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Abs t rac t  - The e f f e c t s  o f  mo lecu la r  s t r u c t u r e  on gas phase b a s i c i t y  toward 
L i t  has been ex tens i ve1y .s tud ied .  I t  i s  shown t h a t  bo th  t h e  magnitudes and 
t h e  b a s i c i t y  o rde rs  d i f f e r  markedly f rom t h e  cor respond ing  gas phase bac i s -  
i t i e s  toward Ht. An a n a l y s i s  o f  these r e s u l t s  i s  p resented  toge the r  w i t h  
some p r e l i m i n a r y  comparisons o f  b a s i c i t y  o rde rs  observed i n  o t h e r  adducts 
hav ing  l a r g e l y  e l e c t r o s t a t i c  bonds, i .e. ,  f o r  A l t ,  Kt, Mn', and n e u t r a l  
hydrogen-bond donors. I m p l i c a t i o n s  t o  i o n i c  s o l v a t i o n  energ ies  o f  t h e  
d i f f e r i n g  b a s i c i t y  o rders  a r e  considered. 

INTRODUCTION 

This  work i s  concerned p a r t i c u l a r l y  w i t h  t h e  b a s i c i t i e s  o f  n e u t r a l  i n o r g a n i c  and o rgan ic  
l i gands  toward Ht and L i t  i n  gas phase, f r e e  o f  s o l v e n t  and coun te r  i o n  i n f l uences .  The 
two Lewis ac ids  Ht and L i t  p resen t  a marked c o n t r a s t  i n  t h e  na tu re  o f  t h e  bond formed w i t h  
t h e  l i g a n d  ( r e f .  2 ) .  The p ro ton  adds t o  t h e  base g i v i n g  a p o l a r  cova len t  u bond w i t h  a 
r e s i d u a l  p o s i t i v e  charge on t h e  hydrogen atom o f  ca. 0.35 o r  l e s s  e l e c t r o n i c  u n i t s ,  t h e  
base molecule hav ing  t o  accommodate t h e  balance o f  t h e  charge ( r e f .  3 ) .  
o f  charge t r a n s f e r  r e s u l t s  f rom t h e  f a c t  t h a t  Ht i s  a bare  nucleus, w i t h  a ve ry  s t a b l e  
u n f i l l e d  1s o r b i t a l .  A ma jor  ene rge t i c  c o n s i d e r a t i o n  i s  t h e  ease o f  removal o f  e l e c t r o n i c  
charge t o  fo rm t h e  shared p a i r  bond. Accord ing ly ,  t h e  b a s i c i t i e s  decrease markedly i n  t h e  
sequence, NH3>>0Hp>FH ( o v e r a l l  decrease 87 kcal /mol,  
SHz>>ClH ( o v e r a l l  decrease 54 kcal/mol; r e f .  4 ) .  I n  c o n t r a s t ,  t h e  bonds formed by L i t  
w i t h  i t s  f i l l e d  1s s h e l l )  a r e  l a r g e l y  i o n i c  and t h e  L i t  r e t a i n s  0.8 t o  0.9 o f  t h e  p o s i t i v e  
charge i n  i t s  adducts ( r e f .  3 ) .  Ab i n i t i o  c a l c u l a t i o n s  by Jorgensen ( r e f .  5 )  agree s a t i s -  
f a c t o r i l y  w i t h  t h e  a v a i l a b l e  r e l a t i v e  b a s i c i t i e s ,  showing f o r  L i t  t h a t  t h e r e  i s  t h e  same 
b a s i c i t y  o rde r  f o r  t h e  hydr ides  b u t  now d i f f e r e n c e s  o v e r - a l l  i n  t h e  f i r s t  sequence a r e  
o n l y  17 kcal /mol,  and i n  t h e  second o n l y  12. kcal /mol,  i n  accord  w i t h  t h e  smal l  e x t e n t  
o f  e l e c t r o n  t r a n s f e r  i n  t h e  L i t  adducts.  

We have made a g loba l  s tudy  o f  L i t  b a s i c i t i e s  f o r  o rgan ic  bases f o r  seve ra l  reasons. 
we wished t o  e s t a b l i s h  whether o r  n o t  t h e r e  i s  any reasonab ly  general  c o r r e l a t i o n  o f  bas i c -  
i t i e s  toward Ht and L i t .  I n  t h i s  we were mo t i va ted  by t h e  n o t i o n  t h a t  t h e  w i d e l y  d i f f e r -  
e n t  bonding types  shoutd l e a d  t o  w ide ly  v a r y i n g  b a s i c i t y  o rders ,  a m a t t e r  needing c l a r i f i -  
c a t i o n  and a n a l y s i s  o f  t h e  e f f e c t s  o f  mo lecu la r  s t n u c t u r e  t h a t  a r e  i nvo l ved .  Second, t h e  
L i t  b a s i c i t i e s  a re  u s e f u l  i n  deve lop ing  o rgan ic  s y n t h e t i c  procedures and have re levance t o  
t h e  r e l a t i v e  s o l u b i l i t i e s  o f  L i t  s a l t s  i n  va r ious  so l ven ts .  The b a s i c i t i e s  toward  L i t  and 
o t h e r  a l k a l i  i ons  a l s o  p rov ide  impor tan t  b iomed ica l  and p h y s i c o l o g i c a l  i n f o r m a t i o n  r e l a t e d  
t o  unders tand ing  o f  a l k a l i  metal  i o n  channels and medical  t rea tments .  Th i rd ,  a knowledge 
o f  t h e  d i f f e r e n t  e f f e c t s  o f  mo lecu la r  s t r u c t u r e  f o r  d i f f e r e n t  bonding types  can p rov ide  
improved unders tand ing  o f  t h e  changes i n  b a s i c i t i e s  t h a t  a r e  observed i n  s o l u t i o n .  The 
b a s i c i t i e s  toward L i t  have been analyzed by bo th  e m p i r i c a l  and ab i n i t i o  t h e o r e t i c a l  meth- 
ods. 

In a d d i t i o n  t o  gas phase b a s i c i t i e s  toward L i t ,  we a l s o  r e p o r t  some p r e l i m i n a r y  b a s i c i t y  
comparisons f o r  t he  cor respond ing  Kt , A l t  , Mnt and hydrogen-bond donor adducts.  

The l a r g e  degree 

r e f .  4 )  and i n  t h e  sequence PH3>> 

F i r s t ,  

- A $ , +  vs, - h G L i +  

The s tandard  f r e e  energ ies  o f  Ht adduct f o rma t ion  i n  t h e  gas phase (B:+Ht $ BH') a r e  g i v e n  
by - A G H t  and those f o r  L i t  adduct f o rma t ion  (B: + L i t  f BLi t )  by -AGLj+. These va luss  a r e  
ob ta ined  f rom exper imenta l  de te rm ina t ions  o f  serie; o f  r e l a t i v e  b a s i c i t y  ( ~ A G )  measurements 
( r e f s .  4a and 6 ) .  The 6AG values have been conver ted  t o  - A G H t  and -AGLit  va lues  us ing  f o r  
B = NH3 t h e  s tandard  va lues  o f  195.6 ( r e f .  4b) and 32.1 ( r e f .  7 ) ,  kcal /mol,  r e s p e c t i v e l y .  

The f i r s t  comparison o f  exper imenta l  b a s i c i t i e s  toward Ht and L i t  ( r e f .  8)  i n v o l v e d  29 
molecules,  g e n e r a l l y  o f  smal l  s i ze .  N ine teen o rgan ic  f u n c t i o n a l  groups were represented, 
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I 

most by o n l y  one o r  two members. 
ob ta ined  f o r  16 o f  t h e  bases. 
enhanced b a s i c i t i e s  toward t h e  Ht t h a t  were a t t r i b u t e d  t o  t h e  g r e a t e r  cova len t  bonding o f  
t h e  Ht. The conc lus ion  t h a t  L i t  o f f e r s  an immediate c o n t r a s t  t o  Ht i n  bo th  t h e  magnitude 
and r e l a t i v e  o r d e r i n g  o f  b a s i c i t y  was supported subsequent ly by comparisons o f  exper imenta l  
and c a l c u l a t e d  values f o r  11 bases. ( r e f .  7 ) .  

An ab i n i t i o  t h e o r e t i c a l  (HF/3-21G) s tudy  f o l l o w e d  ( r e f .  9 )  i n c l u d i n g  21 smal l  molecules 
c o n t a i n i n g  o n l y  H, C, N, 0 and F atoms and i t  was concluded t h a t  t h e  Ht vs. L i t  a f f i n i t i e s  
p l o t t e d  t o  g i v e  a reasonable c o r r e l a t i o n .  
s tudy  ( r e f .  5 )  o f  20 smal l  base molecules,  e i g h t  o f  which i n v o l v e d  a d d i t i o n s  t o  C1, S, o r  
P atoms, concluded t h a t  Ht and L i t  a f f i n i t i e s  cannot be s imp ly  compared t o  e l u c i d a t e  t h e  
general  na tu re  o f  acid-base i n t e r a c t i o n s ,  s ince  t h e r e  i s  cons ide rab le  s c a t t e r  i n  t h e  co r -  
r e l a t i o n  o f  these two a f f i n i t i e s .  
( r e f .  2 ) .  
agreement t h a t  t h e  d i f f e r e n t  bonding types  g i v e  d i f f e r e n t  changes i n  mo lecu la r  s t r u c t u r e  
f o r  L i t  than Ht adduct f o rma t ion .  

F igu re  1 i s  a p l o t  f o r  110 t y p i c a l  bases o f  AGLit values ( r e f .  10) vs. cor respond ing  - A G H t  
( c f :  Table 1 ) .  
L i t  and Ht, e s p e c i a l l y  between d i f f e r e n t  f a m i l i e s  o f  f u n c t i o n a l  groups. 
o f  t h e  r e s u l t s  o f  our  a n a l y s i s  o f  t h e  causes o f  t h e  non- l i nea r  b a s i c i t i e s  o f  t h i s  p a i r  and 
o t h e r  adducts f o l l o w .  

A l i n e a r  c o r r e l a t i o n  o f  s lope -3 f o r  Ht vs. L i t  was 
The remain ing  13 bases a l l  g i v e  ( i n  a s c a t t e r e d  fash ion )  

Another ab i n i t i o  (6316*/3-216) t h e o r e t i c a l  

The s c a t t e r  r e s u l t s  f rom t h e  d i f f e r e n t  bonding types  
These ab i n i t i o  s tud ies  g i v e  t h e  b e s t  a v a i l a b l e  gas-phase s t r u c t u r e s  and a r e  i n  

There i s  indeed l i t t l e  general  correspondence between t h e  b a s i c i t i e s  toward 
B r i e f  summaries 

45t 0 

0 0  
O 0  pl 

0 0 

l o  " 
25 c 

0 

O O 0  0 

0 0  
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0 0  
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0 

0 0 + H +  = 0H+ 
1 8  I 1 I I I I I I I I I L I I  I I ,  

160 I68 I 76 I84 192 200 208 216 224 252 
- AG;,,,, kcal /mol 

F igu re  1. 

TABLE 1. Values o f  -AGH+ and -AGLita ( i n  kcal /mol,  a l l  values uncor rec ted)  

b Base Baseb 

HeSH 
E t S H  
i P r S H  
P r S H  
Me2S 
i BUSH 
tBuSH 

178.7 
182.2 
185.5 
183.6 
191.9 
185.3 
188.3 

23.2 
24.1 
25.1 
25.2 
26.1 
26.4 
26.6 

PrOH 
MeNH2 
3-C1 p y r  
MeCHO 
Me2NH 
Me3N 
i PrOH 

182.0 
205.4 
207.1 
177.6 
212.7 
217.6 
184.6 

-AGLi+ 

34.1 
34.1 
34.3 
34.5 
34.9 
34.8 
35.0 
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TABLE 1. (cont inued)  
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b Base 

BUSH 

EtSMe 
H2CO 

(CH214S 

H20 

(CH2) 5s 
HCN 

Et2S 
CF3CH20H 
CF3COMe 

C6H6 
C13CCHO 
MeOH 
py raz i  ne 
i Pr2S 
CF3C02Me 
Pr2S 
C1 CH2CN 
Me20 
3 - C F3 py r  
pyr imd 
dioxane 

CC13CH20H 
E t O H  
CF3C02Et 
Bu2S 

E t C N  
Me2CO 
P r C N  

i Pr20 
PhCN 
4 -Me pyz 

i P r C N  

8uCN 
PhCH20H 
MeCOEt 
MeC02Et 
HCONH2 

Bu20 
3 -Me py r 
Et2CO 

NH3 

t-Bu2S 

t-BuOEt 

t-BuCN 

-AGH+ - 
185.1 
159.4 
194.7 
164.8 
196.1 
197.3 
164.2 
197.2 
161.8 
167.6 
175.3 
167.6 
174.9 
201.3 
201.8 
171.8 
199.1 
173.6 
183.9 
204.7 
203.6 
185.1 
195.6 
168.8 
179.8 
179.8 
200.8 
205.6 
183.5 
187.9 
184.8 
197.5 
197.6 
187.6 
207.7 
185.7 
185.4 

190.8 
192.0 
192.0 
187.5 
195.7 
215.9 
193.0 

-AGLi+ 

26.8 
27.3 
27.8 
28.2 
28.6 
28.7 
28.7 
29.2 
29.3 
29.8 
29.7 
30.0 
31.2 
31.3 
31.7 
31.6 
31.7 
32.2 
32.3 
32.2 
32.5 
33.0 
33.0 
33.1 
33.1 
33.3 
33.3 
33.8 
38.0 
38.0 
38.1 
38.1 
38.3 
38.3 
38.5 
38.5 
38.6 
38.6 
38.8 
38.8 
39.2 
39.2 
39.3 
39.2 
39.5 

b Base 

HC02Me 
i BuOH 
THF 
MeOCH2CN 
EtCHO 
BuOH 
neo-CgHgOH 

PrCHO 
Et20 
t h i a z  

PYZ 

MeCOSMe 
CF3CONH2 
HC02Et 
2-MeTHF 
CH3CN 
t-BuOMe 
1-Mepyz 
HC02Pr 
MeSCH2CN 

HC02Bu 
Pr20 
2 , 2 ' - d i  MeTHF 

PYr  
PhCH2CN 
MeC02Me 
PhCHO 
1-AdamCN 
p-MePhCOMe 
i m i d  
c-Pr2CO 
3,4,5-Me3pyz 
Me2NCN 
1,3,4,5-Me4pyz 
MeCONH2 
HCONHMe 
MeOCONMe2 
DMSO 
1 -Meimi d 
p y r i d  
DMF 
lY2-Me2imid 

S-BuOH 

c-C6H11CH20H 

-AGH+ - 
180.9 

190.4 

181.2 
182.3 

183.0 
191.3 
205.9 
204.7 
191.0 

184.6 
194.3 
180.1 
193.5 
208.8 
185.8 
181.4 
185.4 
186.0 
193.9 
196.6 
213.2 
186.1 
186.1 
192.1 
192.3 
201.1 
215.6 
202.8 
216.8 
197.2 
220.5 

197.0 
201.9 
203.3 
219.4 
208.2 
203.6 
225.1 

4-NMe2pyr 228.8 

35.1 
35.2 
35.4 
35.6 
35.6 
35.6 
35.8 
35.9 
36.0 
36.0 
36.1 
36.3 
36.5 
36.6 
36.6 
37.0 
36.7 
36.9 
37.0 
37.0 
37.0 
37.0 
37.0 
37.5 
37.6 
37.7 
37.8 
37.8 
40.7 
40.9 
40.9 
40.9 
41.2 
41.5 
41.8 
41.8 
42.1 
42.4 
42.7 
43.0 
43.0 
44.2 
44.3 
44.6 
44.8 
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( W a  
(< -2 . )a  

1.8 
1.6 
5.7 
- 
- 

14b 

TABLE 1. (con t inued)  

(-9.6)a (-11.1)' 
0.0 (0.O)C 

( -12 . )a  (-21.)  
1.4 (-1.6)' 

4.8 (5.9)' 
0.9 l.lC 

10.5 (12.2)d 
13.6 - 

10 5 

b Base -AGH+ - 
191.4 
212.7 
206.5 
196.3 
184.4 
196.0 
214.0 

-AGL i + 

39.8 
39.8 
39.9 
40.2 
40.3 
40.3 
40.4 

- A G H t  -AGLi+ b Base 

TMG 233.2 45.2 
MeO(CH2)20H 45.4 
DMA 208.4 45.6 
1,8-Napht 219.4 46.2 
( Me0 1 gpo 205.2 46.5 
C1 CH2PO( OEt)2 204.0 46.9 

'a )Exper imenta l  temperature 373K. 
(b )Abbrev ia t i ons  are :  Me, methyl ;  E t ,  e t h y l ;  P r y  p ropy l ;  Buy b u t y l ;  Adam, 

adamantyl; Ph,CgHg; im id ,  im idazo le ;  py r ,  CgHgN; Pyz, pyrazo le ;  p y r i d ,  
py r idaz ine ;  Napht, naph thy r id ine ;  t h i a z ,  t h i a z o l e ;  DMA, CH3CONMe2; DMF, 
HCONMe2; DMSO, Me2SO; THF, ( ~ H 2 ) 4 0 ;  TMG, (Me2N)2CNH. 

COORDINATION CENTER EFFECTS 

The foremost cause o f  s c a t t e r  i n  F igu re  1 i s  t h e  e f f e c t  o f  changing t h e  c o o r d i n a t i o n  c e n t e r  
s ince  t h i s  and t h e  adduct regu la tes  ( th rough  t h e  bonding t ypes )  t h e  va r ious  rou tes  and 
ex ten ts  o f  charge f l o w  t h a t  occur on complexion. 
number o f  "pa ren t "  bases r e l a t i v e  t o  water  f o r  a v a r i e t y  o f  adducts f o r  which da ta  e x i s t s  
o r  can be es t imated  ( t h e  va lues  i n  paran thes is  a r e  t h e  o n l y  es t imated  ones). The v a r i a t i o n  
i n  b a s i c i t y  o f  t h e  pa ren ts  i s  ' s i g n i f i c a n t l y  changed f o r  t h e  d i f f e r e n t  "ac ids "  and no general  
b a s i c i t y  o rde r  between any two o f  t h e  adducts i s  observed. 
-AGH+ V S .  - A G L ~ +  p l o t s  a r e  h i g h l y  s c a t t e r e d  ( b u t  t h e  p a t t e r n  d i f f e r s  f rom t h a t  i n  F igu re  1 ) .  

Whi le i t  i s  n o t  p o s s i b l e  t o  r e l a t e  t h e  changes i n  pa ren t  b a s i c i t i e s  s imp ly  w i t h  t h e  v a r i a t i o n  
of t h e  c o o r d i n a t i n g  atom, a crude e v a l u a t i o n  i s  p o s s i b l e  f rom Table 2. 
H2C=O, H E N ,  p y r i d i n e  and im idazo le ,  i n  p a r t i c u l a r ,  a l l  i n v o l v e  s i g n i f i c a n t  p o l a r i z a b i l i t y  and 
resonance e f f e c t s  on t h e i r  complexing e q u i l i b r i a .  
unknown b u t  appear t o  be s i g n i f i c a n t l y  g r e a t e r  f o r  charged adducts.  
charged hydrogen-bonded complexes o f  CF3C02H i n  CCl4. The r e s u l t s  i n  Table 2 seem t o  i n d i c a t e  
t h a t  f o r  monodentate a tomic  cen te rs  forming weak d i p o l a r  bonds t h e  b a s i c i t y  o rde r  i s  
3 :  < -F: < =0: < N:<;O: < =N: < 3N:. 
as i t  i s  more p o l a r i z i n g  and removes more charge. 
repu ls ions ,  i n  charge/d ipo le ,  and chayge/induced d i p o l e  i n t e r a c t i o n s ,  i n  sigma and p i  bond 
resonances, and i n  o r b i t a l  over laps .  Any t r u l y  genera l  p a t t e n  o f  behav io r  f o r  pa ren t  bases 
seems u n l i k e l y .  

I n  Table 2 a r e  g i ven  t h e  b a s i c i t i e s  o f  a 

For most p a i r s  o f  adducts, t h e  

The pa ren t  bases 

The magnitudes o f  these mo lecu la r  e f f e c t s  a r e  
Leas t  a f f e c t e d  a r e  t h e  un- 

Th is  o rde r  changes sha rp l y  w i t h  t h e  reagent ,  p a r t i c u l a r l y  
Changes then occur  i n  l o n e - p a i r  e l e c t r o n i c  

TABLE 2. Parent  Func t i ona l  Group (B,) B a s i c i t i e s  R e l a t i v e  t o  Water ( i n  kca l /mo le) .  
P o s i t i v e  values denote inc reased b a s i c i t y .  

B O  

H20 
H2S 

HF 

HCN 
H2CO 

H3N 
C5H5N 
im idazo le  

r e f .  

H+ A l '  L i +  CF3C02He 

-48.0 
0.0 
3.9 
4.7 
5.2 

36.7 
53.5 
56.3 

4 

16.5 

0.0 
-2.9 
-0.2 
-0.9 

2.0 
2.4 
3.7 

15 

(a )  
(b) 
( c )  
( d )  
( e )  

AG va lue  es t imated  f rom exp l .  va lue  f o r  CH3 d e r i v a t i v e s  
R e l a t i v e  a f f i n i t i e s  f rom 6-316*//3-216 c a l c u l a t i o n s  
R e l a t i v e  a f f i n i t i e s  f rom 6-316*//3-216 c a l c u l a t i o n s  
R e l a t i v e  a f f i n i t y  f rom 6-316//3-216 c a l c u l a t i o n  o f  re fe rence  3. 
Values i n  d i l u t e  CC14 s o l u t i o n s ,  298K. 
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CHELATION EFFECTS WITH Li+ 

Toward Ht a t  298K, CC13CH20H i s  a l e s s  bas i c  monodentate than CH3CH20H by 8.1 powers o f  t e n  
(-AAGp/1.36). 
p o l a r i z a b i l i t y  e f fec ts  of t h e  CCl3 compared t o  t h e  CH3 s u b s t i t u e n t  ( r e f .  11).  Toward L i t  a t  
298O, these e f fec ts  would be expected t o  reduce t h e  cor respond ing  b a s i c i t y  d i  fe rence t o  ca. 
3.0 powers o f  t e n  i f  monodentate behav io r  were i nvo l ved .  
t he  observed equal  b a s i c i t y  o f  these two compounds w i t h  L i t .  Th i s  r e s u l t  i s  n o t  unexpected 
due t o  t h e  l a r g e r  s i z e  and t h e  g r e a t e r  p o s i t i v e  charge o f  L i t  i n  t h e  adduc-t. For example, a 
six-membered r i n g  c h e l a t e  s t r u c t u r e  can be w r i t t e n  i n  which L i t  i n t e r a c t s  s imu l taneous ly  
w i t h  l o n e - p a i r  e l e c t r o n s  a t  bo th  0 and one of  t h e  C1 atoms. An a l t e r n a t e  s t r u c t u r e  i s  one 
i n  which L i t  i n t e r a c t s .  s j m u l t a n e m s l y  wi th.  t h e  oxygen lo?$-pair  and t h e  nega t i ve  end o f  
tCC13 group d i p o l e .  i s  i n d i c a t e d  by o u r  -AGLi+ va lues  
f o r  CF3CH20H and CF3(CH2)3NH2. 

S ta ley  and Beauchamp ( r e f .  8) found ve ry  s i g n i f i c a n t  b a s i c i t i e s  o f  cyclohexane and, p a r t i c u -  
l a r l y  o f  benzene toward L i t .  
t i e s  of cyc lohexy l  methanol and benzyl  a l coho l  toward Ht can be accounted f o r  as monoden- 
ta tes ,  b i d e n t a t e  behav io r  i s  i m p l i e d  toward L i t .  
expected f o r  monodentate s u b s t i t u e n t  f i e l d / i n d u c t i v e  and p o l a r i z a b i l i t y  e f f e c t s  ( r e f .  11) , 
p a r t i c u l a r l y  f o r  t h e  C6H5 s u b s t i t u e n t .  

The r e s u l t  above f o r  t h e  cyc lohexy l  s u b s t i t u e n t  suggests t h a t  y t h e r  a l k y l  groups (even meth- 
y l  s u b s t i t u e n t s )  can a l s o  e n t e r  i n t o  c h e l a t e  fo rma t ion  w i t h  L i  
membered r i n g  th rough a charge induced d i p o l e  i n t e r a c t i o n  o f  s u f f i c i e n t  magnitude t o  over -  
come t h e  en t ropy  l o s s  o f  r i n g  foqmat ion. Indeed, such a suggest ion  ( r e f .  16) has been p u t  
fo rward  f o r  c y c l i z a t i o n  i n  t h e  H 
phase b a s i c i t y  inc rement  o f  0.2 kcal /mol pe r  CH2 increment i n  cha in  l eng th .  Evidence has 
a l s o  been ob ta ined  ( r e f .  17) f o r  such c o i l i n g  i n  gaseous s t r a i g h t  cha in  a lkox ides ,  g i v i n g  
l a r g e r  (0.5 kca l /mo l )  
a l coho ls .  
ca te  t h e  presence h even l a r g e r  b i d e n t a t e  b a s i c i t y  e f f e c t s  toward L i  . 
based upon symmetric d i a l  k y l e t h e r s  and t h i o e t h e r s  f o l l o w s .  

Shor t  cha in  non-conjugated a l k y l  s u b s t i t u e n t s  i n  numerous s e r i e s  o f  amines, a l coho ls ,  e the rs ,  
mercaptans and t h i o e t h e r s  have gas phase a c i d i t i e s  and b a s i c i t i e s  t h a t  i nc rease  l i n e a r l y  
w i t h  t h e  a l k y l  s u b s t i t u e n t  p o l a r i z a b i l i t y  parameter, ua ( r e f .  18) .  The -AGH+ values f o r  
R20 and R2S, where R = CH3, C2H5, C3H7, i-C3H7 and t-CqHg a r e  examples: f o r  R20: -AGH+ 
165.8-(51.9)0,; sd = 0.2 k c a l ,  R = .9994; f o r  R2S: 
R = .9977 (as no ted  i n  r e f .  11 f o r  NH3 compared t o  NR3, f o r  example, H20 o r  H2S cannot be 
i nc luded  i n  these f a m i l i e s ) .  
expected and a r e  observed, except  i t  i s  found t h a t  (C3H7)2OY (C4Hg)2OY (C3H7)zS and (C4Hg)zS 
g i v e  enhanced values. 
-AGLi+ 2 4 . 7 - ( 2 2 . 3 ) ~ ~ ~  sd = 0.3, R = .9937 and f o r  R2S: -AGLi+ = 19.6-(19.3)ua, sd = 0.2, 
R = .9975. The b a s i c i t y  enhancements t h a t  we b e l i e v e  t o  be a t t r i b u t e d  t o  b i d e n t a t e  che la -  
t i o n  w i t h  L i t  a r e  ob ta ined  as t h e  d i f f e r e n c e  betweerl exper imenta l  values o f  -AGLi+ and 
those c a l c u l a t e d  by t h e  ap r o p r i a t e  equa t ion  above: 
1.7; (C4Hg)2SY 2.8 kcal/mo!, r e s p e c t i v e l y .  
l a r g e r  S than 0 atom decreases t h e  c o e f f i c i e n t s  t o  ua ( t h e  p a )  va lue  i n  t h e  equat ions ,  b u t  
i t  increases  t h e  b a s i c i t y  enhancements a t t r i b u t e d  t o  b i d e n t a t e  behav io r .  

The bases p y r i d a z i n e  and 1 ,8-naphthyr id ine  a r e  known b iden ta tes  toward t r a n s i t i o n  metal  i ons  
( r e f .  19) .  
o f  ca. 10. and 6.  kca l /mo l ,  resp . )  than a r e  expected f rom a LFER r e l a t i o n s h i p  between 
cor respond ing  -AGLi+ vs. -AGH+ values ( s lope  .49) f o r  monodentate az ines .  
31G//3-216 c a l c u l a t i o n s  have conf i rmed t h a t  t h e  above two az ines  a r e  monodentate toward Ht 
b u t  fo rm b i d e n t a t e  three-membered r i n g  s t r u c t u r e s  i n  t h e  gas phase w i t h  bo th  L i t  and Nat 
( r e f .  3 ) .  Im idazo le ,  py razo le  and t h e i r  methyl  d e r i v a t i v e s  as w e l l  as t h i a z o l e  and 1,2,4- 
t r i a z o l e ,  g i v e  a s a t i s f a c t o r y  LFER between cor respond ing  -AGLi+ and -AGH+ va lues  ( s l o p e  
.41) t h a t  i n d i c a t e s  monodentate behav io r .  
g i v i n g  a L i t  b a s i c i t y  4.2 powers o f  t e n  g r e a t e r  than expected f rom i t s  monodentate Ht b a s i -  
c i t y .  b r i d g i n g  t h e  3 and 4 n i t r o g e n  p o s i t i o n s  o f  t e t r a -  
z o l e  (ab  i n i t i o  c a l c u l a t i o n s  o f  M. Yanez, p r i v a t e  communications). 

Th i s  has been exp la ined  q u a n t i t a t i v e l y  by t h e  combined f i e l d /  n d u c t i v e  and 

B iden ta te  behav io r  s i m p l i e d  by 

S i m i l a r  b i d e n t a t e  b a s i c i t y  toward L i  

I t  i s  t h e r e f o r e  n o t  s u r p r i s i n g  t o  f i n d  t h a t  w h i l e  t h e  b a s i c i -  

Both have g r e a t e r  b a s i c i t i e s  than a r e  

by c l o s i n g  a 5 o r  l a r g e r  

adducts o f  n -a lkv lamines  g i v i n g  a smal l  cons tan t  gas 

methylene increments i n  gas phase a c i d i t i e s  o f  s t r a i g h t  cha in  
Our -AG .+ va lues  f o r  s t r a i g h t  cha in  a l coho ls ,  e the rs ,  t h i y l s ,  t h i o e t h e r s  i n d i -  

A s p e c i f i c  example 

-A'++ = 1 8 0 . 1 - ( 3 4 . 4 ) ~ ~ ~  sd = 0.4, 

For -AGLi+ values, t h e  same k i n d  o f  c o r r e l a t i o n  equat ions  a r e  

That  i s ,  r e s t r i c t e d  t o  R =-CH3, C2H5, i-C3H7, t-CqHg, f o r  R20: 

(C3H7) 0, 0.8; (CqHg)20, 1.9; (C3H7)2Sy 
I t  i s  t o  be no ted  i n  t h e  above r e s u l t s  t h a t  t h e  

These bases have ve ry  much g r e a t e r  observed b a s i c i t i e s  toward L i t  (enhancements 

T h e o r e t i c a l  6- 

However, t e t r a z o l e  dev ia tes  f rom t h i s  LFER, 

Th is  r e s u l t  i s  c o n s i s t e n t  w i t h  L i  

SUBSTITUENT POLARIZABILITY, FIELD INDUCTIVE, AND RESONANCE 
EFFECTS 

There a r e  t h r e e  k inds  of genera l i zed  s u b s t i t u e n t  e f f e c t s  t h a t  may make s i g n i f i c a n t  c o n t r i -  
bu t i ons  t o  most o rgan ic  r e a c t i o n  r a t e s  and e q u i l i b r i a ,  e i t h e r  a lone  (as f o r  t h e  s u b s t i t u e n t  
p o l a r i z a b i l i t y  (P) e f f e c t s  f o r  t h e  e t h e r  s e r i e s  d iscussed above) o r  i n  va r ious  a p p r o p r i a t e  
combinat ions.  These a r e  ( i n  a d d i t i o n  t o  t h e  P e f f e c t s )  t h e  s u b s t i t u e n t  f i e l d / j n d u c t i v e  and 
p i  e l e c t r o n  d e l o c a l i z a t i o n  o r  resonance e f f e c t s  g i ven  by t h e  parameters uF and u respec- 
t i v e l y .  An e m p i r i c a l  t h e o r e t i c a l  a n a l y s i s  f o r  o b t a i n i n g  q u a n t i t a t i v e  es t imates  !or each o f  
these e f f e c t s  i n  a g i ven  f a m i l y  has been done f o r  t h e  gas phase Ht b a s i c i t i e s  f o r  many 
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e q u i l i b r i a  ( r e f .  4a, 11) .  
t h e  t rea tmen t  i s  a l s o  success fu l .  Th is  i s  i l l u s t r a t e d  by t h e  r e s u l t s  g i ven  i n  Table 3 f o r  
t h e  fo rmy l  fami ly ,  X-CHO (X i s  a genera l  s u b s t i t u e n t ) .  A l l  t h r e e  k inds  o f  s u b s t i t u e n t s  o f  
e f f e c t s  can be s i g n i f i c a n t  f o r  t h i s  fam i l y  when X i s  a heteroatom o r  unsa tu ra ted  s u b s t i -  
t uen t .  Eqn. ( 1 )  i s  u t i l i z e d  t o  desc r ibe  t h e  measured s u b s t i t u e n t  e f f e c t s  on b a s i c i t i e s ,  
t h a t  i s ,  t h e  -AG values r e l a t i v e  t o  t h e  f a m i l y  paren t ,  H2CO ( g i v e n  as -6aG). 

For monodentate f a m i l i e s  o f  bases w i t h  L i t  and o t h e r  reagents,  

- ~ A G  = uapa + UFPF + U R ~ R  ( 1 )  

The s u b s t i t u e n t  parameters f o r  p o l a r i z a b i l i t y ,  f i e l d / i n d u c t i v e  and resonance e f f e c t s  a r e  
u a ,  UF, and UR, r e s p e c t i v e l y .  
p values denote r e a c t i o n  cons tan ts  t h a t  a r e  c h a r a c t e r i s t i c  o f  each f a m i l y  o f  e q u i l i b r i a .  
I n  Table 3, P va lues  a r e  g i ven  f o r  each reagent.  
t h e  f a m i l y  must c o n s i s t  of  a s e t  o f  s u b s t i t u e n t s  f o r  which t h e  t h r e e  k inds  o f  s u b s t i t u e n t  
parameters a r e  m u t u a l l y  non-co l inear .  Th is  c o n d i t i o n  was found t o  be r e l a t i v e l y  e a s i l y  
f u l f i l l e d  f o r  p ro ton  adducts, ( r e f .  l l ) ,  and i t  has acco rd ing l y  been u t i l i z e d  here  f o r  t h e  
o t h e r  addends ( t h e  c o r r e l a t i o n  c o e f f i c i e n t s  between any p a i r  o f  t h e  independent v a r i a b l e s  
o f  eqn. ( 1 )  a r e  always l e s s  than t0 .3  and t h e  r e s i d u a l s  i n  each l e a s t  squares a n a l y s i s  a r e  
zero  w i t h i n  t h e i r  u n c e r t a i n t y  es t ima tes ) .  

Tables of t h e  u parameters a r e  g i ven  i n  r e f s .  11 and 18. The 

For success fu l  l i n e a r  reg ress ion  ana lys i s ,  

TABLE 3. Ana lys i s  of S u b s t i t u e n t  E f f e c t s  on Complex Format ion i n  t h e  Formyl 
Family,  XCHO 

Addend - p a  -pF -PR -PR/ P F  - p a /  P F  n R sd 

H+ 24.9t .4 35.5t.6 49.1k.4 1.38k.08 .7Ot.O5 13 .9997 0.4 
A1 16.5k.7 26.3k.8 36.1+.5 1.37k.03 .63+.03 9 .9996 0.3 
L i t  11.6k.6 16.7t.8 21.0k.6 1.26k.07 .69k.O5 13 .9974 0.5 
CF3C02H 1.1k.2 8.9k.7 6 .4 t .3  0.72k.07 .12*.03 5 .9969 0 . 1  

The values o f  p i n d i c a t e  t h a t  a l l  t h r e e  k inds  o f  s u b s t i t u e n t  e f fec ts  inc rease i n  t h e  o rde r  
o f  e l e c t r o n  w i thdrawal  by t h e  "ac id " :  
A l t ( g )  < Ht(g).  The degree o f  l i n e a r i t y  o f  observed e f f e c t s  between a l l  f o u r  se ts  o equ i -  
l i b r i a  depends upon t h e  compos i t ion  o f  t h e  c o n t r i b u t i o n s  t o  t h e  observed values. 
g iven  by t h e  r a t i o s ,  PR/PF  and P ~ / P F .  
f o r  Ht and A l t ,  even though each o f  t h e  p values a r e  d i s t i n c t l y  l e s s  f o r  A l t .  
i s  a ve ry  p r e c i s e  LFER f o r  these two s e t s  o f  e q u i l i b r i a .  
these rho  r a t i o s  become i n c r e a s i n g l y  d i s s i m i l a r  t o  those f o r  Ht and A l t .  
i n  p a r t i c u l a r  t h a t  p a / p ~  i s  e s s e n t i a l l y  t h e  same f o r  a l l  o f  t h e  c a t i o n  complexes b u t  i t  has 
a very  much sma l le r  va lue ,  as expected, f o r  t h e  n e u t r a l  hydrogen-bonded complex. 
even i f  p / p F  i s  s i m i l a r  f o r  two e q u i l i b r i a ,  a s i g n i f i c a n t l y  d i f f e r e n t  va lue  o f  t h e  p a / p F  
r a t i o  w i l y  l e a d  t o  a s c a t t e r  p a t t e r n  i n  the-AGLi+vs.-AGH+ p l o t .  Th is  i s  s i m i l a r  b u t  n o t  
p r e c i s e l y  t h e  s i t u a t i o n  t h a t  p r e v a i l s ,  f o r  a p l o t  o f  -& 'L i t  vs. -AG"CF~CO?H ( o r  more gen- 
e r a l l y ,  t h e  l a t t e r  may be rep laced  by t h e  B2 values, f o r  sca led  hydrogen-bonded b a s i c i t i e s ,  
c f .  r e f .  15) .  Many a d d i t i o n a l  examples o f  r e s u l t s  l i k e  those i n  Table 3 a r e  a v a i l a b l e  and 
these w i l l  be d iscussed elsewhere. 
how t h e  s t r e n g t h  o f  a g i ven  c o o r d i n a t i o n  agent and b a s i c i t y  s i t e  i s  m o d i f i e d  by s u b s t i -  
t uen ts .  

CF3C02H (hydrogen-bond complex CCl4) < L i t ( g )  < 

Th s i s  
I n t e r e s t i n g l y ,  these r a t i o s  a r e  p r e c i s e l y  t h e  same 

The r e s u l t  
For L i t  and CF3C02H complexes 

Thus, 

It w i l l  be no ted  

Eqn. (1) p rov ides  a q u a n t i t a t i v e  bas i s  f o r  assess ing  

ALKALI I O N  TRANSFER, At,G(,,,), VS. -AG FOR THE CORRESPONDING 
GAS PHASE ADDUCTS 

The f r e e  energ ies  o f  i o n  t r a n s f e r  between pure  so l ven ts ,  ob ta ined  w i t h  t h e  a i d  o f  t h e  TATB 
assumption, have r e c e n t l y  been t r e a t e d  by a p p l y i n g  sca les  o f  s o l v e n t  hydrogen-bond a c i d i t i e s  
t o  anions and hydrogen-bond b a s i c i t i e s  t o  c a t i o n s  ( r e f .  20).  The poor c o r r e l a t i o n  between 
gas phase -AGLi+ and cor respond ing  va lues  o f  -AGCF3C@H (o r ,  t h e  equ iva len t ,  o f  t h e  B2 
sca le  o f  r e f .  15) r a i s e s  ques t ions  rega rd ing  l i m i t a t i o n s  o f  t h i s  t rea tment  o f  i o n  t r a n s f e r  
f r e e  energ ies .  Many i o n / s o l v e n t  i n t e r a c t i o n s  i n v o l v e  e l e c t r o s t a t i c  t ype  i n t e r a c t i o n s  t h a t  
do have a s i m i l a r i t y  t o  those i n v o l v e d  i n  hydrogen-bonding. 
between these i o n  s o l v e n t  i n t e r a c t i o n s  i s  t h a t  t h e  p o l a r i z a t i o n  o f  i n d i v i d u a l  s o l v e n t  mole- 
cu les  i s  l e s s  extreme than i t  i s  i n  t h e  fo rma t ion  o f  1 : l  mo lecu la r  complexes i n  t h e  gas 
phase. 
d i f f e r e n c e  i n  t h e  p / r a t i o  f o r  f o rma t ion  o f  L i t  compared t o  cor respond ing  CF3C02H hydro- 
gen-bonded complexe i .PFI f  p ~ / p  r a t i o s  i n  t h e  s o l u t i o n  e l e c t r o s t a t i c  i n t e r a c t i o n s  a re  
r a t h e r  s i m i l a r ,  then ou r  gas p lase  - A G  values f o r  a l k a l i  meta ls  and cor respond ing  
AtrG(w+.s) values may C o r r e l a t e  f a i r l y  w e l l  f o r  a c e r t a i n  c l a s s  o f  so l ven ts .  
have been c a r r i e d  o u t  u s i n g  t h e  da ta  o f  r e f .  20 (and ou r  unpub l ished -AGK+ va lues)  and 
found t o  be b e s t  obeyed by weakly s e l f - a s s o c i a t e d  so l ven ts .  
a b l e  da ta  and t h e  r e l a t i v e l y  l a r g e  exper imenta l  e r r o r s  f o r  t h e  t r a n s f e r  energ ies ,  t h e  co r -  
r e l a t i o n s  a re  reasonab ly  s a t i s f a c t o r y ,  e s p e c i a l l y  i f  accompanied by a te rm i n v o l v i n g  t h e  
s o l v e n t  dipolarity/polarizability (as represented, f o r  example, by t h e  T* parameters used 

An impor tan t  d i f f e r e n c e  

It i s  i n  t h e  l a t t e r  and n o t  t h e  former case t h a t ,  f o r  example, Table 3 shows a major  

C o r r e l a t i o n s  

Cons ider ing  t h e  l i m i t e d  a v a i l -  
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i n  r e f .  20).  
e s s e n t i a l l y  e q u i v a l e n t  i n  q u a l i t y  whether one uses IT* and 62 o r  IT* and gas phase 
-AGLi+ o r  K t .  
compared t o  Kt i s  t h e  same as r e p o r t e d  i n  r e f .  20. 

A f i n a l  p o i n t  t o  be made can be i l l u s t r a t e d  u s i n g  p ro ton  t r a n s f e r  b a s i c i t i e s  i n  s o l u t i o n .  
These a r e  composite e q u i l i b r i a  i n v o l v i n g  n o t  o n l y  t h e  u n d e r l y i n g  p r o t o n  t r a n s f e r  between 
l a r g e l y  c o v a l e n t l y  bonded ac ids  and bases, b u t  f r e q u e n t l y  t h e r e  a r e  numerous competing 
e q u i l i b r i a  i n v o l v i n g  e l e c t r o s t a t i c  s o l v e n t  i n t e r a c t i o n s  w i t h  each o f  t h e  acid/base p a i r s  o f  
t he  p ro ton  t r a n s f e r  e q u i l i b r i a .  
AGH+(g) vs.  e i t h e r  cor respond ing  6 A G p  (aqueous) o r  GAG~+(tde$o) a r e  h i g h l y  s c a t t e r e d  ( r e f .  
21).  However, w i t h i n  app rop r ia te  f a m i l i e s  o f  bases e x c e l l e n t  l i n e a r  c o r r e l a t i o n s  a r e  
found. The f a m i l y  LFER's and t h e i r  l i m i t a t i o n s  t h a t  we have no ted  i n  t h e  gas phase between 
Ht and cor respond ing  metal  i o n  adducts ( o f  very  d i f f e r e n t  bonding t ypes )  o f f e r s  encourage- 
ment i n  o b t a i n i n g  an improved unders tand ing  o f  s o l u t i o n  e q u i l i b r i a ,  bo th  " p h y s i c a l "  and 
I' c h em i ca 1 I' . 

The p r e c i s i o n  o f  t h e  two parameter c o r r e l a t i o n s  f o r  bo th  L i t  and Kt a re  then 

The r a t i o  (2.5) o f  t h e  c o e f f i c i e n t s  o f  t h e  b a s i c i t y  parameters f o r  L i t  

I n  genera l ,  t h e  composites a r e  complex and p l o t s  o f  

1. 

2. 
3. 

4a. 

4b. 
5. 
6. 
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