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THE APPLICATION OF MOLECULAR ORBITAL CALCULATIONS TO woof  
CHEMISTRY. I V .  THE FORIWI'ION OF METHYLOL DERIVATIVES. 

T. J. Elder  and S. D. Worley 

School of Pores  t r y  
Alabama A g r i c u l t u r a l  Experiment S t a t i o n  

Auburn U n i v e r s i t y ,  Alabama 36849 

Depar tment of Chemistry 
Auburn U n i v e r s i t y ,  Alabama 36349 

ABSTRACT 

The i n i t i a l  s t e p s  In  t h e  formation of p h e n o l i c  r e s i n s  have 
been s t u d i e d  by the performance of molecular  o r b i t a l  c a l c u l a t i o n s .  
The reac t f o n s  that have been examined a r z  those  o c c u r r l n g  be cdeen 
forauldehyde and phenol, under b a s i c  and a c i d i c  c o n d i t i o n s .  
Energies  and elec t r o n i c  d i s  t r i b u  t i o n s  were de termined 
t h e o r e t i c a l l y ,  and i t  was found the r e a c t i o n  is n o t  s t r i c t l y  
c o n t r o l l e d  by the  t o t a l  charge a t  t h e  r e a c t i v e  c e n t e r s ,  b u t  r a t h e r  
seems t o  be inf luenced  by the e l e c t r o n  d e n s i t y  i n  t h e  h i g h e s t  
occupied molecular  o r b i t a l  of  the  r e a c t a n t  a o l e c u l e s .  

INTRODUCTION 

A s  the n a t u r e  of f o r e s t  r e s o u r c e s  i n  the  United S t a t e s  has 

changed, process ing  technology has a l s o  changed t o  accommodate the 

resource  and the demands of the  marketplace.  An e x c e l l e n t  sxample 

is the l a r g e  segment of the f o r e s t  p roducts  i n d u s t r y  r e s p o n s i b l e  

f o r  the manufacture of plywood, p a r t i c l e b o a r d ,  znd composite 

products .  While t h i s  p a r t  of the  i n d u s t r y  is a major consumer of 
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506 ELDER AND WORLEY 

f o r s s t  resources ,  i t  n l s o  consumes l a r g e  amounts of adhes ives  thst 

are required f o r  the  bonding of the f in i shed  products.  I t  has 

been repor ted  t h a t  the f o r e s t  products i ndus t ry  uses  29% of a l l  

phenolic r e s i n s  produced i n  the  United S t a t e s ,  making i t  the 

L s i n g l e  l a r g e s t  consumer of these  r e s i n s  . 
Since phenolic r e s i n s  are of obvious importance t o  the  f o r e s t  

products indus t ry ,  i t  is n o t  s u r p r i s i n g  that the re  has been 

ex tens ive  r e sea rch  i n t o  t h e i r  fundamental p r o p e r t i e s  3 9 4  and 

poss ib l e  a l t e r n a t i v e s  to  petrochemically der ived  The 

c u r r e n t  paper v i l l  address  the  formation of m e  t hy lo l  d e r i v a t i v e s ,  

the f i r s t  s t e p  i n  the polymerization of phenol and formaldehyde to 

produce resins. The polymerization r e a c t i o n  may occur under 

e i t h e r  a c i d i c  o r  b a s i c  condi t ions ,  fo r s ing  novolak oc r e s o l z  

r e s i n s ,  r e spec t ive ly .  Yhile the base ca ta lyzed  r e s o l e s  are the 

resins used as adhes ives  i n  f o r e s t  products a p p l i c a t i o n ,  f o r  the 

sake of completeness, the  a c i d  ca ta lyzed  novolaks w i l l  a l s o  be 

considered. Novolaks, used to  a ln rge  e x t e n t  i n  molded art icles,  

a r e  l i n e a r  polymers wi th  molecular v e i g h t s  of abou t  2,000, while 

r e s o l e s  are cross-linked polymers formed by the a d d i t i o n  of hea t  

t o  the hydroxylaethyl phenol monomers . 2 

Under basic condi t ions ,  the  phenol is p r e s e n t  as a phenolate 

ion ,  vh ich  adds the n e u t r a l ,  b u t  po lar ized ,  formaldehyde t n  the  

o r tho  and para pos i t i ons .  The d isp laced  pro ton  is s h i f t e d  t o  the 

oxygen of the formaldehyde, r e s u l t i n g  i n  the methylol d e r i v a t i v e  

(F igure  1). I n  c o n t r a s t ,  the r eac t ion  l ead ing  to the  novolak 

polymer begins by the conversion of formaldehyde, i n  the przsence 
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FORMATION OF HETHYLOL DERIVATIVES 509 

?4egloct of Diatomic Overlap) ,  are  b o t h  semi-empir ica l ,  molccalar 

o r b i t a l  techniques,  and their r e s p e c t i v e  c a p a b i l i t i e s  have been 

d iscussed  by Dewar and Ford . In p a r t i c u l a r ,  CNDO/2 does n o t  

conta in  a geometry o p t i m l z a t l o n  procedure,  as does MNM); and 

CNDO/2 a t t e m p t s  t o  m i m i c  a b  l n l t i o  r e s u l t s ,  whi le  HWDO tr€es to 

reproduce exper imenta l ly  d e t e m i n e d  chemlcal p r o p e r t i e s .  

r e l a t e d  work, s ta t ls  t ical  mechanical c a l c u l a  t l o n s  have been 

repor ted  f o r  polymeric  phenol-formaldehyde r e s i n s  . 

9 

In o t h e r  

10 

METHODS 

The computat ional  procedure used in t h i s  s tudy  was developed 

by Dewar and T h l e l  11, and I s  a seml-emplr lcal ,  s e l f - c o n s i s t e n t  

f l e l d s  method tha t  employs modlf l e d  n e g l e c t  of d l a  t o n i c  over lap  

(HNDO) . 
geometry, heat of forma t l o n ,  i o n l z a  t i o n  po ten t l a l  (by Roopmans 

theorem), d i p o l e  moments, and e i g e n v e c t o r s ,  and e lgenvalues  f o r  

the  molecular  o r b i t a l s  of the molecules .  

This  procedure c a l c u l a t e s  an energe  t l c a l l y  opt imized 

The s t r u c t u r e s  that w i l l  be d i s c u s s e d  a r e  shown in f i g u r e s  

3-6 a long  w i t h  the numbering system that  I s  used throughout this 

paper. The t r ia l  geometry f o r  each  molecule I s  i n p u t  by 

spec i fy ing  bond l e n g t h s ,  bond a n g l e s ,  d i h e d r a l  a n g l e s ,  and 

c o n n e c t i v i t y  f o r  a l l  atoms In the  molecule. Furthermore, v a l u e s  

f o r  o v e r a l l  charge may be i n p u t  f o r  c a l c u l a t i o n s  on I O a i C  s p e c i e s ,  

and a l l  v a r i a b l e s  were al lowed t o  opt imize .  

As shown In  the  f i g u r e s ,  the  I n i t i a l  s t r u c t u r e s  were n e u t r a l  

phenol f o r  the novolak, and the phenola te  a n i o n  f o r  r e s o l e .  For 
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510 ELDER AND UORLEY 

each  r e a c t i o n ,  three mono-m t h y l o l  d e r i v a t i v e s  and three 

df-me t h y l o l  products  uere  examined, a long  w i  t h  t he  in te rmedia  tes 

formed a t  each  s t ep .  

to r e f l e c t  the d i f f e rence  that MY occur  in conformation of the  

s u b s t i t u e n t  groups a t  the phenol ic  pos i t i on .  

followed throughout t h i s  paper, such that the tuo o r t h o  p o s i t i o n s  

are always t r e a t e d  as d i s t i n c t  sites. 

Two or tho  s t r u c t u r e s  ue re  used i n  this study 

This l o g i c  was 

RESULTS 

Novalak 

The hea t  of formation f o r  each  s t r u c t u r e  and in t e rmed ia t e  is 

shown i n  f i g u r e s  3 and 4. Observat ions on the  mono-methylol 

d e r i v a t i v e s  (Figure 3) i n d i c a t e  t h a t  the  most s t a b l e  product  i s  

formed through the para  pos i t i on  ( C - 4 ) ,  followed by p o s i t i o n s  C-6 

and C-2. This  sequence is r e f l e c t e d  by the h e a t s  of formation 

( l o c a l i z a t i o n  energy)  f o r  the preceding in t e rmed ia t e s ,  b u t  the 

magnitude of the  nega t ive  charge a t  each  s i te  i n  the phenol ground 

state 1s found t o  be C-2 > C-4 > C-6. The electroo d e n s i t y  i n  the  

h i g h e s t  occupied molecular o r b i t a l  (HOMO) a t  these p o s i t i o n s  i n  

the phenol does,  however, have the order  C-4 > C-6 > C-2. This  i s  

c o n s i s t e n t  w i th  the  r e s u l t s  presented  in  Elder  and Worley 

which the  r e a c t i o n s  of s o f t  e l e c t r o p h i l e s  and s o f t  nuc leoph i l e s ,  

are c o n t r o l l e d  by the p rope r t i e s  of the  HOMO of t he  nuc laoph i l e  

and the  LUHO ( lowes t  unoccupied molecular o r b i t a l )  of the 

elec t roph i l e .  

12 , i n  
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FORMTION OF MTHYLOL DERIVATIVES 511 

lOO.lZS6 K C A L / Y O L L M  -lT.IZOS KCAL/MOLL*** 

Figure  3. The formation of monomethylol i n t e r m e d i a t e s  and 
d e r i v a t i v e s  from phenol. 
++ = HOMO e l e c t r o n  d e n s i t y  a t  e a c h  s i t e ,  - = Heat of 
formation of each  s t r u c t u r e .  

* = Charge a t  e a c h  s i te ,  

The n e x t  s t e p  to  be considered i s  t h e  format ion  of 

di-subs ti tu ted i n t e r m e d i a t e s  and m e  t h y l o l s  , from the  

mono-subs ti t u  ted,  hydroxyme t h y l  phenol ( F i g u r e  4). As was the 

case u i  t h  phenol the reac t i o n  of 6-hydroxyme t h y l  phenol (Figure 

4b) ,  and 4-hydroxpme t h y l  phenol ( F i g u r e  4a), the  raac t i v e  c e n t e r s  

through which the lowest energy i n t e r m e d i a t e s  are formed, a r e  n o t  

the  p o s i t i o n s  u i  t h i n  the n e u t r a l s  that  have t h e  g r e a t e s t  nega t ive  

charge.  Rather ,  the HOMO e l e c t r o n  d e n s i t y  is a g a i n  a more 

a c c u r a t e  p r e d i c t o r  of r e a c t i v i t y .  The r e a c t i o n  of the  

2-hydroxgmethyl phenol (F igure  4c)  shows that t h e  n e u t r a l  molecule 

has g r e a t e r  magnitude i n  both charge and HOflO e l e c t r o n  d e n s i t y  a t  
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512 ELDER AND UORLEY 

a )  
-O.IS3S* 
0.2088n O.2797.* 

0 
H’ -77.12011 K C A L I Y O L L m H  

n 
+c-on 

n 

H 

Figure 4. Tbe formation of dimethylol i n t s rmed i s t e s ,  d e r i v a t i v e s ,  
and trirnethylol in te rmedia tes  from e a c h  monosubs t i t u t e d  
methylol de r iva t ive .  
*.* = HOHO e l e c t r o n  dens i ty  a t  each  site, 
formation of each  s t r u c t u r e .  

* = Charge a t  each  site, 
= Heat of 

the C-4 pos i t i on ,  through which the most s t a b l e  in te rmedia te  is 

formed. 

F ina l ly ,  the d i s u b s t i t u t e d  methylol d e r i v a t i v e s  and the 

t r i s u b s t i t u t e d  in te rmedia tes  w i l l  be discussed. Based on the 

charge d i s t r i b u t i o n  f o r  the n e u t r a l  di-methylol d e r i v a t i v e s ,  i t  

would be expected t h a t  a t t a c k  uould occur p r e f e r e n t i a l l y  a t  the 

C-2 pos i t i on  of the 4-6 de r iva t ives  followed by the C-4 pos i t i on  

of the 2-6 d e r i v a t i v e s  and the C-6 pos i t i on  of the 2-4 

der iva t ives .  This  p a t t e r n  is no t ,  however, r e f l e c t e d  i n  the 

energy va lues  f o r  the  in te rmedia tes .  Ene rge t i ca l ly ,  the  

i n t e r s e d i a t e  formed by r eac t ion  a t  the p o s i t i o n  C-4 of the  2-6 

d e r i v a t i v e  is the most s t a b l e  followed by the C-6 p o s i t i o n  of the 
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FORMATION OF HETHYLOL DERIVATIVES 513 

H 

+ C -  
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t4 no-cnz no-cnt 
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Figure 4 cont. 
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514 ELDER AND WORLEY 

2-4 d e r i v a t i v e  and the  C-2 p o s i t i o n  of the 4-6 d e r i v a t i v e .  Again, 

t o  r a t i o n a l i z e  these d a t a ,  observa t ions  must be  made on the  HOMO 

e l z c t r o n  d e n s i t y  of the  r e spec t ive  n e u t r s l  ground states. It is 

found t h a t  this va lue  is g r e a t e s t  a t  the  C-4 p o s i t i o n ,  followed by 

C-6 and C-2. This  p a t t e r n  accu ra t e ly  r e f l e c t s  the s t a b i l i t y  of 

the in t e rmed ia t e s  that a r e  formed. Furthermore, i t  is i n t e r e s t i n g  

to  no te  that if all i n t e r a e d i s t e s  are cons idered ,  those that a r t  

formed by a t t a c k  through the C-4 p o s i t i o n  (pa ra  to the phenol ic  

group) tend t o  be the most s tab l s .  

I t  is i nd ica t ed  from the l a c k  of coulombic c o n t r o l  of these 

r e a c t i o n s  t h a t  the  chemical s p e c i e s  I n  .quest ion are exper ienc ing  a 

sof t-sof t r e a c t i o n ,  under the inf luence  of the f r o n t i e r  a o l e c u l s r  

13 o r b i t a l s  . 

Resoles  

The h e a t  of formation f o r  each  s t r u c t u r e  

ca t a lyzed  r e a c t i o n  of phenol and formaldehyde 

in the a l k a l i n e  

was determined t o  be 

a s  shown i n  F igures  5 and 6. A s  before ,  the t o t a l  charge  dens i ty  

and HOMO e l e c t r o n  dens i ty  of the  r e a c t i v e  sites are a l s o  shown. 

The most s t a b l e  mono-substituted i n t e r a e d i a t e  is formed by 

r e a c t i o n  a t  the  para  p o s i t i o n  (F igure  5 ) .  While the  t o t a l  charge 

d e n s i t y  does n o t  d i f f e r  to  a l a r g e  e x t e n t  a t  any of the 

p o t e n t i a l l y  r e a c t i v e  si tes,  the  para  p o s i t i o n  has the  g r e a t e s t  

HOlYO e l e c t r o n  dens i ty .  I n  examining the  nex t  s t e p ,  the  t r a n s f e r  

of the pro ton  t o  the  carbonyl  oxygen to  form the  mono-methyl01 

d e r i v a t i v e s ,  the  two or tho  s u b s t i t u t e d  products  have the  lowes t  

energy va lues .  
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FORMATION OF METHYLOL DERIVATIVES 515 

-54.1717 KCAL/YOLLens -99.2183 KCAL/YOLLm 

Q - Q  - n  cn20- cn20n 

0 0- - 99.I291KCIU/YOLL*H 

L- 
- 54.1293 KCAL/YOU*r 

Figure  5 .  The formation of monomethylol i n t e r m e d i a t e s  and 
d e r i v a t i v e s  from the phenola te  anion.  
e a c h  si te,  f* - HOMO e l e c t r o n  d e n s i t y  a t  each  si te,  * = H e a t  of formation of each  s t r u c t u r e .  

* = Charge a t  

This  p a t t e r n  cont inued t o  occur  i n  the r e a c t i o n s  that l e a d  t o  

the formation of the d i s u b s t i t u t e d  methylo ls  ( F i g u r e  6 ) .  I f  the 

para  p o s i t i o n  is an open s i te  in the mono-methylols, it is g r e a t e r  

in b o t h  t o t a l  charge d e n s i t y  and HOMO e l e c t r o n  d e n s i t y ,  and forms 

the  lower energy inter inediate .  Upon comple t i o n  of the  r e a c t i o n ,  

however, p roducts  that are d i s u b s t i t u t e d  a t  t h e  two o r t h o  

p o s i t i o n s  are lower i n  energy than those  that involve  the para  

p o s i t i o n .  F i n a l l y ,  the r e a c t i o n  of the d i s u b s t i t u t e d  methylols  to  

form the  t r i s u b s t i t u t e d  i n t e m e d i a t e s  a lso f o l l o w s  the  same 

pattern. The para  p o s i t i o n ,  once a g a i n ,  has t h e  g r e a t e s t  
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516 ELDER AND WORLEY 

a1 

cngn - 

cn20n 
-0-cn 

0- 0 

I -105.5731 KCALINOLLm -152.2503 KCAL/YOLL- -159.13W KCAL/YOLEm 

Figure 6. The formation of dimethylol in te rmedia tes ,  d e r i v a t i v e s  
and t r ime thy lo l  in te rmedia tes  from each  monosubs t i t u t e d  
methylol de r iva t ive .  
** - HONO e l e c t r o n  dens i ty  a t  each  site, * = Heat of 
formation of each  s t r u c t u r e .  

* a Charge a t  each  s i te ,  

concen t r a  t i on  of nega t ive  charge,  and the l a r g e s  t HOMO elec t ron  

dens i ty ,  r e s u l t i n g  in the in te rmedia te  wi th  the lowes t  h e a t  of 

forma tion. 

These r e s u l t s  l l l u s t s a t e  t h e  po in t  t h a t  was made earlier wi th  

regard to  the d i f f e r e n c e  between k i n e t i c  s t a b i l i t y  and 

thermodynamic s t a b i l i t y .  The r eac t ion  i n d i c e s  that are repor ted ,  

and ene rg ie s  of the intermediates, i n d i c a t e  t h a t  the  pa ra  pos i t i on  

is the  most r e a c t i v e  site, b u t  the most s t a b l e  products  from a 

thermodynamic s t andpo in t  are those that occur through one of the 

o r tho  pos i t ions .  A poss ib l e  explana t ion  f o r  t h i s  d i screpancy  l ies 

i n  the  a b i l i t y  of t he  phenol ic  oxygen t o  hydrogen bond u i t h  the 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
6
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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r -109.239. KCALIYOLLam. -152.2501 KCALIM0LE.r. -159.1301 KCALIYOLLMb 

-O.290¶. 
0 . 6 3 1 0 ~  

-99.1293 K C I L I Y O L E  .w 

0 0- 0 
-107.16¶4 KCALIYOLE". -l¶5.1075 K C A L I Y O L E m  -IOl.9¶675 KCAL/WXL.m. 

-0.2970. 
0.3130u 

0 r - 107.7531 KCAL/YOLL.+. - I H . J O ~ ~ K C A L I W L L . H  - I ~ I . S S 6 7 K C A L I Y O L ~  H, 

- 0.29¶3.  

O H - C H z  $;:-I 
-99.2103 K C M I Y O U  rn 

- 109.1930 KCALIYOLEnm -I¶t.1027 KCAL/WLLm -I¶9.OIOD KCAL/YOLEH. 

Figure 6 cont. 
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518 ELDER AND WORLEY 

TABLE 1. Resu l t s  from Rota t ion  of Hydroxyl OR Ortho- 
methylol, Re la t ive  to the Phenolic Oxygen. 

Rota t ion  

45 
90 
135 
180 
225 

0 (equi l ibr ium)  
neat of FOKmatfOU (energy) 
-99.2183 kcallmole 
-97.7576 
-95.2260 
-94.0806 
-93.0606 
-94.30 28 

hydroxyl group p resen t  on the  o r  tho subs ti t u  ted me t h y l o l  

d e r i v a t i v e s .  This  was as ses sed  by incrementa l ly  r o t a t i n g  the 

hydroxyl group and determining the  energy a t  a number of d ihed ra l  

a n g l e s  (Table 1). It was found that the most s t a b l e  pos i t i on  was 

that determined by the i n i t i a l  op t imiza t ion ,  in which the hydroxyl 

group is p lana r  w i th  the aromatic ring and po in t ing  toward the 

phenolic oxygen. Deviations from t h i s  conformation caused an  

inc rease  in the energy of the system, providing evidence t h a t  t h i s  

i s a hydrogen-bonded sys tern. 

I t  is also  i n t e r e s t i n g  to  compare the e n e r g i e s  ca l cu la t ed  f o r  

the vs r ious  s t r u c t u r e s  and intermedis t a s  w i  t h  a c t i v a  t i on  ene rg ie s  

f r o a  experimental  determinations.  

found by sub t r ac t ing  the t o t a l  energy of the r e a c t a n t s  from the 

energy of the product  f o r  each  s t e p .  The  energy of each  anion is 

as shown i n  F igures  5 and 6 ,  b u t  i n  order  to compare these values 

d i r e c t l y  wi th  the in te rmedia te  s t r u c t u r e s ,  t he  h e a t  of formation 

of the formaldehyde must be added to  that of the  anion. Since the 

unrese ted  phenolate ion has a hea t  of formation of -42.3892 

The e n e r g i e s  of r eac t ion  may be 
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Table 2. Comparison of c a l c u l a t e d  and e x p e r i m e n b l  (from 
r e f e r e n c e  14)  a c t i v a t i o n  e n e r g i e s  f o r  the  
methylola t i o n  r e a c t i o n .  

Reac t i o a  
hc t i v a  t i o n  Energy ( k c a l  mole) 

Calcu la ted  Experimental 

Phenol -> 0-methylol phenol 21.2-21.3 21.1 
phenol -> p-methylol phenol 19.3 20.6 
0-ms t h y l o l  phenol -> o ,o-dime t h y l o l  

phenol 24.4-24.5 20.4 
o-msthylol phenol -> o,p-dimethylol 

o,o-dimethylol phenol -> o , o , p - t r i m e t h y l o ~  

o,p-dimethylol phenol -> o,o ,p- t r imethylo l  

p-methylol phenol -> o,p-d iae thylo l  

phenol 22.9-23.3 19.0 

phenol 26.1-26.2 21 .o 

phenol 26.1 19.3 

phenol 23.2-23.4 19.2 

kcal/mole and formaldehyde has been c a l c u l a t e d  u i t h  MNDO to  have a 

h e a t  of formation of -33.0 k c a l / ~ o l e ~ ~ ,  t h i s  s i d e  of the  r e a c t i o n  

w i l l  have a t o t a l  energy of  -75 .4  kcal /mole.  The energy of the 

o r t h o  s u b s t i t u t e d  in te rmedia te  is -56.1094, such that the h e a t  of 

r e a c t i o n  is found t o  be 19.3 kcalfmole,  which compares t o  20.6 

kcal/mola repor ted  i n  the  l i t e r s t u r e 1 5 .  

mono- and di-subs t i c u  ted a n i o a s  t o  form their corresponding 

i n t e r a c d i s  tes are s i a i l a r l y  c a l c u l a t e d ,  and the r s s u l t s  a r e  shown 

i n  Table 2,  a long  u i t h  the l i t e r a t u r e  v a l u e s  f o r  a c t i v a t i o n  

energ ias .  Of course ,  i t  should b e  r e a l i z e d  that  the a c t i v a t i o n  

e n e r g i e s  es t lmated  by MNDO are minimum v a l u e s  because  the 

t r a n s i t i o n  state would n e c e s s a r i l y  be g r e a t e r  i n  energy than the  

in te rmedia te  s t r u c t u r e  which r e p r e s e n t s  a minimum on the  p o t e n t i a l  

sur face .  
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520 ELDER AND UORLEY 

CONCLUSIONS 

It was determined that, i n  g e n e r a l ,  t h e  i n i t i a l  r e a c t i o n s  of 

phenol  and formaldehyde, whether  i n  a c i d i c  or b a s i c  environments ,  are 

n o t  d i r e c t l y  charge  mediated.  Rather ,  the  e l e c t r o n  d e n s i t y  of  the 

h i g h e s t  occupied molecular  orb i -1 ,  a t  a g€ven s i te  is a more 

r e l i a b l e  r e a c t i o n  index.  While t h i s  ev idence  is v a l i d  for 

formaldehyde, o t h e r  c r o s s - l i n k i n g  a g e n t s  used i n  t h e  product ion  of 

phanol ic  r e s i n s  might  behave in a t o t a l l y  d i f f e r e n t  manner, depending 

on t h e i r  e l e c t r o n i c  s t r u c  t u r + .  According t o  c u r r e n t  t h e o r i e s  of 

hard-sof t elec t r o p h i l e s  and n u c l e o p h i l e s  , a s y s  tern that  employed t 

h a r d e r  e l e c t r o p h i l e  would be more s e n s i t i v e  to  coulombic a t t r a c  t i o n  

than the f o c m l d e h y d e  used i n  t h i s  s tudy  . 13 
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