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F o u r - p r o t o n  migra t ions  in a s s o c i a t e s  o f  two  m o l e c u l e s  o f  formic  acid 
with  two  m o l e c u l e s  of  w a t e r  or hydrogen  f luoride 
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The mechanisms of proton transfer in associates of two molecules of formic acid with two 
molecules of water or hydrogen fluoride were studied using ab initio (SCF/6-31G**) 
method. Cooperative (concerted, or one-step) four-proton transfer occurs in the associates 
studied. The structures of the transition states are in complete agreement with the previously 
proposed concept of stereochemical correspondence for cooperative reactions. The calcu- 
lated energy barriers to cooperative proton transfer in the associates investigated are 32.9 and 
242 kcal tool - I ,  respectively. 

Key words: formic acid, associate; concerted four-proton transfer; potential energy 
surface, ab initio calculations. 

Cooperat ive transfers of  two or several groups (or 
atoms) with no valent bondings along the reaction chain 
of  a molecular  system play a fundamental  role in many 
chemical  and biochemical  processes, i - s  The cooperative 
transfer of  two, three, and a larger number  of  protons in 
organic compounds  or  in their associates have been stud- 
ied experimental ly as well as theoretically with great 
intensity. 6-z3 The data obtained show that in almost a}l 
d imersS,  6, 24-30 dimeric  molecular  associates, s - l °  or 
dimeric  contact  complexes,  2°-23 where suitable stereo- 
chemical  condit ions are realized, proton transfer occurs 
concertedly (as a one-s tep  cooperative reaction). 

At the same t ime,  it is known that  one-s tep  proton 
transfers occur  in the hydrogen-bonded  chains of  water 
molecules  when the associates consist of  a small number  
of  molecules  ( - 3 - - 5 ) .  15 Stepwise transfer of  protons 
occurs  in long H - b o n d e d  chains (when the number  of  
water  molecules  >5). It was shown in Refs. 18, 19 that  
double  proton transfer  occurs in the d imer  of  1 ,2- imida-  
zole,  whereas in the t r imer  and te t ramer  the stepwise 
mechanism is realized. Thus, the mechanism of  proton 
transfer  depends  not only on the s tereochemical  corre-  
spondence  of  the monomers  to each o ther  in the struc- 
ture of  the associate,  but also on the leqgth of  the 
H - b o n d e d  system in which it occurs. 

According to ab initio calculat ions and exper imenta l  
data,  proton transfer  occurs  cooperat ively  in all of  the 
dimers  of  carboxyl ic  acids investigated. 5 - I t  

It is impor tan t  to e lucidate  whether  the mechanism 
and energet ics  of  cycl ic  proton transfer change when the 
H - b o n d e d  system is lengthened through the incorpora-  
t ion of  two addi t ional  molecules  of  solvent (for instance,  
water  or  hydrogen fluoride) into the hydrogen bridge 
between two molecules  of  formic acid, i.e., on going to 
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associates of  type 1. The aim of  this work was to study 
the effect of  the length of  an H - b o n d e d  system on the 
mechanism and energetic character is t ics  of  in termo-  
lecular proton transfer ( I )  ill associates I formed by two 
molecules  of  formic acid and two molecules  of  water 
( ' f  = OH)  or hydrogell fluoride (Y = F), using ab initio 
R H F / 6 - 3 1 G * *  method.  The calcula t ion procedure  used 
ill this work is analogous to a procedure  described 
previously. 31 

Mechanisms of double proton transfer 

The associate  of  two molecules  of  formic acid and 
two water molecules  ( l a ,  Y = OH) ,  according  to calcu-  
lations, corresponds to the energy m i n i m u m  O. = 0; 
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T a b l e  I. Total (E/a.u.) and relative (AE/kcal mol - t)  energies, 
the number of negative eigenvalues of the Hessian (M, and 
two minimum (v I, v2/cm -I)  or imaginary (iv/cm -I)  frequen- 
cies predicted by the ab initio (RHF/6-31G**) method 

Stnmture - E  a AE ;~. Vl,V2/iv. 

! (Ct), Y ~ O H  526.64315 0 0 32; 38 
i (C2), Y = OH 529.64305 1.7 I i34.9 
2 (C2v), Y = OH 529.59077 32.9 I i953.5 
1 (C2), Y = F 577.62140 0 0 30; 38 
2 (C2~), Y = F 577.49057 24.2 1 il524.5 
HC(O)OH (C 0 188.77057 -- 0 692; 712 
H20 (C2,,) 76.02361 344 b 0 1770; 4146 
HF (C~,) 100.01169 35.7 b 0 4492 

a I a.u. = 627.5095 kcal mol -I,  b Relative energies of four 
isolated molecules. 

hereinafter  k denotes  the number  of  negative eigenval- 
ues of  the Hesse matrix at a given critical point3Z), while 
cyclic structure 2 with C2v symmetry  corresponds to the 
saddle point  (L = 1) on the potential  energy surface 
(PES).  The ca lcula ted  energet ic  and geometric  charac-  
teristics of  structures 1 and 2 are presented in Table 1 
and in Figs. 1, 2. 

Associate l a  is s tabi l ized by four hydrogen bridges 
with a fairly high value of  the formation energy (34.4 
kcal tool - I )  and has an unusually asymmetr ic  structure 
(all of  the s imi lar  geometr ic  parameters  in the mono-  
meric  fragments differ significantly).  High H-bond en- 
ergies are observed in cat ionic  associates containing 
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Fig. !. Geometric characteristics of associate I (Y = OH) with 
C I symmetry calculated by the ab initio (RHF/6-31G*')  
method: a, the top view from the plane passing through four 
oxygen atoms of formic acid; b, the side view. The bond 
lengths (d) are given in A, the bond angles (0~) are given in 
degrees. 

several hydrogen bonds or in po lyes t e r s )  a It is o f  inter-  
est to note that the hydrogen a toms of  both the formic 
acid and the water  molecules part icipat ing in the forma- 
tion of  hydrogen bonds in structure l a  are aligned very 
nearly along the sp 2- or sp3-hybrid orbitals o f  the corre-  
sp'onding oxygen atoms conta ining unshared e lec t ion 
pairs. This agrees with the general  structural  propert ies  
of  hydrogen bonds in various associates, 11,3'1-36 hy- 
drates, and polymorphic  structures of i c e )  4-36 

The distance between the oxygen atoms of  two water  
molecules in associate I is 2.929 ,~, which is very close 
to that exper imental ly  measured (2.98(0) &) in the wa- 
ter d imer  in the vapor phase, 7.37 whereas in po lymor-  
phic forms of  ice ~s'36 it lies in the range from 2.74 to 
2.87 ,~, which is significantly shorter  than in 1. In spite 
of  the high values of  the formation energy of the H- 
bonds, the geometr ic  characteris t ics  of  isolated mol-  
ecules of  both formic acid and water change insignifi- 
cant ly in the course of  the formation of the H-bonded  
complex 1. There are no exper imental  data on the 
formation of  type 1 associates in the gas phase; at the 
same t ime,  the high value of  the association energy 
points to a high probabili ty of  their  existence in the gas 
phase. 

According to ab initio calculat ions,  cyclic s tructure 
2, with C2v symmetry  (see Fig. 2), corresponds to the 
saddle point  (L = I) and transi t ion state o f  react ion ( I ) .  
This indicates that proton transfer (1) for Y = OH 
occurs concer tedly  with the s imul taneous  transfer of  

! ,J30 

Fig. 2. Geometric characteristics of transiton state 2 (Y = OH) 
with C2v symmetry calculated by the ab initio (RHF/6-31G**)  
method: a, the top view from the plane passing through four 
oxygen atoms of formic acid; b, the side view (d/A; co/deg). 



2498 Russ.Chem.Bull., 1/ol. 45, No. II, November, 1996 Minyaev and Minkin 

four protons. The ca lcula ted  energy barrier  to the reac- 
tion is 32.9 kcal mol - I ,  which is significantly higher 
than in the case o f  the double  proton transfer in the 
formic acid d imer  (14--15.5 kcal mol -I  and 14--16 
kcal tool -I  according to ab initio calculat ions z4-z7 and 
exper imental  data,  38,39 respectively). The structure" of" 
the OH 3 fragment in associate 2 is very close to that of  
the oxonium cat ion OH3 + (4) ( R H F / 6 - 3 1 G * *  calcula-  
tions). 
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H Jk,j~'"',H 
114,7 ° H 

4 

It is significant that the gradient  reaction pathway, 3z 
issuing out of  the saddle  point  (corresponding to com-  
plex 2) on the PES at a direct ion tangent to the transi- 
tion vector, does not en ter  minima l a  or Ib, but the 
adjacent  saddle point  (;~. = I) corresponding to the tran- 
sition structure 5 (Fig. 3), which reflects the asymmet-  
rization of  all the geometr ic  parameters:  
l a  ~ 5 ~ la" ( la"  and l a  are enant iomers) .  

The associa te  of  two molecules of  formic acid and 
two molecules of  hydrogen fluoride ( l a ,  Y = F), accord-  
ing to calculat ions,  corresponds  to the energy min imum 
(~. = 0), while the cycl ic  structure 2 (Y = F) with C2v 
symmetry  corresponds  to the saddle point (X = I) on the 
PES. The calcula ted energet ic  and geometr ic  character-  
istics of  structures 1, 2 (Y = F) are presented in Table I 
and in Figs. 4, 5. 
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Fig. 3. Geometric characteristics of transiton state 5 (Y = OH) 
with C~ symmetry calculated by the ab inifio (RHF/6-31G*')  
method: a, the top view from the plane passing through four 
oxygen atoms of formic acid; b, the side view (d/]~; e~/deg). 
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Fig. 4. Geometric characteristics of associate I (Y = F) with 
C 2 symmetq,, calculated by the ab initio (RHF/6-31G**) 
method: a, the top view from the plane passing through four 
oxygen atoms of formic acid: b, the side view (d/k; 0~/deg). 

Associate l a  (Y = F) is stabil ized by four hydrogen 
bridges that are significantly shor ter  than those in the 
case of  water molecules.  The calcula ted value of  the 
energy of  associat ion is 35.6 kcal mol - I ,  which is some-  
what higher than that  for associate l a  (Y = OH) .  As can 
be seen from Fig. 4, the geometr ic  character is t ics  of  the 
monomer ic  fragments do not change signif icant ly ira the 
course of  format ion of  complex  la .  Associate  l a  (Y = F) 
has a boat  structure.  The angle between the planes in 
which the formic acid molecules  are located is 121.8 ° . 
This angle is larger than that  found by the microwave 
method for associates of  hydrogen fluoride 6 in the  gas 
phase, 4° but it is close to the s imilar  angle in solid H F  
(7) (neutron diffraction studies of  D F  at 85 K) 35 and is 
somewhat  smal ler  than that  in the s tructure of  KHzF  3 
(8) (X-ray studies). 35 

F F K*  

108~ . H " ~ H ,  H U H  
H~F~---HIF "'\F / 116° "'F j H  F / 135° ~F 

6 7 8 

According to ab initio calculat ions,  cyclic s t ructure  2 
(Y = F) with C 2 symmet ry  corresponds  to the saddle 
point (;~ = I) and is a transit ion structure i,1 react ion ( I )  
with an energy barr ier  of  24.2 kcal tool - I ,  which is 
significantly lower than the barr ier  to the four -pro ton  
transfer in the studied associate of  formic acid with 
water. It is impor tant  to note that  ira t ransi t ion state 2 
when Y = OH the transferring protons  are shifted to- 
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Fig. 5, Geometric characteristics of transition state 2 (Y = F )  

with C 2,, symmetry calculated by the ab initio (RH F/6-31G**) 
method: a, the top view from the plane passing through four 
oxygen atoms of formic acid; b, the side view (d/A; o/deg). 

wards the central  oxygen atoms, whereas when Y = F 
they are shifted to a greater  degree in opposi te  direction,  
to the oxygen a toms  o f  formic acid (see Fig. 5). This 
structural  d iscrepancy can be explained by the fact that 
the proton affinity of  hydrogen fluoride (131.4-138.4 
kcal m o l - I )  41 is lower than that of  water (153.6-164.6 
kcal mol-t ) .  41 

Stereoehemieai conditions of the cooperative reac- 
tion. S u m m i n g  up the hypotheses  proposed previ- 
ously, 6,$,9,11,42 one can state the general s tereochemical  
condi t ions  necessary for a low-barr ier  cooperative reac- 
t ion to proceed:  (a) s tereochemical  similari ty of  the 
structures o f  the t ransi t ion state 2 and the pre-react ion 
complex  1, and (b) s tereochemical  correspondence of  
the bond configurat ions  around each a tom in the ring in 
the transi t ion form 2 and in the transition states of  all 
"e lememary"  b imolecu la r  reactions. 

Compar ing  structures 1 and 2, presented in Figs. I - -  
5, one can draw the conclusion that they are sufficiently 
s imilar  both s tructural ly (values of geometr ic  param- 
eters) and topological ly  (they have an equal number  of 
chemical  bonds  distr ibuted around each atom, with the 
t¿nshared e lec t ron pair  considered as a ghost- l igand for 
both a toms located on ei ther  side of  it). This points to 
the fulfi l lment of  the first s tereochemical  condit ion.  
Analogously,  compar ing  the structures of  the oxonium 
cat ion or H F H  + and those of  the corresponding nodes 
in form 2, and taking into account  the l inearity of  the 
hydrogen bridges in the latter, one can conclude that the 
second s te reochemica l  condi t ion is also fulfilled. The 
extent of  ftt lfil lment of  both s tereochemical  condit ions 
increases on going from Y = OH to Y = F (the lengths 
of  the H-bonds  and the proton affinity decrease on 
going from H20 to HF) ,  which explains the decrease in 

the energy barriers to cooperat ive proton transfer in this 
ser ies  p r e d i c t e d  by the c a l c u l a t i o n s  (32.9 and 
24.2 kcal mol - I ) .  
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