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Summary: Analysis of relative homolytic bond dissociation 
energy (ABDE) data for 16 different molecules, obtained 
via incorporation of aqueous and dimethyl sulfoxide 
(DMSO) solution acid-base and redox data into thermo- 
chemical cycles, indicates that DMSO and water as solvent 
have minimal differential effects on the homolytic 
strengths of labile N-H, C-H, 0-H, and S-H bonds for 
the species in this study. 

The solvent dependence of kinetic' and thermodynamic? 
parameters for reactions involving organic ions, reactions 
in which covalent bonds are formed and/or destroyed in 
a heterolytic sense, has long been recognized. For example, 
aqueous and DMSO solution pK,'s of 5.33 and 11.44 for 
1,4-dimethylurazole (1) suggest that the conjugate base 
derived from 1 (Le., 1 - H+) is stabilized via hydrogen- 
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bonding interactions (largely absent in the nonhydroxylic 
DMSO) afforded it by water. Similar interactions account 
for the difference between the aqueous (pK, = 4.8) and 
DMSO (pK, = 7.4) acidities for Meldrum's acid (2,2-di- 
methyl-l,3-dio~ane-4,6-dione).~ 

It has been demonstrated that the rates of reactions that 
involve the homolytic cleavage of bonds6 present in closed 
shell neutral organic species (resulting in the initial for- 
mation of two organic radicals) are insensitive to solvent 
changes. There have been a few comparisons of the ho- 
molytic strengths of bonds present in solution-phase 
species, from a thermodynamic perspective. With the aid 
of photoacoustic techniques, 0-H BDEs for five substi- 
tuted phenols (in isooctane)' and C-H BDEs for five al- 
cohols, acetonitrile, and the acetate anion (in water) have 
been determined? Other solution-phase homolytic bond 
strength data have resulted from utilization of thermo- 
chemical cycles for organic species dissolved in waters and 
in DMSO.'O To our knowledge, there are no published 
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Table I. Aqueous Acidity (pK, and ApK,l7) and Relative Homolytic Bond Dissociation Energy (ABDE,,)I8 Data for N-H, 
C-H, 0-H, and S-H Bonds in Substrates H-A In) and Aqueous Oxidation  potential^'^ and Relative Oxidation PotentialsZo for 

the Conhate  Bases (n - H+) Derived from H-A 
~ 

ABDE,, 
(kcal/ 

substrate (n) PKa(n) APKa (kcal/moU Eox(n-H+)n (V) mox (kcal/mol) mol) 
l,4-dimethylurazole (1) 5.3b (0.0) 0.78 (0.0) (0.0) 
1,2-dimethylurazole (2) 7.5b 3.0 1.24 10.6 13.6 
succinimide (3) 9.5b 5.8 1.11 7.6 13.4 
hydrazoic acid (4) 4.7' -0.8 1.31 12.2 11.4 
4,4-dimethylpyrazolidine-3,5-dione (5) 6.0b 1.4 0.75 -0.7 0.7 
1-methylhydantoin (6) 9.lb 5.2 1.14 8.3 13.5 
1-methyl-2-phenylurazole (7) 6.97d 2.3 1.30 12.0 14.3 
1-phenyl-3-methoxyurazole (8) 6.93d 2.2 1.05 6.2 8.4 
3-methylhydantoin (9) 11.4' 8.4 1.42 14.8 23.2 
malononitrile (10) 11.0' 8.2 0.89 2.5 10.7 
Meldrum's acid (11) 4.85' -0.6 1.39 12.7 12.5 

dimedone (13) 5.2f 0.3 1.22f 10.1 10.4 
phenol (14) 1o.oc 6.4 0.72 -1.4 5.0 
4-chloro-2,6-dinitrophenol (15) 3.0' -3.2 1.43 15.0 11.8 

2,4-pentanedione (12) 8.9' 5.3 1.07f 6.7 12.0 

thiophenol (16) 6.5c 1.6 0.50 -6.5 -4.9 

a All redox data from this work except where noted. Reference 21. Reference 2b. Reference 22. e This work. f Reference 14. 

Table 11. DMSO Acidity (pK, and ApK,I7) and Relative Homolytic Bond Dissociation Energy (ABDEDMsols) Data for N-H, 
C-H, 0-H, and S-H Bonds in Substrates H-A (n) and DMSO Oxidation Potentialsz3 and Relative Oxidation Potentialsz0 for 

the Conjugate Bases (n - H+) Derived from H-A 
ABDEDMSO 

substrate (n) PKa(n) ApK, (kcal/mol) Eoa(n-H+)n (V) MOx (kcal/mol) (kcal/mol) 

1,4-dimethylurazole (1) 11.4b (0.0) 0.45 (0.0) (0.0) 

hydrazoic acid (4) 7.9' -4.8 1.14 15.9 11.1 
4,4-dimethylpyrazolidine-3,5-dione (5) 13.5b 3.3 0.36 -2.1 1.2 
1-methylhydantoin (6) 14.7b 4.5 0.73 6.5 11.0 

1-phenyl-3-methoxyurazole (8) 10.65d -1.0 0.90 10.4 9.4 

malononitrile (10) 11.0c -0.1 0.79 7.8 7.7 

2,4-pentanedione (12) 13.6e 3.4 0.77f 7.4 10.8 

4-chloro-2,6-dinitrophenol (15) 3.6' -10.7 1.44 22.8 12.1 

1,2-dimethylurazole (2) 12.35b 1.3 0.96 11.8 13.1 
succinimide (3) 14.75b 4.6 0.74 6.7 11.3 

1-methyl-2-phenylurazole (7) 10.8d -2.2 1.15 16.1 13.9 

3-methylhydantoin (9) 19.0d 10.4 1.05 13.8 24.2 

Meldrum's acid (1 1) 7.4' -5.1 1.25' 18.4 13.3 

dimedone (13) 11.2e 0.1 0.94f 11.3 11.4 
phenol (14) 18.OC 9.0 0.428 -0.7 8.3 

thiophenol (16) 10.3c -1.5 0.399 -1.4 -2.9 

All redox data from this work except where noted. "eferesce 21. CReference 2b. dThis work. eReference 5. fReference 14. gReference 
lob. 

thorough examinations of the effect(s) of solvents on the 
homolytic strengths of various bonds contained in organic 
species. Presented in this communication are results that 
summarize our investigations of the relative strengths of 
various N-H, C-H, 0-H, and S-H bonds present in 16 
organic molecules dissolved in aqueous and DMSO solu- 
tion. 

Previous articles have shown that acidity data for a given 
family of organic acids (H-A), when combined with oxi- 
dative data for their respective conjugate bases (A-), as 
shown in eq 1, (all parameters in kcal/mol) enables accu- 

ABDE(H-A) = ApKJH-A) + AEox(A-) (1) 

rate comparisons of the homolytic strengths of the bonds 
connecting hydrogen atoms H' to fragments A*.11 Listed 
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V.; Vaughn, A.; Wang, L.-H. J. Phys. Org. Chem. In press. (c) Bausch, 
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in Table I are the aqueous solution acid-base and redox 
data necessary to  determine the relative homolytic 
strengths for labile H-A bonds present in 1-16. Listed in 
Table I1 are the analogous data for 1-16, when dissolved 
in DMSO. The resulting ABDE(H-A) data enable com- 
parisons of the effects of structural changes on homolytic 
bond strengths for substrates dissolved in aqueous and 
DMSO solution, from a free energy perspective. Since, a t  
0.1 V/s scan rates, the CV oxidations of the anion derived 
from 1,4-dimethylurazole (1 - H+) are reversible in DMSO 
and water,12 the redox couple 

-e- [l - H+ = l - H'] 
+e- 

has been chosen as the reference upon which the AEox 
values for the anions derived from 2-16 are based, in both 
Tables I and II. It follows that the ABDE values in Tables 
I and I1 for 2-16 are relative to the N-H bond strength 
in 1,4-dimethylurazole (1). 

Inspection of the ApK,, AEox(A-), and ABDE, data in 
Table I reveals that the aqueous solution acidities, anion 
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data such as those in Tables I and I1 into absolute BDEs 
comparable to gas-phase (enthalpic) data?JO Inserting the 
raw data from Tables I and I1 into the appropriate equa- 
tionsgbJob yields estimates for the absolute BDEs that 
generally agree within 1-2 kcal/mol. However, the 
“absolute” nature of BDEs determined in this way is 
questionable, in part because they depend on the as- 
sumption that AGO,,. =H,(d] is equal to zero? Addition- 
ally, the published cycye that describes determinations of 
absolute enthalpic BDEs (using DMSO data) is flawed in 
that the estimated value for AGO +H.(DhY)O)] (-5.7 
kcal/mol) is nearly equal in magnitude ~~!i?opposlte in sign 
to the actual value of AGo[H tHm ,I (5.6 kcal/moP6), the 
equilibrium that was usedyo m z e l  the free energy of 
transfer of a hydrogen atom from the gaseous state to 
DMSO solution.1° Finally, the cycles in both DMSO and 
water depend on assumptions regarding the relative en- 
tropies of substrates 1-16 and their corresponding radicals 
1 - H to 16 - H*.16 We are continuing our investigations 
of the homolytic and heterolytic strengths of chemical 
bonds present in various organic molecules. 
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oxidation potentials, and homolytic bond strengths for 
1-16 vary by ca. 12,22, and 28 kcal/mol, respectively. In 
DMSO, the ApK,, hE,,,(A-), and ABDEDMso data (Table 
11) vary by ca. 21,25, and 27 kcal/mol, respectively. There 
is no apparent relationship between heterolytic and ho- 
molytic H-A bond strengths for these species, since the 
least-squares correlation coefficients (r)  are 0.37 (in water) 
and 0.21 (in DMSO) when, in either solvent ApK, is 
plotted vs ABDE(H-A). As expected from the varying 
degrees of hydrogen-bonding, stabilization afforded anions 
derived from 1-16 (in the hydroxylic solvent water), a 
rather poor least-squares line results when the ApKa@MSO) 
values in Table I1 are plotted vs the ApK,,,, values in 
Table I (r = 0.84 and slope = 1.3). 

On the other hand, when, for 1-16, ABDE(DM0, (Table 
11) is plotted vs ABDE(,) (Table I), the least-squares line 
has a near unit slope (0.91) and a correlation coefficient 
of 0.96. Stated differently, for a given substrate, there is 
remarkably good agreement between the ABDE(DMS0) 
values in Table I1 and the corresponding ABDE(, values 
in Table I. Consider some of the N-H bond data gwt. In 
a homolytic sense, the N-H bond in 3-methylhydantoin 
(9, a surprisingly acidic species; in DMSO, its pKa = 19.0 
while the pK, of 1,3-dimethylurea is 27.513), compared to 
the N-H bond in 1, is 23 kcal/mol stronger when both 9 
and 1 are dissolved in water and 24 kcal/mol stronger when 
both are dissolved in DMSO. Similarly, the imide N-H 
bond in 1,2-dimethylurazole (2), again compared to the 
N-H bond in 1, is 14 kcal/mol stronger when both are 
dissolved in water and 13 kcal/mol when both are dissolved 
in DMSO. The N-H bond in hydrazoic acid (4) is 11 
kcal/mol stronger‘ than the N-H bond in 1, in both 
aqueous and DMSO solutions, while the N-H bond in 
l-phenyl-3-methoxyurazole (8) is 8 and 9 kcal/mol (in 
aqueous and DMSO solutions, respectively) stronger than 
the N-H bond in 1. 

C-H bonds present in carbon acids behave similarly the 
C-H bond in malononitrile (10) is 11 and 8 kcal/mol 
stronger (in aqueous and DMSO solutions, respectively) 
than the N-H bond in 1, in each solvent. These C-H 
ABDE data complement those previously reported for 
Meldrum’s acid ( l l ) ,  2,4pentanedione (121, and dimedone 
(13), in that the relative strengths of the bonds in these 
species are not substantially affected by changing the 
medium in which they are dissolved from water to  
DMS0.14 Further inspection of the data in Tables I and 
I1 reveals that the homolytic strengths of the 0-H bonds 
in phenol (14) and 4-chloro-2,6-dinitrophenol (E) ,  as well 
as the S-H bonds in thiophenol(16), are also largely in- 
sensitive to DMSO/aqueous medium effects. When the 
data in Tables I and I1 are evaluated in their totality, they 
point to minimal differential solvent effects on the ho- 
molytic strengths of the labile N-H, C-H, 0-H, and S-H 
bonds present in 1-16. The hBDE data in both solvents 
are therefore consistent with published (kinetic) researchs 
in suggesting that solvent effects on radical (A3 stabilities, 
relative to H-A stabilities, are small in magnitude. 

Published articles have outlined cycles that attempt to 
convert relative aqueous and DMSO (free energy) BDE 
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weaker acid than 1,4-dimethylurazole. 

(18) The ABDE values in Tables I and 11 have been determined with 
the aid of eq 1. Positive ABDE values signify that the bond in question 
is stronger than the analogous bond in 1,4-dimethylurazole (1). The 
ABDE data are believed to be accurate to h2 kcal/mol. 

(19) (a) Aqueous cyclic voltammetry (CV) conditions: 0.1 V/s scan 
rate, 0.1 M K+Cl- electrolyte solution buffered to pH 10 (except for 
phenol, which was buffered to pH 12); glass carbon working and Ag/AgCl 
reference electrodes [reference: Fe(CN)63-Fe(CN)62- = 0.458 V (vs 
NHE)lgb]. In the nitrogenated electrochemical cell, the anions were 
generated by adding the neutral acid H-A to the buffered K+C1- solution. 
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(23) (a) DMSO CV conditions: 0.1 V/s scan rate; 0.1 M Et4N+BF4- 
electrolyte; Pt working and Ag/AgI reference electrodes (ferrocene/fer- 
rocenium = +OB75 V reference, values corrected to NHE, by subtracting 
0.125 V). In the argonated electrochemical cell, the anions were present 
in 1-2 mM concentrations. The E,. values are the anodic peaks potentials 
as reported by a BAS lOOA electrochemical analyzer, are the averages of 
several runs for each compound, and are reproducible to 525 mV (ca. 0.5 
kcal/mol). The uncertainties in the DMSO ABDE values are estimated 
to be h2 kcal/mol. 


