the  pyrrol id ine r i ng  protons, 

even though in both  1 and l2, the  pyr ro l id ine  ni t rogen i s  signif icantly more basic than the 

pyr id ine  nitrogen. Since the magnitudes of the LiS are dependent on the distance between the 

lanthanide atom and the protons, the lanthanide atom i n  both cases must be complexing wi th  the 

respective Pyr id ine  nitrogen. Ster ic inhibi t ion t o  cornpiexation a t  the more basic s i te thus  foi ls 

the  use of th is  technique to  the application under discussion i n  th is  section. Interestingly, we 

examined the LIS o f  the related N-methylnicotinium iodide (13) and found tha t  complexation occurs 

H F  

QQ @I--? 
c% 1- I CH3 

CH3 
12 13 
0 "v 



at  the quaternary N-methylpyridinium site." Th is  cur ious resul t  established tha t  the  counter- 

ions of quaternary ammonium salts are powerful LIS donors, stronger than fa r  m i n e s  l ike N,N- 

dimethyldodecylamine and N-methyldodecylamlne 

C. Pyr id ine-Pyrrol id ine Ring-Ring Orientations 

As p a r t  of the i r  careful analysis of the  h igh  resalution spectrum of  nicotine, Pitner, e t  al. 

observed a m a i l  b u t  f inite (<0.05 Hz) long-range coupling between Hz '  and Hs; t hey  also B 
abserved an NOE af 9 f 2 and 5 t 2% f o r  upon saturation of the resonances of Hz and H,, 

r e s p e c t i v e l ~ . ~ ~  On the basis of these results, t hey  suggested that  the  pyr id ine-pyr ro l id ine  

r ing- r ing  orientation was perpendicular, i.e., d ihedral  angle r(H2'pC2'C3C2) is 0' and/or 180' 

(see Fig. z ) . ' ~  Subsequently, Pitner, Whidby and Edwards determined the 13C NMR spin-latt ice 

reiaxation times (TI'S) of nicotine and analyzed these in terms of anisotropic rotational d i f fusion 

A number o f  ve ry  interest ing conclusions were made, one being that  in ter - r ing  

rotation i s  slower than overall molecular tumbling i n  chloroform solution, since the experimental 

reiaxation times for  CI and C, di f fered b y  more than could otherwise be accounted for .  B y  

assuming a f i xed geometry for  the  pyr id ine  and pyr ro l id ine  r i ngs  as determined by previous 

results, they  calculated the I3C Ti's f o r  d i f ferent values o f  T ( H ~ ' ~ C ~ , C ~ C ~ ) .  A comparison o f  

T1,calcd wi th TI ,obsd fo r  all o f  these dihedral angles Indicated tha t  the  best fit obtained i s  fo r  

9 (I=Oo), and th is  f it was f a r  super ior  t o  t ha t  obtained f o r  8 (r=180D). On th is  basis, they  

concluded that " the most probable r i ng - r i ng  orientation is . . .r=O0" (2, c . f .  Figure 2). 
29 

Of course, conformational preferences are no t  "all o r  nothing" as described previously i n  

the introduct ion t o  Section Ii. A number of theoretical studies have reported the potential 

energy o f  nicotine as a funct ion o f  r(HzaBCZ,C3CZ). Invar iably,  minima are found i n  the region 

of 0' and 18O0, extending, as p a r t  df energy wells, some 20° on each ~ i d e . l ~ - ' ~  The most 

recent calculations on nicotine, those of Dwyer using the INDO algorithm14 and of Lee and Park 

Using bo th  ETH and CNDO," indicate tha t  these two minima a r e  o f  near ly equal energy.  Given 

the limitations o f  these algorithms, we can only conclude that  nicotine i s  l i ke ly  t o  be signif icantly 

populated i n  both forms, 8 and '3, shown in Figure 2. Th is  conclusion i s  not inconsistent w i th  

the Pitner, e t  al. results29 as they "had no  feeling for  how sensit ive the  fit [of TlrObsd E. 

Tl,olcd] is  t o  population d i s t r i b ~ t i o n . " ~ ~  

We recently compared the ef fect  o f  subst i tuents on the per iphery  of nicotine's r i ng  systems 

on the energy as a funct ion o f  d ihedral  us ing the INDO algorithm, we calculated that  a 

methyl subst i tuent a t  Cg, Cg or C3,B in 5-methyl, 6-methyl, and trans-3'-methylnicotine (14, 15 

. and 12) respectively had l i t t le  ef fect  on the overall shape or energetics o f  rotation about C3-C2,. 

However, a methyl group a t  e i ther CZ, C, or CZs0 in 2-methyl, 4-methyl and c i~ -3~ -me thy ln i c -  

otine (E, 17 and 18) led t o  signif icant changes i n  rotational bar r ie rs  though the energy minima 
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16 - 17 - 18 - 
TABLE Ill. INDO Calculated Parameters of Nicotine and Nicotine ~ n a l o ~ u e s a  

compound 

nicotine (1) 

2-methylnicotine (l6) 

4-methylnicotine (17) 

5-methylnicotine (l4) 

6-methylnicotine (15) 
cis-3'-methylnicotine (18) 
trans-3'-methylnicotine (l2) 

r (degrees)b-'5 

minima maxima - -  
340/160 0/220 

160/340 60/220 

340/160 240/300 

340/160 220/0 

340/160 0/220 

160/340 240/60 

340/160 0/220 

b a Reference 14 and R. W. Dwyer, unpublished resul ts.  - r = x(H13 ,C2,CSC2) dihedral angle. 
B 

Clockwise rotat ion o f  the  pyr ro l id ine  r i ng  relative to the pyr id ine  r i ng  is in the "positive" 

sense. For each pair, the  lower energy conformation i s  l is ted f i r s t .  d- The order  car- 

responds t o  lower energy minimum t o  lower energy maximum, followed b y  higher minimum to  

higher maximum. Complete geometry aptimization was ngt attempted, and these unrealistically 

h igh energy bar r ie rs  are in pa r t  due to the  " r ig id  rotor" model as well as t o  the  appraxlma- 

f t ions inherent in the INDO algorithm. - Energy differences separating the  two minima. 



remained essentially a t  5. 0" and 180°. See Table I l l .  Examination of molecular models 

indicates t ha t  the  cross-r ing interaction of a Cp- o r  a C4-methyl group on the pyr ro l id ine  r i ng  

i n  2 and 17 i s  v e r y  similar to the  cross-r ing interaction of the  C3'cr-methyl group on the p y r -  

idine r i ng  in  18. The results in Table I l l  are probably val id as trends in th is  closely related 

series, b u t  one cannot push the i r  quant i tat ive capabilities, g iven the approximate nature  of the  

INDO method and i t s  d i f f i cu l ty  in t reat ing  t e r t i a r y  m ines .  

We await the  development o f  force f ie lds which incorporate parameters suitable for  both 

py r~d ine  ni t rogen atoms and pyrrai id ine ni t rogen atoms so that  more reliable calculational results 

may be available using molecular mechanics procedures. 

Ill. THE CHEMICAL REACTIVITY OF NICOTINE AND NICOTINE ANALOGUES 

We f e l t  tha t  it was essential to characterize the  chemical "personalities" o f  nicotine and i t s  

analogues as p a r t  o f  our structure-react iv i ty studies. There is no question t ha t  the  ni t rogen 

atoms of nicotine and i t s  analogues represent the  mast signif icant s t ruc tura l  funct ional i ty,  from a 

chemical react iv i ty and a physical p roper ty  paint-of-view. We therefore desired to  quant i fy  in 

some fashion the nucleophil icity of nicotine's two ni t rogen atoms, and t o  compare these para- 

meters w i th  the  same features o f  important nicotine analogues. To achieve these goals, we 

decided t o  choose a specific chemical reaction which we could apply t o  each of our analogues 

from which chemical react iv i ty information could be extracted. Th is  reaction had to  Possess the 

fallowing features: 

1. The reaction should take place exclusively a t  the  ni t rogen atoms b y  the same 

well-known mechanism for al l  compounds studied. 

2. The reaction should be uncomplicated b y  side reactions, and it should be ir- 

reversible. 

3. The products should be stable and clearly distinguishable from the s tar t ing  

materials. 

4. The reaction should be readi ly quantif iable b y  standard, rel iable kinetics proce- 
.. ~ . ~ ~~ ~~~~ 

dures. 

5. For meaningful comparisons, the reaction rates f o r  the  d i f fe rent  analogues 

should v a r y  over a wide range of reac t iv i ty .  

Based on these considerations, we chose t o  s tudy the methylation o f  these nicotinoids. The 

Menschutkin reaction i s  one of  the  most well studied i n  all of organic chemistry, and it has 

provided an experimental basis for  the understanding of many control l ing factors i n  chemical 

reactivity. 31 
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We were not, of course, the f i r s t  t o  be interested in the alkylation o f  nicotine. v. Planta 

and ~ e k u l e ~  in 1853 and von ~ t a h i s c h m i d t ~ ~  in 1854 reported the alkylation o f  nicotine wi th 

excess iodoethane and iodomethane and obtained nicotine diethiodide (2) and nicotine dimeth- 

iodide (20) respectively (eq 1). These ear ly studies were aimed a t  determining the number and 

t ype  of n i t rogen atoms i n  nicotine w i th  s t ruc ture  determination as a goal. 

1853 Kekule 
1854 von Stahlschmidt 

Many years later, Pictet and ~ e n e q u a n d ~ ~  in 1897 reported the preparation o f  the  two 

monomethiadides of nicotine, N-methyinicotinium iodide (l3) and N1-methylnicotinium iodide (27). 

This lat ter  work proved to  be o f  signif icant interest  t o  many subsequent investigators, i n  pa r t  

because it proved extremely d i f f i cu l t  t o  repeat the or ig inal  experimental procedures. 34 

repeated the 1897 experimental and subjected the c rude reaction mixtures 

o f  nicotine and iodomethane (eq 2) i n  either methanol or  acetonitrile t o  'H NMR analysis. The 

resul tant  NMR Spectrum from a typical  experiment i s  shown in Figure 3A. Note tha t  in th is  

experiment, less than one equivalent (0.75 equiv.)  of iodomethane was used in order  t o  minimize 

the formation o f  t h e  diaikylat ion product, nicotine-N,N'-dimethiodide (g). Clearly, too many 

methyl singlets are observed. We showed that  the product consists o f  s. 2 .5 : l  mix ture  of 21 + 

13 and not o f  on ly  21 as previously reported. - 33,34 Because of for tu i tous solubi l i ty  propert ies 

(nicotine i s  soluble i n  water, ether, and chloroform; N-methylnicotinium iodide is soluble in water 

and chloroform b u t  insoluble in  ether; and N'-rnethylnicotinium iodide is soluble in water b u t  

insoluble in bo th  ether and chloroform), the  preparation of pur i f ied  quantit ies o f  bo th  mono- 
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Fi ure 3 . (A) NMR spectra of total 
k a c t i o n  product  o f  nicotine and 
0.75 equiv of iodomethane in acetonitr i le 
in the  presence of sodium carbonate a t  
100 MHz. The singlets are the N'-methyl 
groups of nicotine (L), z, and g., (6) 
NMR Spectra of N1-methyinlc0tlnlUm 
iodide 21 i n  acetonitr i le-da a t  100 MHz. 
(C) NM? spectra of N -methylnicotinium 
iodide (2) in acetanitr i le-da a t  100 MHz. 
From reference 35. 

methiodides tu rns  ou t  t o  be a ra ther  simple 

experimental task  -- once it is recognized 

tha t  the  product  i s  a mix ture  of the  two 

See Figures 38 and 3C. 

The  formation o f  N-methylnicotinium 

iodide (13) i n  th is  alkylation i s  qu i te  remark- 

able, since the pyr id ine  ni t rogen o f  nicotine 

is some three orders of magnitude less basic 

than i t s  pyr ro l id ine  ni t rogen (Table IV).  

That  the  rate of the  Menschutkin reaction is 

signif icantly dependent on ni t rogen basic i ty 

can be shown by the fact  t ha t  methylation of 

the  nicotine analogue, N,N-dimethyl-3-amino- 

methylpyr id ine (2) was found to  y ie ld only 

one methiodide, g, t o  the  exclusion o f  4 (eq 

3).35 As shown i n  Table IV, the  p K i s  of 

nicotine and 2 are near ly identical, support-  

i n g  o u r  suggestion t ha t  ster ic factors asso- 

ciated wi th  nicotine's pyr ro l id ine  r i n g  decrease 

t h e  nucleophil icity of i t s  pyr ro l id ine  nitrogen. 

Also l is ted in Table I V  are the pKa's for  

a number of compounds which are found as 

~ u b s t r u c t u r e ~  o f  nicotine. Note t ha t  the  pKa 

of the  pyr ro l id ine  ni t rogen of nicotine is 

substantial ly smaller than tha t  of N-methyi- 

pyr ro l id ine  (25) and i t s  methyl and phenyl  

subst i tuted der ivat ives 26-27, As can be 

seen in Table IV ,  the  presence of an aromatic 
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TABLE I V .  p~~ Values of Nicotine and Selected ~ n a ~ ~ ~ ~ ~ ~ a  n n 

CH, 
nicotine (1) 7.8 3.0 25 

JIF 
26 

N,N-dimethyl-3-aminomethyipyridine (22) 7.8 3.1 JIF 

1-methyl-2-phenyipyrrolidine (7) 9.3 

N-methylpyrrol id ine (25) 10. 

l ,2-dimethylpyrrol id ine (26) 10. 

pyr id ine  (28) 5.2 @? C H3 @ 
5 From reference 35. 2 7 

JIF 
2 8 
JIF 

group o t o  a pyrroi id ine's ni t rogen atom clearly has substantial electronic and ster ic effects, 

reflected b y  bo th  pKa8s and aikyiation rates. More recently, Kaneko and colleagues studied the 

select of nicot ine alkylations w i th  a lky l  halides more bulky than ~ o d o m e t h a n e . ~ ~  They observed 

regiospecific N-alkylatlon (pyr id ine  alkylation) far e thy l  iodide, isopropyl  iodide, n_-propyl iodide, 

benzyl bromide and e thy l  b r ~ m o a c e t a t e . ~ ~  Apparent ly,  N1-alkylation o f  nicotine i s  more sensit ive 

to increasing ster ic effects than N-alkylation. 

The alkylation o f  nicotine is actually more complicated than indicated in eq 2. Recall tha t  

the N 'me thy l  g roup I n  1 is  rap id ly  invert ing,  and that nicotine is more appropriately described 

as an interconvert ing set(=.) of conformers : 3. B y  extension o f  the results shown in  Scheme 

I, we can expect tha t  nicotine can be alkylated three paths and no t  two as implied in eq 2: 

an the pyr ro i id ine  nitrogen, both cis and t rans to the  pyr id ine substituent; and on the pyr id ine  

ni t rogen (see Scheme ~ i ) . ~ , ~ ~ , ~ ~  

SCHEME I1 

29, n=4 - 
1, n-5 (Nicotine) 

30, n=6 (N'-Methylanabasine) - 
31, n=7 - 



- 
51.6 4 9 5  467 PPM 

m. 
(4)  Upfield port ion o f  the 'H NMR 
spectrum (80 MHz) of total reaction 
mixture of nicotine and 0.75 equiv of 
' ~ H ~ I .  The complex patterns for  each 
Of the N 'me thy i  groups are because of 
the presence o f  diastereomers due t o  
unsymmetrical isotopic labeling. N'(1) 
refers t o  unreacted nicotine. The res- 
onances a t  ca. 6 1.9 and 2.2 resu l t  
from t h e  solvent and are labeled "5" .  

(B)  13C NMR spectrum (25.0 MHz) of 
the to ta l  reaction mix ture  o f  nicotine 
and 0.75 equiv of I3CHsl.  The  as- 
terisks refer to the methyl carbons of 
the dialkylated product, nicotine d i -  
methiodide. From reference 37. 

Experimentally, the  relat ive rates o f  the  th ree 

corresponding methylation pathways can be readi ly 

determined if one uses isotopically labeled reagents, 

e.g., %HS1 or CD31. The I 3 C  and 'H NMR 

spectra of a typical example of the  methylation-13C 

of  nicotine is shown i n  Figure 4. The 'H NMR 

spectrum (Figure 4A) is qu i te  complex, due to  

13C-lH couplings that  are not observed when 

examining the 'H NMR spectra of compounds which 

have natural  isotopic abundance$. However, even 

th is  complex spectrum i s  readi ly understood in 

combination. w i th  the 13C NMR spectrum of  the  

same material and with the  'H NMR spectrum of 

the'  analogous reaction mix ture  obtained wi th  

12CH31. I n  all the  cases we have examined, the  

13C resonance o f  the  pyridinium-'3C_H, resonances 

appears as a broad singlet while the  py r ro l i d i n -  

ium-13C_H, resonances each appears as a sharp 

t r ip le t ,  presumably due t o  the  more symmetrical 

na ture  of a quaternary pyrrol id in ium salt. Careful 

integrat ion of the  th ree resonances i n  Figure 48 

resul ts in the relat ive rates of N:N1 . :Nmtrans 
C15 

alkylation (see Scheme il). We note tha t  the  

assigment of the  two ~ ~ r r o l i d i n e - ' ~ C _ H ~  resonances 

is  based on double resonance studies and NOE 

experiments, in a fashion similar t o  t h e  assign- 

me?ts of nicotine diacid salts i l lustrated in  Table 

Ii. 37,38 

The relat ive rates of alkylatian of nicotine 

and a series of nicotine analogues are  shown in 

Table V.  A number of interest ing conclusions 

regarding the relat ive nucleophil icit ies of the  

ni t rogen atoms in these molecules resu l t  f rom 

careful analysis of these data. 
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TABLEV. Relative Rates of Competitive Methylation of Nicotine and Nicotine ~ n a l o g u e s a  

compound N'cis/N'trans N'/N N/N4(rel) reference 

nicotine (1) 
2-methylnicotine (2) 
4-methylnicotine (E) 
5-methylnicotine (14) 
6-methylnicotine (lS) 

2,6-dimethylnicotine (2) 
4,6-dimethylnicotine (2) 
5.6-dimethylnicotine (2) 
1-methyl-2-(3-pyridy1)azetidine (2) 
1-methyl-2-(3-pyridyI)piperidine (30) 
1-methyl-2-(3-pyridy1)-1-azacycio- 

heptane (2) 
1-methyl-2-(2-pyridyl)pyrrolidine (2) 
1-methyl-2-(4-pyridyi)pyrrolidine (2) 

a See Scheme II for explanation of terms. Alkylations were performed a t  ca. 25'C 

with ca. 0.8 equiv. iodomethane to  minimize overalkyiation. N and N' re fer  t o  alkyla- 

t ion direct ion.  Estimated er ror  i n  alkylation rat ios is 10%. b- Reference 37. 5 Refer- 

ence 38. d- Unpublished results. 

(1) The ra t io  of N'cis/N'tpans remains essentially constant (w i th in  experimental e r ro r )  f o r  

all the  methyl-subst i tuted nicotines. However, the stereoselectivity o f  N1-methylation i s  s igni f -  

icant ly altered when ei ther the  saturated r i n g  size i s  changed (e.g., 29-31) o r  when the connec- 

t ion between the pyr id ine  and pyrrol id ine r ings  is changed (2-2). Sophisticated conformational 

analysis is requ i red to  explain these results, f o r  a knowledge of (I, ks and is necessary 

The Curtin-Hammett (eq 4) describes the relationship between product  ra t io  f o r  a 

- N'cis - _ K_ h = exp(-~<s /RT) 

N'trans t rans 

compound which exists in two rap id ly  interconvert ing conformations (e.g., 2 : 2 ) ,  each of which 

slowly reacts t o  farm a unique product (e.g., Notrans and Nrcis respectively, Scheme 1 1 ) .  

(2) For compounds bear ing methyl groups close to nicotine's pyr id ine  ni t rogen [e.g., 

2,6-dimethylnicotine (%)I,  methylation at N is slowed down relat ive t o  N'-alkyiation. A methyl 

group a t  Cs (e.g., l4) causes an enhancement o f  N-methylation. These results are consistent 



with the known react iv i ty effects o f  a lky l  groups on the  Menschutkin reaction of subst i tuted 

pyridines31 (see Char t  I f o r  a comparison o f  re lat ive methylation rates). 

CHART 1 

Perhaps the most unusual resu l t  i s  the  react iv i ty difference i n  the  set of 1-methyl-2-(z- 

pyr idyl)pyrrol id ines,  where "z" re fers  t o  the  paint  of attachment o f  the  pyrrol id ine r i n g  t o  the  

pyr id ine r i n g  in  1, 10 and L?.38 For these three compounds, (a) ster ic effects should be near ly 

identical since they  are no additional r i ng  substituents; and (b)  previous NMR results, discussed 

i n  Section 11.6 above, indicates the i r  pyr ro l id ine  r ings  have identical conformations. The var ia-  

t ion i n  Nb . /N'trans must be due t o  electronic effects i n  the  respective alkylation t ransi t ion cts 

states (TS), i l lustrated in Scheme I l l  f o r  nicotine. Examination of molecular models indicates 

that dip0le:dipole interactions between the pyr id ine  moiety and the pyr ro l id ine  N'---CHs---I 

moiety can be ei ther at t ract ive o r  repulsive, depending on the position o f  the pyr id ine  ni t rogen 

and the conformational features of the r i ng  system. This analysis predicts tha t  N '  . /N'trans 
CIS 

should decrease i n  the order 10 + ? + 2, and the total rate of reaction should also decrease in 

the same order:  bo th  of these predictions match the experimental a b s e r ~ a t i o n s . ~ ~ , ~ ~  

SCHEME I l l  
8- i  
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(3) Methyl groups a t  C2 and/or CI of nicot ine (e.g., l6, 17 and 33) hinder  pyr ro l id ine  

(No) methyiation.37 As i l lustrated in Char t  l l ,  2,3-lutidine and 3.4-lutidine react a t  0.25 and 

2.0 times the ra te  o f  3-picoiine. If the C2- and C,-methyl groups o f  2-methylnicotine and 4- 

methylnicotine effected only N-alkylation, then the i r  N-rates relat ive t o  nicotine would be approx- 

imately 0.25 and 2.0 respectively. However, the experimental values are 1.15 and 8.1, respec- 

t ively,  indicat ing tha t  the  C,-and C,-methyl g roups either (a) enhance N-alkyiation o r  ( b )  

hinder  N'-alkylation b y  a factor of E. four- fo ld 

CHART II TH3 

5 RR(259 038 a 43 3.1 

N1 

RR I 1.15 8.1 

We fel t  tha t  it was important t o  establish the reasons for th is  unpredicted react iv i ty,  and to  

accomplish th is goal, we decided to  examine a series of analogues which focused attention on 

subst i tuent effects a t  nicotine's CZ and C, position. The compounds chosen fo r  t h i s  s tudy were 

the 1-methyl-2-(2-alkylphenyl)pyrrolidines 35-39, 39 

A part icular advantage of s tudy ing 35-39 i s  the i r  iack o f  a pyr id ine  nitrogen, thereby 

simplifying the reaction to alkylation b y  two paths, NScir and Nltranr (see Scheme IV )  

SCHEME I V  

N' 
trans 

N' 
CIS 



TABLE V I .  Observed Total 
Ground-State 

Rates Constant, Product Stereosglectivity, 
Equil ibrium Distr ibut ion o f  35-3 

and 

5 See Scheme IV and eq 4-7. From reference 39. 

Our pr inciple goal was the determination o f  Gs and &trans for 35-39, thereby establishing 

by  extrapolation t h e  under ly ing features control l ing the  nucleaphil icity of 2-methyl- and 4-methyl- 

nicotine. Two equations a re  available which allow for the  der ivat ion of $is and Ktrans, the  

Curtin-Hammett pr inciple (eq 4) and the Winstein-Holness equation (eq 5).11'39 Note that  sbsd 

is  the to ta l  observed reaction ra te  constant. Taken together, these two equations can b e  solved 

far k . (eq 6 )  and &trans (eq 7) i n  terms of y, the ground state equil ibrium distr ibut ion fo r  
<I5 

each compound, sbsd and N' . /NttranS. 
We have previously described the methodologies for 

C1S 

the experimental determinations of & and the reaction product  rat io (c.f. Section (!,A). The 

total observed reaction rate constant was determined conductometrically, a v e r y  simple procedure 

given tha t  the s tar t ing  materials a re  neutral  molecules and the products a re  quaternary ammon- 

ium salts. Note that  Gbsd is experimentally obtained for a Scheme Ill system in the same 

fashion as if the reaction were simply pyr id ine  and iodomethane. 

Table VI l is ts the  experimental values far %bsd, K_, and N' - /N'trans. 
C1S 

We emphasize that  

three experiments were needed to  determine these three parameters, a kinetic quenching exper- 

iment, a kinetics experiment, and an 13C NMR e ~ p e r i m e n t . ~ ?  As these three experiments were 

run unde r  d i f fe rent  conditions, the i r  combined usage is an assumption in th is  study. We empha- 

size that  the values of K_ are t o  be regarded as approximate, g iven that it is v e r y  d i f f i cu l t  t o  

obtain precise values fo r  equil ibrium distr ibut ions which are considerably skewed. In addit ion. 



TABLE V i I .  Calculated Methyiation Rate for  5-39 

compound 105k+, Sis(rel)  103kt,.ans ktLt,,ns(rel) 

R=H (35) 200 71 20 5.0 

R=CHs (36) 46 16 9.8 2.5 

R=CHsCH2 (37) 36 13 8.0 2.0 

R=(CHs)ZCH (38) 30 11 6.9 1.7 

R=(CHs)sC (3) 2.8 1 4.0 1 

%ee Scheme I V  and eq 6-7. From reference 39. 

we have confirmed earl ier studies which indicate complications can occur in amine quenching 

studies w i th  s t rong and that  the  values f o r  are best t o  b e  considered as lower l imits 

Substitution o f  the data in Table VI into eq 6-7 leads t o  the values o f  k+, and ktrans 

shown in  Table VI I .  It is evident that  a iky l  substituents on the benzene r i ng  s igni f icant ly 

hinder pyr ro l id lne  ni t rogen alkylation, especially f o r  methylation of the  t rans ( k  . ) o r  major 
i t s  

conformatianal isomer 4l- (Scheme IV).  A react iv i ty range for  k . o f  over seventy-fold is calcu- 
*IS 

lated. Small b u t  def in i te ster ic hindrance i s  noted for alhylation t r ans  to  the  aromatic r ing ,  a 

signif icant feature given the distance between the aromatic substltuent and the iodomethane 

moiety i n  th is  TS (see g). 

\ 

These resul ts are part icular ly signif icant for  two reasons: 

(1) The a lky i  subst i tuents are remote frm t h e  reaction s i te (N') y e t  the  effects are 

considerable. For comparison, consider the  archetypal example o f  ster ic hindrance in the 

Menschutkin reaction: pyr id ine  methylates only twice as rapidly as does 2-methylpyridine, even 

though the methyl group is d i rec t ly  attached to  c ~ . ~ ~  On the other hand, !itpan5(g) i s  approx- 

imately two times less reactive than Ltran5(35). 

(2) These steric effects are being observed in a conformationally mobile system. The  

phenyl  group is capable of rotat ing the  b u l k y  substituents "out-of-the-way" of the  incoming 

iodomethane molecule if, i n  fact, ster ic hindrance resul ts i n  destabilizing energetics. 



TO analyze these two seemingly contradictory features, we consider th ree important confor-  

mational processes: ni t rogen inversion (g), rotation about t h e  bond connecting the two r i ngs  

(44), and rotation about the  phenyl subst i tuent (5). The last  process suggests the  division of 

35-39 into essentially three groups, based on the symmetry or lack o f  symmetry of t h e  aromatic - - 
substituent: 35, 36-38, and 39. 

in o rde r  f o r  the  a lky l  substituents in 2-39 t o  af fect  the  reaction rate constants, t hey  must 

stwicai ly in ter fere  wi th the  collision o f  the  m i n e  wi th  the  iodomethane. From the studies on the 

orientation of the  pyr id ine  r i ng  relative ta the  pyr ro l id ine  r i n g  of nicotine (Section lI,C), it is 

l ikely t ha t  there a r e  two energy minima a&ociated wi th  44, one in  which the a lky l  subst i tuent is 

painted away from the pyr ro l id ine  ni t rogen and one in which it is painted toward t h e  nitrogen. 

Even though the lat ter  represents a relat ively unstable conformation, as evidenced b y  the signif- 

icant alkylation ra te  depression, it must be suff ic ient ly "populated" t o  af fect  the  rate. The  

rates of t h e  conformational processes indicated in 43-45 are faster than the rates o f  alkylation. 

Conformations which are energetically unfavorable and are no t  signif icantly populated wil l  never-  

theless h inder  the alkylation reaction. For mare details of th is  argument and the  possible import. 

ance of enthalpic and solvent effects, the  reader i s  re fer red to  the or ig inal  i i t e r a t ~ r e . ~ ' , ~ ~  

IV. THEORETICAL STUDIES ON THE MENSCHUTKlN REACTION 

The Menschutkin reaction of subst i tuted nicotinoids has served us well in the understanding 

Of the ef fects o f  substituents on the chemical and physical propert ies of the& campoun'ds (see 

Section Ill), It is no t  always possible t o  determine experimentally some o f  the  fundamental 

properties which we are interested in having in hand. For example, it i s  a ra ther  unl ikely 

challenge to measure the methylatian ra te  constant for  py r i d i ne  n i t rogen alkylation of 2,6-diL 

methylnicotine (32) since, as shown in Table V, an overwhelming preponderance o f  pyr ro l id ine  

methylation occurs. Al ternat ively,  we may have insufficient material f o r  physical organic chem- 

ical studies. How then do we obtain a measure o f  a chemical or physical p roper ty  if tha t  prop-  

er ty  i s  n o t  measurable or i f  the  compound i s  unavailable? 
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TABLE V I I I .  Ster ic Accessibility Factor and Geometric 
parameters? o f  2-Substituted Pyridines 

a Geometries obtained via complete MIND0/3 energy minimization calculations. From references 

40-42. b S = t$el/Qalcd. kcalc was der ived using LFER. The  deviation o f  S from un i t y  

i s  a measure o f  kinetic nonaddi t iv i ty.  Distance from pyridine ni t rogen to  closest hydrogen 

on C Z ~ .  d- N - c ~ - c ~ ~  angle. 

Theoretical calculations have often provided the answer, o r  a t  least, an answer t o  such a 

conundrum. I n  th is  section, we shall cover two aspects of our current work in the area of 

nicotine-related theoretical calculations, though we br ie f ly  commented on other such studies in  

Section I i .  Because of the complexity of the nicotine structure, we decided to  begin our analysis 

wi th the theoretical modeling of the  Menschutkin reaction wi th substructures of  the nicotine 

molecule: subst i tuted pyr id ines and pyrrol id ines.  Th is  is a ra ther  for tunate choice o f  compounds 

since there  is available a large l i terature data bank on the alkylation of pyridines3' in addit ion 

t o  the kinetic information we were able t o  obtain. 

A .  Correlation of Kinetic Effects w i th  Ground State Molecular Geometries 40-42 

As a f i r s t  step in th is  work, we decided to  focus attention on a well recognized ster ic 

effect in the Menschutkin reaction, the  role o f  pyr id ine  a-substitution (c.f. 5). As the a lky l  



~i ure 5 . Relationship between S and s. Relationship between S and 8. 
-om references 40-41. From references 40-41. 

group increases i n  size i n  46, the  overall rate o f  methyiation drops considerably. We decided to  

quantify th is  effect in terms of s t ruc tura l  features, i.e., bond lengths and bond angles, which 

had previously received only qual i tat ive attention. 
40-42 

We performed complete MINDO/3 energy minimization for  a series o f  2-alkylpyr id ines l isted 

in  Table VI I I .  We then correlated two s t ruc tura l  parameters which we anticipated would be 

related to  react iv i ty differences (e, the  <NC2CZI1; and dNH, the  distance between the pyr id ine  

nitrogen and the closest CzO-hydrogen atom) w i th  the react iv i ty  o f  these compounds. See 47 f o r  

the definit ion of 13 and dNH. As a measure o f  reactivity, we defined t h e  ster ic factor S which 

auantifies the deviation of each ra te  constant from kinetic addi t iv i ty,  as indicated i n  Table V I I i .  

47 - 
The react iv i ty differences i l lustrated b y  krel and S in Table V l l l  are the resu l t  of v e r y  

subtle geometrical effects. We were evident ly able t o  model these effects as i l lustrated b y  the 

excellent correlations which were obtained (eq 8-9) as seen in Figures 5-6. 
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S = 5.16 dNH - 12.4 (8) 

[r = 0.983, n = 13, p = 0.00001, s td .  dev. o f  residuals = 0.1181 

S = -10.0 ( ~ 0 5  8 )  - 1.56 (9) 

[r  = 0.964, n = 13, p = 0.00001, std. dev. of residuals = 0.0171 

This s tudy represents one o f  the  f i r s t  examples of quantifying kinetic effects, and especial- 

l y  nonaddit ive k inet ic effects, w i th  ground state geometries. For example, the many i l luminating 

reports of the  use o f  linear free energy relationships (e.g., T a f t  steeric parameters, Es) for the 

quantif ication o f  ster ic effects all fail t o  d i rec t ly  consider the  s t ruc tura l  consequences of the 

s ~ b s t i t u e n t s . ~ ~  Indeed, i n  LFER studies, substituents are  t reated as "black boxes" and bond 

length and bond angle effects a r e  not treated. 

We have also studied the effect of subst~ tuents  an alkylpyr id ine and N-methylpyridinium 

cation geometry and energetics using the MIND0/3 These studies illuminate the 

geometry and energy changes dur ing  the course of pyridine methylation, in  that  the  pyr id ines 

are s tar t ing  materials and the N-methylpyridinium cations a re  the products in the reactions. 

8 .  Transi t ion State "Models" f o r  the Menschutkin ~ e a c t i o n ~ ~ ' ~ '  

While the ground state model described above nicely i l lustrates some o f  the  geometrical 

implications of ster ic effects, it is not suitable for compounds bear ing ei ther no C z a  substituent 

(e.g., 3.4-lutidine and 4-aminapyridine) o r  those w i th  two C2 subst i tuents ( e . g . ,  2.6-diisopra- 

pyipyr id ine).  We therefore developed a t ransi t ion state (T5) "model" which has been found to  

have predict ive and correlative capabilities. 

From the ground state model, we had calculated the total energy, EFB, for a number of 

Pyr id ine ' f ree  base^.^^'^^ We defined a TS model as shown b y  48 in which a C H ~ '  cation was 

placed 1.88 A from the pyr id ine  molecule ( d N C d .  We then performed ~ lND0 /3 -comp le te  energy 

minimization an the resul t ing supermolecule, optimizing all parameters except for the  1.88 A 



Fi UPB 7 . Relationship between the logarithm of 
b e r i m e n t a i  methylation rate constants 
[log(?&$)] and the MiND0/3-derived activation 
energws. From references 44-45. 

dNCNi A transi t ion state energy, ETS, was then calculated for each p y r i d i n e - ~ ~ s f  complex. 

Subtracting EFB from ETS far each pyr id ine  resulted i n  an activation energy fo r  our model from 

which AE' relative to pyr id ine  was calculated (& eq 10-17). This process was performed f o r  

forty f ou r  pyr id ines hav ing both  a lky i  and heterosubstituents which incorporated a range i n  

reactivity of over f i ve  orders in magnitude. Included i n  the  series of compounds studied were 

2-, 3-, and 4-manosubstituted pyr id ines (R = methyl, ethyl ,  isopropyl, and x - b u t y l ) ,  as well 

as 2 .9 ,  2,4-, 2.5- and 2,s-dialkylpyridines (including those l isted in Table V l l l  and 2.6-diethyl- 

PYridine and 2.6-diisopropylpyridine). We obtained an excellent correlation between the MINDO/ 

3-derived activation energies and the common logarithm of the experimental methylation r a t e  

Constants, as shown in Figure 7 and eq 12. 

log ( k z )  = -0.171 (AE'/RT) - 0.192 

Ir = 0.921, n = 44, p = 0.00001, std. dev.  of residuals = 0.4591 

Because of t h i s  h igh ly  s igni f icant correlation, we have confidence in drawing conclusions 

regarding substituent-induced effects in the pyr id ine  alkylation geometry. This work has led t o  

a better understanding of nanaddit ive kinetics and the s t ruc tura l  features which operate i n  such 
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systems. Fur ther  discussion of these paints a r e  outside the scope of the cu r ren t  report ,  and 

the interested reader i s  re fer red to  the original 

V. OVERVIEW OF RESULTS 

I n  the  above sections, we have summarized some of the recent chemical studies on nicotine 

and a var ie ty  o f  nicotine analogues. Based an th i s  work, we can make the following observa- 

t ions and conclusions: 

1. Nicotine exists pr imari ly i n  a conformation i n  which (a) the  N1- 

methyl g roup is t rans  to  the pyr id ine  r ing ;  (b) the pyr ro l id ine  r i n g  is i n  an 

envelope conformation, as i l lustrated in  Figure 2; and (c)  the relat ive arienta- 

t ion  o f  the pyr id ine  and pyr ro l id ine  r ings  i s  essentially orthogonal. 

2. Nicotine methylates competit i tvely at bo th  the pyr ro l id ine  and 

pyr id ine  r i n g  ni t rogen atoms even though the pyrrol id ine ni t rogen (N') i s  

considerably more basic. The pyr id ine  r i n g  signif icantly decreases p y r m i i -  

d ine ni t rogen nucleophil icity, b y  decreasing its basic i ty and b y  increasing 

steric hindrance. 

3 .  Pyrrol id ine methylatian occurs c is  and trans to the pyr id ine  r ing,  

wi th a s l ight  preference to  cis alkylation. Alkylation wi th a lky l  halides 

larger than iadomethane results in pyr id ine  quaternired products regiospecif- 

ically. 

4. Placement o f  methyl groups an t h e  pyridine r i ng  of nicotine s igni f -  

icant ly alters the chemical react iv i ty o f  the  resulting analogues. Subst i tut ion 

a t  C 2  and/or C 4  decreases pyr ra l id ine  nitrogen react iv i ty  b y  decreasing 

N'-accessibility. This is an unusual example of steric hindrance i n  a confar-  

mationally mobile system. 

5. The methylation of the  analogues has been thoroughly evaluated b y  

determination of the indiv idual  reaction ra te  constants for  pyr ro l id ine  nit- 

rogen alkylation ( k  . and ktrans, see Scheme I I  and IV )  for  the  l -methyl-2- -2s 

(2-alkylphenyl)pyrmlidines. The Curtin-Hammett pr inciple and the Winstein- 

Hoiness equation were used to  analyze these kinetic systems. Three confar- 

mational processes a re  responsible f o r  the  significant rate effects observed: 

n i t rogen inversion, aromatic r ing-pyr ro l id ine  r ing  rotation, and subst i t -  

uent-aromatic r i n g  rotation. 

6. Stepic effects i n  the Menschutkin reaction of substituted pyr id ines  

have been quantif ied in  terms o f  s t ruc tura l  features (bond lengths and bond 



angles). Th is  represents one o f  the f i r s t  studies which quantif ies react iv i ty 

w i t h  molecular geometry. 

7. A react iv i ty model f o r  the  methylation o f  pyr id ines has been 

developed. A wide range in  chemical reac t iv i ty  (aver f i ve  orders i n  magni- 

tude) were successfully correlated wi th  th is  t ransi t ion state model. Included 

in the series of pyr id ines were both unhindered (4-aminopyridine and 3,4-di- 

methylpyr id ine) and h igh ly  hindered (2.6-diisopropyl- and 2 - E - b u t y l -  

pyr id ine)  substrates. 

These results clearly indicate that  a knowledge of conformation is essential f o r  an  under -  

standing of the  chemical personality o f  nicotine and i t s  analogues. Although nicotine i s  seeming- 

l y  a simple molecule, of  rather law molecular weight and incorporat ing few functional groups, it 

is also clear tha t  i t s  "fundamental" chemical and physical properties are l ike golden nuggets, 

carefully secluded from prospecter-chemists. 
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