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170 Nrvl INVESTIGATION OF ARYL ISOCYANATES: 
ELECTRONIC AND STERIC EFFECTS 

David W. Boykin 

Department o f  Chemistry 
Georgia S t a t e  U n i v e r s i t y  

A t l a n t a ,  Georgia 30303-3083, U.S.A. 
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ABSTRACT 

The n a t u r a l  abundance 170 nmr spec t ra  o f  seventeen a r y l  

i socyana tes  a r e  repor ted.  E l e c t r o n i c  e f f e c t s  o f  s u b s t i t u e n t s  a re  

c o n s i s t e n t  w i t h  p r e v i o u s l y  i n v e s t i g a t e d  carbonyl  c o n t a i n i n g  func- 

t i o n a l  groups; however, t h e  s t e r i c  e f f e c t s  o f  ortho-a1 k y l  groups 

g i v e  r e s u l t s  which a r e  oppos i te  t o  those no ted  f o r  o t h e r  systems. 

INTRODUCTION 

Isocyanates a r e  o f  genera l  i n t e r e s t  and wide use i n  organic  

synthesis. '  The i r  unusual p r o p e r t i e s  a r e  considered a consequence 
Of  t h e i r  cumulated double bonds. Genera l ly ,  t h e  NCO cumulated 

system i s  thought  t o  be l i n e a r ; l S *  however, n e i t h e r  t h e  geometry 

o f  t h e  NCO group nor, more s p e c i f i c a l l y ,  t h e  bond angle between 

n i t r o g e n  and t h e  a r y l  r i n g  f o r  a r y l  isocyanates has been r i g o r -  

o u s l y  d e t e r n ~ i n e d . ~  S u r p r i s i n g l y ,  no X-ray data f o r  a r y l  isocya-  

nates cou ld  be found i n  t h e  l i t e r a t u r e .  Spect roscopic  i n v e s t i g a -  

t i o n s  o f  a r y l  isocyanates have inc luded  l i m i t e d  1 3 C  and 1 5 N  nmr 

s t u d i e ~ ; ~ r ~ , ~  however, no r e p o r t  o f  t h e  170 nmr chemical s h i f t  of 

t h i s  f u n c t i o n a l  group has appeared. Since I7O chemical s h i f t s  a re  
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416 B O Y K I N  

more s e n s i t i v e  t o  s t r u c t u r e  v a r i a t i o n  than  1 3 C  and 15N ones and 

s i n c e  170 chemical s h i f t s  a r e  p r o v i n g  t o  be v a l u a b l e  measures of 

s u b t l e  s t r u c t u r a l  changes f o r  a number o f  f u n c t i o n a l  groupsY6-" 

i t  seemed impor tan t  t o  determine t h e  i n f l u e n c e  o f  b o t h  e l e c t r o n i c  

and s t e r i c  i n t e r a c t i o n s  on t h e  170 chemical s h i f t  o f  t h i s  p re -  

sumably l i n e a r  f u n c t i o n a l  group. Th is  communication r e p o r t s  

t h e  170 chemical s h i f t s  o f  s e r i e s  o f  o r t h o ,  para and m u l t i  s u b s t i -  

t u t e d  a r y l  isocyanates.  

RESULTS AND DISCUSSION 

The 170 nmr data f o r  t h e  a r y l  i socyana tes  (1-17), determined 

from 0.5 M s o l u t i o n s  a t  n a t u r a l  abundance i n  d r y  a c e t o n i t r i l e  a t  

7 5 1 ° C ~  a r e  l i s t e d  i n  Table 1. The "0 chemical s h i f t  o f  t h e  a r y l  

i socyana te  group appears f u r t h e r  u p f i e l d  (100-120 ppm) than  any 

p r e v i o u s l y  r e p o r t e d  carbon oxygen double bond system i n  an o rgan ic  

s t r u c t u r e ;  t h e  a l k y l  i socyana te  s i g n a l  shou ld  be even f u r t h e r  

u p f i e l d .  Typ ica l  o rgan ic  carbonyl  170 chemical s h i f t s  range from 

near 600 ppm f o r  c e r t a i n  aldehydes and ketones6 t o  near 300 ppm 

f o r  amides;6 urea and r e l a t e d  compounds appear near  200 ppmt 

The 170 nmr s i g n a l  f o r  t h e  i socyana te  group which appears near 100 

ppm i s  t h u s  i n  a d i s t i n c t i v e  r e g i o n  f o r  carbon-oxygen double bond 

c o n t a i n i n g  compounds. This r e s u l t  suggests g r e a t e r  s i n g l e  bond 

c h a r a c t e r  f o r  t h i s  carbon-oxygen double bond system than  f o r  t hose  

w i t h  which it has been compared. 

The e l e c t r o n i c  e f f e c t  on t h e  i socyana te  170 chemical s h i f t  i s  

i l l u s t r a t e d  by examinat ion o f  t h e  data f o r  t h e  4 - s u b s t i t u t e d  

i socyana tes  (1. 2, 3, 4, 6, 9. 11. 16). The chemical s h i f t  ranges 

f r o m  122.8 ppm f o r  t h e  4 - n i t r o  compound 1 t o  108.5 ppm f o r  t h e  4- 

methoxy compound 16. The d o w n f i e l d  s h i f t  f o r  1, 2. 3 and 4, 
r e l a t i v e  t o  5, i s  c o n s i s t e n t  w i t h  an i n c r e a s e  i n  double bond 

c h a r a c t e r  due t o  t h e  e l e c t r o n  w i t h d r a w i n g  s u b s t i t u e n t s ;  c o r r e -  

spondingly ,  t h e  u p f i e l d  s h i f t  o f  6, 9, 11 and 16, r e l a t i v e  t o  5, 
i s  c o n s i s t e n t  w i t h  an i nc rease  i n  s i n g l e  bond c h a r a c t e r  r e s u l t i n g  

from t h e  e l e c t r o n  dona t ing  s u b s t i t u e n t s .  The chemical s h i f t  of 
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ARYL ISOCYANATES 417 

TABLE 1 
170 Chemical S h i f t  Data f o r  Aryl  Isocyanates i n  CH3CN a t  75°C. 

Compound # 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 
11 
12 
13 
14 

15 
16 
17 

a) Reported i n  ppm; taken a t  75°C as 0.5 M so lu t i on  i n  dry 

a c e t o n i t r i l e ,  w i t h  butan-2-one as an i n t e r n a l  con t ro l .  

the  n i t r o  group o f  1 i s  572.2 ppm and i s  u p f i e l d  by 2.8 ppm of 
t h a t  o f  nitrobenzene.8 This r e s u l t  suggests t h a t  the  NCO group i s  

a weak e lec t ron  donor, which i s  cons is ten t  w i t h  r e s u l t s  noted 

from I 3 C  nmr studies." The chemical s h i f t  range o f  14 ppm f o r  

the  dry1 isocyanates i s  smal ler  than t h a t  noted f o r  170 chemical 

s h i f t s  o f  comparably subs t i t u ted  acetophenones (30 ppm)12 and 

s i m i l a r  t o  t h a t  f o r  methyl benzoates (15 ppm);13 however, t he  

l a t t e r  two systems have the  oxygen atom loca ted  two bonds from the  
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418 BOYKIN 

a r y l  r i n g .  I 7 O  nmr data f o r  much c l o s e r  analogs f o r  t h e  i socya -  

nates,  systems i n  which a con juga ted  double bonded oxygen atom i s  

l o c a t e d  t h r e e  bonds f rom t h e  a r y l  r i n g ,  a r e  l ack ing .  However, 

r e s u l t s  f o r  two systems have been r e p o r t e d  i n  which t h e  oxygen 

atom i s  t h r e e  bonds f rom t h e  r i n g :  s u b s t i t u t e d  p h e n y l a c e t i c  a c i d s  

(11 ppm range)14 and s u b s t i t u t e d  a,N-diary1 n i t r o n e s  (36 ppm 

range).15 The bonding i n  t h e  t h r e e  f u n c t i o n a l  groups be ing  com- 

pared i s  v a s t l y  d i f f e r e n t  and o n l y  an e m p i r i c a l  comparison should 

be made. Never the less,  it i s  apparent t h a t  s u b s t i t u e n t  e f f e c t s  on 

t h e  cumulated d iene  a r e  more comparable i n  magnitude t o  t h e  r e -  

s u l t s  f o r  t h e  p h e n y l a c e t i c  a c i d s  than  t o  those  f o r  t h e  a,N-diary1 

n i t r o n e s .  F i g u r e  1 i l l u s t r a t e s  t h e  c o r r e l a t i o n  observed between 

t h e  170 chemical s h i f t  data f o r  t h e  4 - s u b s t i t u t e d  a r y l  isocyanates 

and Hammett u cons tan ts  (a poo re r  c o r r e l a t i o n  was no ted  w i t h  at 

cons tan ts ) .  The exp ress ion  f o r  t h e  l i n e  w i t h  95% conf idence l i m i t  

e r r o r  i n  t h e  s lope  i s  6=13.89 ( f 1 . 0 9 ) ~  t 111.7; r=0.997. Due t o  

t h e  r a t h e r  l i m i t e d  number o f  4 - s u b s t i t u t e d  compounds, no at tempt  

was made t o  c o r r e l a t e  t h e  data by mu1 t i - p a r a m e t e r  approaches. 

The i n t r o d u c t i o n  o f  s u b s t i t u e n t s  o r t h o  t o  t h e  i socyana te  

f u n c t i o n  produces s i g n i f i c a n t  s h i f t s  depending upon t h e  s i z e  of 

t h e  group (7. 8. 10, 12-15). The e l e c t r o n i c  c o n t r i b u t i o n s  t o  t h e  

chemical s h i f t  a r e  assumed t o  be t h e  same when a s u b s t i t u e n t  i s  

l o c a t e d  a t  e i t h e r  t h e  o r t h o  o r  para p o s i t i o n  r e l a t i v e  t o  t h e  

i socyana te  group. Consequently, s h i f t  d i f f e r e n c e s  between o r t h o  

and para isomers can be a t t r i b u t e d ,  i n  l a r g e  p a r t ,  t o  s t e r i c  

e f f e c t s .  The s h i e l d i n g  e f f e c t  o f  p l a c i n g  an a l k y l  group o r t h o  t o  

t h e  i socyana te  group i s  c o n s i s t e n t l y  g r e a t e r  t han  i s  no ted  when 

t h e  same a l k y l  group i s  p laced  para t o  t h e  i socyana te  group-- 

compare 6 and 7--and i s  a t t r i b u t e d  t o  s t e r i c  i n f l uences .  Q u a l i -  

t a t i v e l y ,  as t h e  s i z e  o f  t h e  a l k y l  group increases,  t h e  magnitude 

o f  t h e  u p f i e l d  s h i f t  increases;  compare 7, 10 and 12. Genera l ly ,  

t h e  a d d i t i o n  o f  a second o r t h o  a l k y l  group causes f u r t h e r  u p f i e l d  

s h i f t ;  however, t h e  magnitude o f  t h e  s h i f t  i s  n o t  s t r i c t l y  add i -  

t i v e  as can be seen by comparing t h e  r e s u l t  f o r  14 and 15 t o  those  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
0
8
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



ARYL ISOCYANATES 419 
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Figure 1. Plot o f  the 170 chemical s h i f t  (ppm) data for 4-substituted 
phenyl isocyanate ys. Hamet sigrna constants for  the substltuents. 
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420 BOYKIN 

of 7 and 12. The s t e r i c  i n f l u e n c e  o f  a peri hydrogen has been 

found t o  cause s i g n i f i c a n t  chemical s h i f t  changes i n  a v a r i e t y  o f  

o t h e r  f u n c t i o n a l   group^;^,^ i n  c o n t r a s t ,  t h e r e  i s  no s i g n i f i c a n t  

d i f f e r e n c e  between t h e  chemical s h i f t  o f  1-naphthy l  i socyana te  17 
and phenyl i socyana te  5. Th is  r e s u l t  i s  presumably a consequence 

of e f f e c t i v e l y  s m a l l e r  s t e r i c  requi rements o f  t h e  l i n e a r  i s o -  

cyanate group. 

The s t e r i c  i n f l u e n c e  o f  t h e  a l k y l  group on 170 chemical s h i f t  

of t h e  NCO group, s h i e l d i n g ,  i s  i n  t h e  o p p o s i t e  d i r e c t i o n  o f  t h a t  

no ted  f o r  a number of s i m i l a r l y  s u b s t i t u t e d  f u n c t i o n a l i t i e s  i n -  

c l u d i n g  aldehydes, amides, ketones, ca rboxy l  i c  ac ids ,  e s t e r s ,  

n i t r o  groups and t h e  NO groups o f  p y r i d i n e  N-oxides.7-10,16~17 

These f u n c t i o n a l  groups a l l  exper ienced d o w n f i e l d  chemical s h i f t s  

on i n t r o d u c t i o n  o f  p rox ima te  a l k y l  groups. These d o w n f i e l d  

s h i f t s ,  i n  systems i n  which t h e  f u n c t i o n a l  group i s  f r e e  t o  ro- 
t a t e ,  were exp la ined  i n  terms o f  i n c r e a s i n g  double bond c h a r a c t e r  

o f  t h e  f u n c t i o n a l  group as i t  r o t a t e d  ou t  o f  t h e  p lane  o f  t h e  

a romat i c  r i n g  t o  which i t  was I n  r i g i d  systems where 

f u n c t i o n a l  group r o t a t i o n  was n o t  poss ib le ,  t h e  d o w n f i e l d  s h i f t  

was e x p l a i n e d  as a consequence o f  bond ang le  de fo rma t ion  and r e -  

p u l s i v e  van der  Waals i n t e r a c t i o n s . "  I n  t h e  case o f  t h e  o r t h o  

s u b s t i t u t e d  a r y l  isocyanates,  a t t r a c t i v e  van de r  Waals i n t e r a c -  

t i o n s  between t h e  p rox ima te  groups may be a p a r t i a l  e x p l a n a t i o n  of 

t h e  s h i f t s . 1 8  A b e t t e r  unders tand ing  o f  these  u p f i e l d  s h i f t s  must 

a w a i t  f u r t h e r  s t u d i e s  on t h e  geometry o f  t hese  systems and exami- 

n a t i o n  o f  t h e  170 nmr chemical s h i f t s  o f  a d d i t i o n a l  h inde red  

i socyanates. 

The i socyana te  170 nmr chemical s h i f t  i s  s e n s i t i v e  t o  bo th  

e l e c t r o n i c  and s t e r i c  e f f e c t s  and t h i s  method should c o n t r i b u t e  t o  

a b e t t e r  unders tand ing  o f  t h e  i n f l u e n c e  o f  s u b s t i t u e n t s  on t h e  

s t r u c t u r e  and r e a c t i v i t y  o f  t h i s  f u n c t i o n a l  group. 

EXPERIKNTAL 

The 170 spec t ra  were recorded on a Var ian  VXR-400 spec t ro -  
meter  equipped wi th  a 10 mn broad-band probe operated a t  54.22 
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ARYL ISOCYANATES 421 

MHz. A l l  spec t ra  were a c q u i r e d  a t  n a t u r a l  abundance a t  75°C i n  

dry a c e t o n i t r i l e  ( A l d r i c h )  c o n t a i n i n g  1% o f  2-butanone. The 

c o n c e n t r a t i o n  o f  t h e  isocyanates ( a v a i l a b l e  f rom A l d r i c h  o r  F a i r -  

f i e l d )  employed i n  these exper iments was 0.5 M. The s i g n a l s  were 

r e f e r e n c e d  t o  e x t e r n a l  de ion i zed  water  a t  75°C. The 2-butanone 

resonance (558k1 ppm) was used as an i n t e r n a l  check on t h e  chem- 

i c a l  s h i f t  measurements f o r  t hese  compounds. The i n s t r u m e n t a l  

s e t t i n g s  were s p e c t r a l  w i d t h  35 kHz, 2 K data po in ts ,  90" pu l se  

ang le  (40 p s  p u l s e  w i d t h ) ,  300 ps a c q u i s i t i o n  delay, 29 ms acqu i -  

s i t i o n  t i m e  and ca. 20,000 scans. The spec t ra  were recorded w i t h  

sample s p i n n i n g  and w i t h o u t  lock.  The s i g n a l - t o - n o i s e  r a t i o  was 

improved by a p p l y i n g  a 25 Hz exponen t ia l  broadening f a c t o r  t o  t h e  

FID p r i o r  t o  F o u r i e r  t rans fo rma t ion .  The data p o i n t  r e s o l u t i o n  

was improved t o  f O . l  ppm by ze ro  f i l l i n g  t o  8 K data po in ts .  The 

r e p r o d u c i b i l i t y  o f  t h e  chemical s h i f t  data i s  es t ima ted  t o  be 

f l . O .  
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