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Abstract - The p r o t o n  a f f i n i t i e s  ( P A ) ,  energies of protonation by 
hydronium ion ( E ~ T ) ,  a n d  energies of hydration ( E H )  o f  acetylene and 
several subs t i tu ted  acetylenes have been invest igated by means of 
LCAO-MO-SCF ca lcu la t ions ,  mainly a t  the  3-21G leve l .  Calculations were 
performed on the  ground and low lying exci ted s t a t e s  of each species ,  and 
in the case of subs t i tu ted  acetylenes,  the r e s u l t s  of Markovnikov (p1) and 
anti-Markovni kov (AJ) protonation and hydration were compared. 
calculated PA values show t h a t  the  exci ted s t a t e  cat ions a r e  a l l  s i g n i f i -  
cant ly  red sh i f ted  compared with the g round  s t a t e  ca t ions ,  indicat ing 
s t rongly enhanced b a s i c i t y  of the acetylene group on e lec t ronic  
exc i ta t ion .  The r e s u l t s  lead t o  the conclusion t h a t  hydration o f  b o t h  
the lowest s i n g l e t  and low lying t r i p l e t  s t a t e s  should be much more f a c i l e  
than the corresponding ground s t a t e  react ions,  in  accord with experimental 
observation on analogous systems. The r e s u l t s  a l so  lead t o  the conclusion 
t h a t  the So a n d  S 1  react ions should both be s t rongly regioselect ive in 
e i t h e r  the y or &I sense, depending on the nature of the subs t i tuent ,  b u t  
t h a t  the T~ react ions should show l i t t l e  preference f o r  e i t h e r  mode of 
addi t ion,  independent o f  subs t i tu t ion .  The geometries and e lec t ronic  
d i s t r i b u t i o n  of the various excited species wil l  be discussed, and  the 
thcore t ica l  r e s u l t s  wil l  be compare$ with ava i lab le  experimental clatn on 
the r a t e  prof i les  f o r  t h i s  type of photohydration. 

The 

INTROD UCTl O N  

The photohydrations of aryl-subst i tut  d acei:rlciies,l e thylenesl  and nl kenes2 have bcsn 
invest igated experimentally over a range of aqueous acid so lu t ions .  
generally acid-catalyzed a n d  f a c i l e  in  most cases ,  with maximum q u a n t u m  :/ields in the 
@ = 0.6 - 1 . 0  range. 
measured f o r  a var ie ty  of subs t ra tes  and  a re  in  the 106 - 108 M-1 scc-1 ranSe, which repre- 
sents  a r a t e  enhancement over the ground s t a t e  analogues of I n  the  majority 
of cases the react ions take place via the lowest s i n g l e t  s t a t e  ( S 1 )  and a r e  regiospecif ic  
in  the y sense,  as  are  the thermal react ions.  I n  a few special  cases ,  the analogous t r i p l e t  
s t a t e  ( T i )  react ions a r e  a l so  reg iospec i f ic ,  b u t  in the 
and exci ted s t a t e  b a s i c i t i e s  of the type of subs t ra te  ind ica te  a pK s h i f t  ( A p K  = pK* I. p K o )  
on e lec t ronic  exc i ta t ion  of a t  l e a s t  10 logarithims u n i t s ,  which i s  believed t o  be primaril!/ 
responsible f o r  the grea t ly  increased photochemical versus thermal r e a c t i v i t y  of these 
systems. 

Previous LCAO-MO-SCF ca lcu la t ions3  on acetylere  i t s e l f  ( i n  i t s  S o  and S, states ) have 
indicated t h a t  the  propert ies  of g r e ? t l y  enharced exci ted s t a t e  bas ic i ty  and, r e a c t i v i t y  a r e  
n o t  uniquely c h a r a c t e r i s t i c  of the aryl  subs t i tuent  in the  systems invest igated experimen- 
t a l l y .  
acetylenes Y - C d - H  (where Y = CH3, H ,  CF3, F ,  C 1 ,  - C H = C H 2 )  t o  determine the e f f e c t s  o f  both 
electron-donating and electron-withdrawing groups on the  proton a f f i n i t y ,  r e a c t i v i t y  and 
reg iose lec t iv i ty  in the hydration react ions of the ground and low lying exci ted s t a t e s  of 
these systems. 

The react ions a r e  

The r a t e  constants f o r  proton-transfer  t o  the exci ted s t a t e s  have been 

1O1I - 1014. 

sense. Estimates of the g r o u n d  

I t  was therefore  decided t o  extend the theore t ica l  invest igat ion t o  subs t i tu ted  

COMPUTATIONAL METHODS 

Ab i n i t i o  LCAO-MO-SCF calculat ions were performed u t i l i z i n g  the 
SEL 32/97 minicomputer. Basis s e t s  used were the minimal STO-3GE, s p l i t  valent  3-21G6 a n d  
s p l i t  valent  6-316**7 with double polar izat ion.  
b o t h  open and closed she l l  systems. 
under consideration where energy optimized, excluding the 6-31G** ca lcu la t ions ,  which were 
car r ied  o u t  on best  3-216 geometries. All g r id ien t  optimizations were terminated when the  
gradient  length ( 9 )  was reduced t o  below 5x10-4 mdyne. 

rogram MONSTERGAUSS4 on 

The R H F  method was used exclusively f o r  
The geometries of So and a l l  exci ted s t a t e s  ( S n  or Tn) 
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RESULTS 

The optimized geometries of the So ( l i n e a r )  and  S1  (=-bent) s t a t e s  a t  the 3-21G level 
compared favourably with avai lable  experimental values f o r  the C - H  and C-C bond lengths ,  
although the CCH bond angles f p r  S 1  (125-130") were somewhat la rge  than t h a t  based on 
spectroscopic analysis  (120.2') of acetylene i t s e l f .  The geometry of T i  was found t o  be 
cis-bent ,  in agreement with expectations based on the  Renner-Teller e f f e c t ,  although no 
experimental d a t a  a re  avai lable  on these s t a t e s .  
localized hybrid o r b i t a l s ,  the  S1 and T 1  s t a t e s  can be represented p i c t o r i a l l y  as shown 
below, where the 

By replacing the canonical M O ' s  with 

H 

s, 
2 carbons a re  "sp hybridized". This leads t o  the q u a l i t a t i v e  conclusion t h a t  S 1  can be 

regarded as a polarized (or polar izable)  species which should show regiose lec t iv i ty  
dependinq on the  nature of Y 
be expected t o  show marked reg iose lec t iv i ty .  

whereas T1  can be regarded as  a vinyl biradical  and would not 

However in considering the energet ics  of pro ton  t r a n s f e r  only those processes occurring 
between d i r e c t l y  cor re la t ing  s t a t e s  should r e a l l y  be considered, as  i l l u s t r a t e d  below f o r  
acetylene. 

This means t h a t  the energet ics  of p r o t o n  t r a n s f e r  t o  t r i p l e t  s t a t e s  can involve s t a t e s  
higher t h a n  T i ,  although the cat ion produced i s  the lowest t r i p l e t  s t a t e  in  every case. 

The overall r e s u l t s  show t h a t  the exci ted s t a t e s  o f  cat ions o f  b o t h  M a n d  AM types a re  
s ign i f icant  red-shif ted r e l a t i v e  t o  those of the parent acetylenes,  therefore  subs t i tu ted  
acetylenes should show enhanced bas ic i ty  on e lec t ronic  exc i ta t ion .  
regiocentres (1 or A M )  a n d  a l l  three s t a t e s  (So ,  T2 or S 1 )  the  calculated proton a f f i n i t i e s  
a re  in the order PAvF3C:CH) < PA(HC:CH) < PA(CH3CzCH). 

However, a change in reg iose lec t iv i ty  (1 +. AM) i s  experienced in going from CH3- t o  CF3- 
subs t i tu t ion  f o r  b o t h  s i n g l e t  s t a t e s  ( S o  and S 1 ) ,  whereas the t r i p l e t  s t a t e s ,  i r respec t ive  
of subs t i tuent ,  exhib i t  no s i g n i f i c a n t  reg iose lec t iv i ty .  
other  subs t i tuents  ( Y  = f, C1, - C H = C H 2 )  as wil l  be shown graphical ly  by p lo t t ing  calculated 
PA (p1) values versus PA (AM) values f o r  a l l  systems i n v e s t i g a t e d c s e e  Figure 1 ) .  

Also with respect  b o t h  

These conclusions a l so  apply t o  

I n  terms of the overall process of hydration, 

So,, + HsO' + So,iH' + HzO f So.i-OHa' 

the So react ion must involve a high ac t iva t ion  b a r r i e r  in  the r a t e  determining s tep  s ince 
the f i r s t  s tep  i s  s i g n i f i c a n t l y  endothermic f o r  a l l  Y-C:CH. 
s t a t e  hydrations a re  exothermic in  the f i r s t  s tep ,  and  presumably would therefore  have 
much lower ac t iva t ion  bar r ie rs .  
theoret ical  conclusions based on  simple acetylene models a r e  in  general accord with a l l  
experimental evidence t o  date  on  the r e a c t i v i t i e s  of So, S1 and T 1  in  a ry l - subs t i tu ted  
acetylenes and hence provide a ra t iona le  f o r  the grea t ly  enhanced photochemical r e a c t i v i t y  
observed in  these and re la ted  aromatic systems. 

However b o t h  types of exci ted 

These This i s  par t icu lar ly  evident f o r  the S 1  react ions.  
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PA ( A )  k c a l / m o l e  

F i g u r e  1. C o r r e l a t i o n  diagram of  RHF-SCF 3 - 2 1 G  p r o t o n  
a f f i n i t i e s  ( P A )  f o r  XCCH r e s u l t i n g  i n  Markownikoff ( M )  
and anti-Markownikoff ( A )  p r o t o n a t i o n  p roduc t s .  
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