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THEORETICAL STUDIES OF HYDRIDE TRANSFER REACTIONS 

SEBASTIAO J. FORMOSINHO 
Departamento de Quimica, Universidade de Coimbra, 3049 Coimbra Codex, Portugal 

The intersecting-state model (ISM) has been applied to the study of hydride transfer reactions between variously 
substituted and elaborated pyridinium ions in solution. Chemical bond order is conserved along the reaction 
coordinate, with a transition state bond order of n” = 0.5. This supports the view that these reactions have essentially 
a synchronous nature and occur by thermal activation over an energy barrier. Tunnelling of H- is negligible because 
the effective mass for the solvated species is high. Reaction energy and kinetic isotope effects are well accounted for 
by the model. For reactions in the vapour phase, ISM and the tunnel effect theory show that tunnelling becomes the 
dominant mechanism. The same is also valid for proton transfers in the vapour phase. 

INTRODUCTION 

Most commonly, hydrogen is transferred as a proton 
between atoms with available electron pairs. The alter- 
native hydride transfer is a closed shell process, because 
it can be considered as the transfer of a proton with a 
pair of electrons between electron-deficient sites: 

(1 )  A: + A ~ H ’ ~  -+ ~ ~ ~ n - 1  + A Y + ~  

Owing to the importance of the last category of reac- 
tions in organic and biological chemistry, the field has 
been reviewed frequently’-’ and a large number of theo- 
retical studies based on intersecting-state models (ISMS) 
have been addressed to this to pi^.^ In general, Marcus 
theory4 gives a reasonably accurate representation of 
the relationship between rate and equilibrium constants 
for reactions of type (1) .  Nevertheless, none of those 
studies answers the interesting question of why the 
intrinsic kinetic energy barriers, AG;,  are so high for 
hydride transfers. According to Kreevoy and Truhlar, 3d 
semiempirical rate theory cannot answer this question 
and, in fact, deliberately tries to avoid it, the answer 
being obtainable from quantum mechanical calcula- 
tions. Further, much effort has been devoted to distin- 
guishing between the concerted or stepwise character of 
reactions (1) and to assess the role of tunnelling in these 
processes. 3c 

The recently developed ISM’ appears to be more gen- 
eral than other semiempirical one-dimensional models 
of chemical reactivity; 3f in particular, it encompasses 
the theory of Marcus and the BEBO model as particular 
cases. s96 Further, it has provided a better understanding 
of proton transfer reactions in either ground’ or excited 
states3‘*’ than these other models. Owing to the 
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similarity of proton and hydride transfer reactions, it 
appears feasible to apply ISM to the study of the latter 
processes to try to answer some of the above questions. 

THE INTERSECTING-STATE MODEL 

The classical ISM of harmonic oscillators has been 
described in detail elsewhere,’-’ and only the essential 
features will be presented here. The model represents 
the potential energy curves for reactant and products by 
parabolas (of force constants, f), displaced vertically by 
the reaction energy, AGO, and horizontally by the sum 
of the bond extensions of reactant and product to the 
transition state, d .  One can then write the equality 

(1/2)frx’ = (1 /2 ) fp (d -  x)’ + AGO 

and solve for the reactant bond extension, x ,  to deter- 
mine the activation free energy: 

AG* = ( 1 / 2 ) f , ~ ~  (3) 
We have shown’ that d is proportional to the sum of the 
equilibrium bond lengths of reactant and product: 

d =  v(Ir + l p )  (4) 
where the reduced bond extension 7 is given by 

a’ln2 a‘ 
n* 2X 

v=-+z  ( A G O ) ’  

n* is the transition-state bond order, X is an energy 
parameter which measures the capacity of the transition 
state to accommodate energy and a’ is a constant found 
empirically to be a’ = 0. 156.5 The rate constants can 
now be calculated by transition state theory: 

k = (keT/h)Cd-m exp( - AG*/RT)  (6) 
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where CO is the standard concentration (CO = 1 M) and 
m is the molecularity of the reaction; in the present case, 
m = 2. 

For bond-forming-bond-breaking processes of single 
bonds, conservation of the bond order at the transition 
state leads to 

n: +n,+ = 1 (7) 
and for the thermoneutral situation 
n: = np' = n* = 0.5. In bond-forming-bond-breaking 
processes of single bonds involving electron-rich sites, 
the total bond order is not conserved at the transition 
state and n' > 112. 5p6s9 For example, we have shownla 
that for proton transfer reactions in water 
0.5 < n* < 1, n* being close to 0.5 for carbon acids 
and close to I for HF. 

Obviously, if quantum-mechanical tunnelling over- 
comes thermal activation, one expects that the empirical 
value of n* will be larger than 0.5 for cases where the 
bond order is conserved; for reactions where the total 
bond order is not conserved, n* will be higher than its 
maximum possible value, compatible with the electronic 
characteristics of the reactive sites. In contrast, the loss 
of the concerted character of the reaction will lead to 
n* < 0.5 (or the maximum value)."-I2 

RESULTS AND DISCUSSION 

Reactions in solution 

Kreevoy and Lee3b studied the hydride transfer reac- 
tions between nicotinamide adenine dinucieotide 
(NAD' ) analogues in isopropyl alcohol-water (20%) 
mixtures: 

H 

I 
C"3 

CH3 

They proposed a modification of the Marcus equation 
which attempts to take into consideration variations in 
bond order through a parameter 7 related to the charge, 
6, on the in-flight H(l - 7 = 6 for proton transfer3f and 
7 - 1 = 6) for hydride  transfer^'^ and substitution 
effects perpendicular to the reaction coordinate. The 

energy barrier is given by 

where AM is the well known reorganization parameter of 
the theory of M a r c ~ s . ~  The Bransted coefficient a is 

where x represents the degree of atom or ion transfer 
at the transition state along the diagonal of an Albery- 
Jencks-More O'Ferrall diagram. 3b These studies lead 
to a total transition state bond order 7 =  0.77.  

Although x corresponds to x / d  of our m ~ d e l , ~ '  there 
are considerable differences between Kreevoy's model 
and ISM. Whereas the former model, like other theoret- 
ical models which generalize Marcus-BEBO theories, l 3  

adds a second coordinate to the single reaction coor- 
dinate of the theory of Marcus, ISM considers only a 
single coordinate. Further, it easily incorporates the 
asymmetry of the potential energy with fr # f,, whereas 
Marcus models are essentially symmetric, fr = f,. 
Another very important difference is the dependence of 
AG* on AGO; compare equation (9) with the 
dependence implicit in the ISM model 14: 

AG* = c0 + C,AGO + c~(AGO)' 
+ C ~ ( A C O ) ~  + c ~ ( A G ' ) ~  + ... (11) 

where ci are coefficients independent of AGO. 
For the hydride transfer reactions in equation (8) the 

reactive bonds are the CH bonds (sp3). Data for the 
force constants and bond lengths were taken from Ref. 
15, giving typical values for organic compounds, 

fr = fp 7 2.9 x lo3 kJmol-' A - 2  and l = l r + l , =  
2.192 A .  The energy barriers were estimated from rate 
constant data3b through equation (6) (T= 298 K) and 
subsequently equations (3), (2) and ( 5 )  allow the estima- 
tion of x ,  d and 9 as presented in Table 1. Figure 1 illus- 
trates that for the majority of the reactions there is a 
square dependence of 9 on AGO, according to equation 
( 5 ) .  From Figure 1, the intercept leads to 
90 = 0.2195 2 0.0005 and A = 86 t 5 kJ mol-'; equa- 
tion ( 5 )  allows also the estimation of 
n* = 0.492 2 0.001. 

The transition state bond order is extremely close to 
0.5, implying, in contrast with the findings of Kreevoy 
and Lee, 3b that there is conservation of the total bond 
order. Further, such values imply that hydride transfer 
reactions of equation (8) are virtually concerted and 
synchronous processes and that H-tunnelling is negligi- 
ble. The solvation of the H*- species increases the 
effective mass and quantum mechanical tunnelling can- 
not compete with thermal activation for hydride trans- 
fers in solutions, as will be discussed later. 

Within ISM, the intrinsic energy barrier is 

AG; = (1/8)f[(a'  ln2/n*)(lr t I , ) ]  (12) 
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Table 1 .  Reduced bond extensions of hydride transfers of quinolinium ions [equation (8)] a 

0.219- 

R AG*/kJ mol-lb AGo/kJ mol-lb d/ A 7 

h 

1 

80.9 
80-6 
80.5 
80.0 
79.6 
79.5 
79.0 
79.5 
84.8 

- 6.8 
- 7.6 
- 8.1 
- 9.1 
- 9-4  
- 10.9 
- 11.7 
- 8 . 1  

2 .8  

~ ~~ 

0.4821 
0.4825 
0.4828 
0.4828 
0.4821 
0.4838 
0-4835 
0.4798 
0 - 4797 

0.2199 
0.2201 
0.2202 
0.2202 
0.2199 
0.2207 
0.2206 
0.2190 
0.2188 

“fr = fp = 2 . 9  x 1O’k.I rno1-l A-l,  I ,+ ip = 2.192 A. 
b R e f .  3b, 298 K. 

I I I I 
50 100 150 

(AGO1 kJ moi’ 

Figure 1 .  Plot of 7 versus (AGO)’ for hydride transfers of 
quinolinium ions. Legend for reactions (a-i) in Table 1 

This expression interprets the high AG: for hydride 
transfer reactions as being due to the low 
n* (n* = O-S), because H- transfer occurs essentially 
between electron-deficient sites. Notwithstanding, weak 
charge-transfer effects can be present in these reactions. 

It is interesting that some symmetry-allowed sigma- 
tropic shifts may assume hydridic character. ’ The 
application of ISM to shift reactions of hexa-l,!Gdienes 

also leads to n* = 0 - 5 ;  nevertheless, n* can be 
increased by the presence of electron-rich substi- 
tuents. lo 

The effect of substituents on n* has also been found 
in several proton transfer reactions, where n* increases 
with a decrease in the ionization energy of the reac- 
tants. l6 Charge-transfer effects present in H -  transfers 
can be responsible for some scatter in the data in Figure 
1. For symmetric hydride transfer reactions between 
aromatic molecules, with AGo=O, such effects are 
particularly notorious. The rates4 are higher for the 
larger ring systems and n* increases with a decrease in 
the ionization energy of the aromatic molecules (Table 
2). Nevertheless, the values of n* are close to 0.5 

The value of A = 86 kJmol-’ is considerably smaller 
than those found in proton transfer reactions 
(A 2 200 kJ mol-’) of comparable n*  value^.^^^^'^ 
This implies ‘tighter’ and/or less solvated transition 
states for hydride transfer. Previous studies” based on 
qualitative arguments from molecular orbital theory 
suggested that, because antibonding orbitals were not 
populated, the hydride transfer transition states are 
tighter than those of related proton transfers. 

The low A value also accounts for the relatively low 
Brensted coefficients of these reactions. With the 
above-reported n* and X values and the corresponding 

(0’5-0.47). 

Table 2. Transition-state bond orders for symmetrical hydride transfers with 
A G O  = oa 

Compound k/mol-’dm3 s - ’  AG$/kJ mol-’ n* IleV 

Acridine 4.3 x lo-’ 80.5 0-503 7.9‘ 
Quinoline 3 . 1  x 1 0 - ~  87.9 0.483 8.Sd 
Phenanthridine 1.1 x lo-’ 89.6 0.476 
Pyridine 2-3 x 1 0 - ~  99.1 0-472 9.3‘ 

~ ~ ~ ~~ 

‘ / = 2 . 9 x  lo3 kJ mol 
b R e f .  38. 
‘ R e f .  16. 
d R e f .  17. 
‘ R e f .  18. 

A-2,  1=2.192 A. 
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Table 3 .  Reduced bond extensions for hydride transfer reactions between q x a n d  0 0 (L = H or D)= 
L L  

R+ p! 

AG*/kJ mol-Ib  d/ A ll 

R X AGo/kJ mol-' H D H D H D 

a CH3 CONHz - 16.9 77.4 81.6 0.4861 0.4979 0.2218 0.2271 
b CHzC6H5 CONHz - 20.6 75.1 79.2 0.4844 0.4961 0.2201 0.2263 
C CHzC6H4pCN CONH2 - 24.7 73.7 77.8 0.4860 0.4975 0.2217 0.2270 
d CHzC6H4pCH3 CN -42.7 68.2 72.1 0.4934 0.5042 0.2251 0.2300 
e CHzC6H5 CN -43.5 68.0 71.9 0.4939 0.5048 0.2253 0.2303 
f CHzCsH4pCN CN - 46.8 67.4 71.2 0.4963 0.5069 0.2264 0.2313 

a f,= f p = 2 . 9 x  IO'kJ mol-' A-z,  /,+/,=2.192 A (see text). 
bRef.  3c, 298 K .  

f and  I data, a value of (Y between 0.39 and 0.32 is cal- 
culated for AGO = - 6 and - 10 kJ mol-', respectively; 
the experimental value is close to 0.39. If the 
experimental energy region was more extended, curved 
Brnnsted plots would be expected. 

Kreevoy ef aL3' also studied kinetic deuterium iso- 
tope (KIE) effects on hydride transfer reactions in solu- 
tion. Based on dynamic theories of tunnelling, they 
concluded that because of the large curvature of the 
reaction paths, a 'cutting the corner' tunnelling process 
could be significant. 

0.2151, I I 
0 1000 2000 

(AG'/kJmol-')* 

Figure2. Plot of  7 versus (AGO)' for hydride transfer 
reactions presented in Table 3 (a-f). 0 ,  H transfer; 0, D 

transfer 

Table 3 shows the application of ISM to the study of 
those reactions and Figure 2 illustrates the expected 
linear dependence of q on (AGO)*. These plots give the 
following set of values from the intercepts and slopes: 
qo(H) = 0.220 +- 5 X X(H)= 161 kJmol-' ,  
qo(D) = 0.225 rf: 5 X and X(D) = 171 kJ mol-'. 
These sets of data [qo(H) = 0.21972; qo(D) = 0.225251 
allow a reasonable account of the experimental KIE. As 
Figure 3 illustrates, such agreement is not possible when 
one neglects the square dependence of q on 
AGo(X 9 I AGOI). 

The value of qo(H) = 0.220 leads to n* = 0.492, 
again supporting the view that these hydride transfers in 
solution are synchronous reactions which proceed, via 
thermal activation, over an energy barrier. 

Kinetic isotope effect cannot be explained within a 
classical harmonic oscillator formalism. However, one 
can interpret, qualitatively, the different qo(H) and 
qo(D) values in terms of different effective bond lengths 
(ca 2.5% higher for CD) as being due to the more sig- 
nificant population, at room temperature, of excited 
vibrational modes ( u  > 0) for anharmonic CD modes. 
As discussed previously, ISM predicts curved Brmsted 
plots for hydride transfer reactions, as found 
experimentally. 3c The calculated a values are (Y = 0 - 4  
at AGO = 15 kJ mol-' and (Y = 0.1 at AGO = - 50 kJ 
mol-'. 

Although X is higher for reactions in Table 3 than 
those in Table 1, it reveals again reasonably tight transi- 
tion states. The parameter X is slightly higher for the 
deuterated compounds owing to a mass effect. As found 
for hydrogen-atom transfer reactions, X is small when in 
the transition state ABC* a light atom vibrates against 
two heavy atoms. ' 

Reactions in the vapour phase 

Meot-Ner (Mautner) and Field3e have studied several 
hydride transfers between carbonium ions and several 
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0 -2 5 -50 

-1 
AG’lkJ mol 

Figure 3. Calculated (solid line) kinetic isotope effects (KIE) 
for hydride transfer reactions in Table 3 as a function of AGO 
with qo(H) = 0.21972, X(H) = 161 kJ mol-’, qo(D) = 0.22525, 
X(D) = 171 kJ mol-’, and 
I ,  + /, = 2.192 A .  0, Experimental data; broken line, 

calculated KIE with X ]e I AGO 1 

hydrocarbons in the vapour phase. The reactions are 
considerably faster than in solution. Table 4 shows the 
results of the application of ISM to ’such experimental 
data, and Figure 4 presents the usual 9 versus (AGO)’ 
plot, under the hypothesis that the reactions proceed via 
thermal activation. The first conclusion that one may 
draw from the intercept (90 = 0.147) in Figure 4 is the 

J =  2-9  x 10’ kJmol-’ A-2 

n 

‘ I  

(AH’lkJ moi1)2i104 

Figure4. Plot of TJ versus ( A P ) ’  for hydride transfers 
between carbonium ions and hydrocarbons in the vapour 

phase; calculated data in Table 4 

apparently high value of n* under the present assump- 
tions, n’ = 0.74. As we have stated before, a value of 
n* > 0.5 may well suggest that such reactions proceed 
via quantum mechanical tunnelling, in the vapour 
phase. 

We have shown” that the potential energy barriers 
calculated by ISM are also adequate for assessing tun- 
nelling mechanisms, through the tunnel effect theory 
(TET), ’’ for adiabatic reactions: 

k =  AKpc exp - [(2n/h)[2MAG*lAxj (13) 

where A is a frequency factor taken typically as a CH 
frequency ( A  = l O I 4  s-’), Kpc is the constant of forma- 
tion of the precursor complex, M i s  the tunnelling mass 
and A x  the barrier width; for AGO = 0 A x =  d and for 
AGO # 0 A x =  d - y with y = (2AG0/f)”’. Table 5 
presents the calculated tunnelling rates [equation (1 3)] 
for the energy barrier: estimated w$h n* = 0.49, 
f= 2.9 x lo3 kJ mol-’ A-‘, I =  2.192 A and M =  1 g. 

Table 4. Reduced bond extensions for hydride transfer between carbonium ions and 
hydrocarbons in the vapour phase, R: + R2H -, RIH + R:“ 

A/ 
/I: 
k 
k 
A+ 

A 
C2Hf 
C2H 5’ 
CzH 5’ 

M 35.8 
A4 30-2 

29.8 
27.3 

hA 
15.6 h/ 
13.8 

A 
k 
A 9.8 
k 9.0 
M 7.5 

-5.4 
- 14.2 
- 19.7 
- 22.6 
-75.2 
-87.8 
- 167.2 
- 175.6 
- 188.1 

0.3253 
0.3194 
0-3280 
0.3226 
0.3542 
0.3623 
0.4315 
0.4355 
0.4392 

0.1486 
0.1457 
0.1496 
0.1472 
0.1616 
0.1653 
0.1969 
0.1987 
0 * 2004 

a f = 2 .9  x 10’ kJ mol-’ A-*, I =  2.192 A. 
Ref. 3e, 450 K .  
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Table 5 .  Rate constants for hydride transfer reactions in the vapour phase through quantum-mechanical 
tunnelling 

~~ ~~ ~~~~ ~ 

k/1 mo1-I s-l Relative rates 

AHo/kJ mol-'  EX^.^ Tun. Exp . Tun. KIE' 

0 
- 80 
- 170 

4 x  1 0 8  5 x lo9 1 1 85 
2 x 10" 2 x 1012 500 400 65 
8 x 10" 2 x l o L 3  2000 4000 2 . 5  

'Ref. 3e. 
bEquation (13) with K,, = 1. 
'Effect of mass and A(H)/A(D)= 1.36 

Although the calculated rates are about an order of 
magnitude higher than experiment with Kpc = 1, the 
effect of reaction energy is well accounted for by tunnel- 
ling, in agreement with the suggestion of Kreevoy el 
uI.,~' valid for tunnelling of an H-  species or tunnelling 
of an electron (pair) followed by tunnelling of an H 
(H+)  species. Owing to  the dependence of the rates of 
tunnelling on the height and width of the reaction 
energy barrier [equation ( 1  3)] , the kt,, values are more 
sensitive to  AGO than the rates for thermal activation. 
In consequence, the plot in Figure 4 is no longer linear, 
but shows a downward curvature. 

In liquid solutions, the presence of a 'solvated' ion 
such as HsO- drops the quantum mechanical tunnelling 
rate by nine orders of magnitude at  AJP' = 0 (ktun = 
5 lmol-'  s-I), such that this cannot compete with ther- 
mal activation (ktherm = 1.4 x lo3 1 mol-' s-'). 

The calculated KIEs for a tunnelling mechanism are 
considerably higher than those observed in solution, 
particularly when the reactions are not very exothermic 
(Table 5 ) .  

Table 6. Reduced bond extension for proton transfer reactions 
t-C4H9++ M -, MH' + i-C4Hs in the vapour phase' 

~~ - 

M AG*/kJ rnol-lb AGo/kJ mol-lb q 

-43.1 0.106 1 (i-C3H7)20 5 . 2  
2 (CZHJ)~CO 4 . 8  -23 .4  0.087 

-10.5 0.075 3 CHjCOOCH3 5.7 

-20.9 0.086 4 CH~COOCZHJ 5 . 3  

5 (fl-CaH7)20 5.4 -29 .3  0.095 

6 c - C ~ H ~ O  5 .7  -15 .9  0.082 

7 HCOOCsHg 9.0 1.7 0.069 

8 HCOOC3H7 9 - 8  2.5  0.071 

'h= 2.9  x lo' kJ mol-' .&-'(CHI, fp = 4.2 x lo3 kJ mol-' A-' 
(MH), I =  2.0 A. 
bRef. 23. 

0.061 I I I I 
1000 2000 

(AGO/ kJ mol-' b2 
Figure 5.  Plot of q versus (AGO)' for proton transfer reactions in the vapour phase, t-C4H9' + M -+ MH' + i-CaHs; data in Table 6 

(1-8) 
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Proton transfers in the vapour phase 

It is interesting to see if the present findings for hydride 
transfer in the vapour phase are also verified for proton 
transfer reactions. A preliminary account of such a 
study has been presented. I' Table 6 presents the ISM 
calculations and the plot in Figure 5 ,  also showing a 
downward curvature, allows one to obtain 70 = 0.069 
which corresponds to n* = 1.56, higher than the maxi- 
mum expected value of 1.0; in fact, for oxygen acids in 
water n' = 0.8. With this value, f, = 2 .9  x !03 kJ 
mol-', f, = 4 . 2  x lo3  kJ mol-' A-'and I =  2.0 the 
calculated tunnelling rate constant, at AGO = 0, is 
k = 3 x lo'* 1 mol-ls- ' ,  which again is an order of 
magnitude higher than the experimental rate of 
2 x 10" 1 mol-' s-I. A better agreement is obtained 
with Kpr = 0-07, as found also for hydride transfers. 

CONCLUSIONS 

We have shown that hydride transfer reaction in solu- 
tion proceed via thermal activation over an energy bar- 
rier interpretable within the ISM formalism, with 
conservation of the transition-state bond order. This 
supports the synchronous character of such processes. 
In the vapour phase the rates are considerably higher 
owing to quantum mechanical tunnelling of H*- 
between two electron-deficient sites. In solution tunnel- 
ling cannot compete with thermal activation, because 
the tunnelling mass is considerably higher owing to the 
solvation of the H -  species. Although proton transfer 
reactions in solution can be considerably faster than 
hydride transfers, owing to an increase in the transition- 
state bond order (n* > 0 - 5 )  from the available electron 
pairs of the reaction sites, in the vapour phase the rates 
appear also to be controlled by tunnelling through the 
reaction energy barrier. 
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