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(4.56); MS m / e  326 (M+). Anal. Calcd for Cz2H~O2: C, 80.93; 
H, 9.26. Found: C, 80.77; H, 9.42. Further elution yielded a 
semicrystalline mixture (106 mg), which was washed with MeOH 
to provide stilbenequinone 8 (27 mg, 1.1%) as reddish orange 
crystals, identical with the authentic sample ('H NMR and TLC). 
Continued elution afforded a semicrystalline mixture (160 mg), 
which was washed with petroleum ether, yielding 2,6-di-tert- 
butyl-4-( 5-methyl-2-hydroxyphenyl)-4-methylcyclohexa-2,5- 
dien-l-one (23c) (116 mg, 6.5%) as light orange crystals. Colorless 
crystals from acetonitrile: mp 142-145 "C; 'H NMR 6 7.1-6.5 (m, 
3 H), 6.67 (s, 2 H), 5.00 (s, 1 H, exchangeable with DzO), 2.30 (s, 
3 H), 1.60 (s, 3 H), 1.23 (s, 18 H); IR 3513, 1650, 1628 cm-'; UV 
280 nm (log t 3.54), 239 (4.05), 222 shoulder (4.22), 203 (4.60); MS 
m / e  326 (M+). Anal. Calcd for C22H3002: C, 80.93; H, 9.26. 
Found: C 80.69; H, 9.37. Further elution gave an oil (250 mg) 
which consisted of 23c (40 mg, 2.2%) and recovered 21c. Elution 
with benzene gave 21c (1.56 8). 

A similar reaction was conducted in MeOH. Dimer 3 dissolved 
in 100 min. The residual mixture of products was chromato- 
graphed as described above to afford 5 (1.214 g, 101%), 7 (28 mg, 
1.2%), and a mixture of 9 (65 mg, 2.7%) and 24c (15 mg, OB%), 
successively. Continued elution with petroleum ether/benzene 
(10:l) gave a mixture (1.25 g) consisting of 23c, 10, and unreacted 
21c. The mixture was chromatographed with petroleum ether 
on a column packed with neutral alumina (activity 111, 50 g) to 
yield 10 (649 mg, 47%). Elution with petroleum ether/benzene 
(101) provided 23c (308 mg, 17%). Finally, 21c was eluted with 
benzene. The chromatography on SiOz was continued with 

benzene to recover 21c (1.81 9). The reaction was also carried 
out in MeOH containing EhN (0.21 g, 2.1 m o l ) ,  and the reaction 
mixture was worked up similarly. 

With Phenol 21d. Elution with petroleum ether afforded 5 
(1.044 g, 87%) and 7 (330 mg, 14%) successively. Elution with 
petroleum ether/benzene (1O:l) yielded 3,5-di-tert-butyl-4- 
hydroxybenzyl phenyl ether (24d) (416 mg, 24%) as pale yellow 
crystals. Colorless crystals from hexane: mp 91-92 "C; 'H NMR 
6 7.5-6.7 (m, 5 H), 7.21 (s, 2 H), 5.20 (s, 1 H), 4.89 (s, 2 H), 1.43 
(s, 18 H); IR 3620 cm-'; UV 277 (log t 3.51), 271 (3.53), 221 (4.26), 
203 (4.60); MS m / e  312 (M+). Anal. Calcd for C21H2802: C, 80.73; 
H, 9.03. Found: C, 80.74; H, 9.21. Further elution gave a 
semicrystalline mixture (460 mg) containing 24d (330 mg, 19%) 
and 9 (110 mg, 4.6%). Continued elution gave a crystalline 
mixture (90 mg), which was washed with MeOH to provide 8 (42 
mg, 1.8%). Elution with benzene afforded unreacted 21d (1.80 
g). 

A similar reaction was conducted in MeOH containing Et3N 
(0.21 g). Dimer 3 dissolved in 180 min. Phenol 5 (1.233 g, 102%), 
24d (355 mg, 21%), and 9 (48 mg, 2.0%) were obtained by the 
chromatographic procedure described above. Further elution with 
petroleum ether/benzene (1O:l)  gave 10 (732 mg, 53%). Elution 
with benzene gave unreacted 21d (1.38 g). 
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A group additivity method recently reported for estimating fusion entropies and fusion enthalpies of hydrocarbons 
is expanded to include both mono- and multisubstituted derivatives as well. The parameters are derived from 
experimental fusion enthalpies of 191 hydrocarbons and 225 monosubstituted and 233 multisubstituted hydrocarbon 
derivatives. Group values are provided for many structural environments. Applications of the technique are 
described. The average deviation between experimental and calculated fusion entropies and enthalpies obtained 
for monosubstituted derivatives is f1.77 eu and f0.49 kcal/mol, respectively. This increases to f2.0 eu and 
f0.76 kcal/mol, respectively, for multisubstituted derivatives and can be compared with values of f1.85 eu and 
10.56 kcal/mol previously reported for hydrocarbons. 

Fusion, vaporization, and sublimation enthalpies are  
important physical properties of the  condensed phase. A 
variety of studies including those that reference the gas 
phase as a standard state require accurate values for these 
quantities.lv2 Recently we described a group additivity 
approach t o  estimate fusion entropies and enthalpies of 
 hydrocarbon^.^ In  this paper, we would like t o  elaborate 

further on this method and describe how, with the intro- 
duction of some additional parameters, fusion entropies 
and enthalpies for a large variety of structurally diverse 
organic compounds can be estimated. Ths group additivity 
parameters previously generated from t h e  experimental 
fusion entropies of 191 hydrocarbons a re  combined with 
additional functional group parameters generated from 225 
monofunctional and 233 multifunctional hydrocarbon 
derivatives. Fusion enthalpy estimates a re  directly ob- 
tained from the fusion entropies and t h e  experimental 
melting point. 

As noted previously, our rationale for developing pa- 
rameters for estimating fusion entropies ra ther  than for 
fusion by the work Of 
Leclercq, Jacques, and  Collet4 who investigated fusion 

(1) See, for example: Benson, s. w. Thermochemical Kinetics: 
Methods for the Estimation of Thermochemical Data and Rate Param- 
eters, 2nd ed.; Wiley: New York, 1976. 

(2) Greenberg, A.; Liebman, J. F. Strained Organic Molecules; Aca- 
demic Press: New York, 1978. 

(3) Chickos, J. S.; Hesse, D. G.; Liebman, J. F. J. Org. Chem. 1990.55, 
3833. For a definition of terms, see also: Chickos, J. S.; Hesse, D. G.; 
Liebman, J. F. J. Org. Chem. 1989, 54, 5250. 

was influenced 
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Table I. Assignment of Structural Environments 
primary sp3 carbon atom CH.&] CH3C 
secondary sp3 carbon atom CHZ[CZI -CH2- 
tertiary sp3 carbon atom CH[Cd -C(C$)H 
quaternary sp3 carbon atom C[C,l C(C3 

secondary sp2 carbon 
tertiary sp2 carbon 

quaternary sp2 carbon 
tertiary sp carbon 
quaternary sp carbon 

Olefinic and Acetylenic Portions of Acyclic 

Aromatic Hydrocarbons 
tertiary ap2 carbon C,H[C,I 
quaternary sp2 carbon adjacent to an sp3 carbon Ca[C,C, 3I 
peripheral quaternary sp2 carbon adjacent to sp2 carbon 
internal quaternary sp2 carbon adjacent to sp2 carbon 

C,,[C,<,2Ie 
Cd[Cale 

Cyclic Hydrocarbons 

quaternary sp2 carbon adjacent to sp carbon 

cyclic tertiary spa carbon 

Ca[C~aCspl 

CcH[ChCl, CCwC,I 

Hydrocarbons 

cyclic tertiary sp2 carbon 
cyclic quaternary sp2 carbon 
cyclic quaternary sp carbon 

enthalpies of chiral molecules and their racemic modifi- 
cations. Fusion enthalpies of common organic solids av- 
erage around 5-10 kcal/mol. These workers frequently 
found fusion enthalpies of chiral systems in which the 
racemic and optically active form differ by as much as 1-4 
kcal/mol. Since this variation is substantial, enthalpy 
estimations based solely on molecular structure could ex- 
pect only limited success. The development of parameters 
to estimate fusion enthalpies from fusion entropies, how- 
ever, appeared to be more promising. Our optimism in this 
regard relies on the qualitative correlation observed be- 
tween the magnitude of fusion enthalpies and the mag- 
nitude of the melting point of many isomeric compounds, 
including chiral systems. 
Our parameterization of fusion entropies is based on the 

assumption that the contribution of a particular atom or 
group of atoms to the total entropy change associated in 
going from a rigid anisotropic solid state to the highly 
isotropic liquid state is fundamentally constant. Many 
many organic solids undergo various phase changes prior 
to melting. The question arises as to whether to include 
these transitions in the total entropy change associated 
with the melting process. Entropy changes associated with 
all these transitions have been included whenever possible 
in our parameterization of fusion entropies. The rationale 
for their inclusion is that all of these transitions are as- 
sociated with an increase in randomness of the solid state 
and can be considered as partial transitions to the liquid 
state.L5 If this assumption is correct, it is essential to 
include all such transitions in estimating the total fusion 
entropy. The estimation technique developed below es- 
timates the total entropy associated with phase changes 
from the solid at 0 K to the liquid at the melting point. 

(4) Leclercq, M.; Collet, A.; Jacques, J. Tetrahedron 1976, 32, 821; 
Jacques, J.; Collet, A.; Wilen, S. H. Enantiomers, Racemates and Reso- 
lutrons; Wiley and Sons: New York, 1981; Chapter 2. 

(5 )  Ubbelohde, A. R. Q. Reo. Chem. SOC. 1950,4, 356. 

C=CH2 
C - C H 4  
C-CH=C= 
C=C(-C)-C 
H W  
c=c=c 
C - C d  

(Jn-c, c w  

c- c -c, c- c-c, c- c-c u d E? C I F? 
C-CH=C 
C - C ( - C ) 4  
c=c=c. C-CEC uu 

For most compounds this is equivalent to the fusion en- 
tropy. The fusion entropy of those compounds exhibiting 
phase changes prior to melting will clearly be overesti- 
mated by this technique. 

The general philosophical guidelines followed in de- 
veloping this estimation technique was to provide the best 
possible correlation with the fewest number of parameters. 
To maintain consistency with our earlier we have 
retained our previous definitions and conventions. The 
terms primary, secondary, tertiary, and quaternary carbon 
atoms, for example, are evaluated solely from the number 
of hydrogens attached to carbon, 3,  2, 1, 0,  respectively, 
rather than from the number of carbon atoms as is usually 
the case. Values based on limited experimental data are 
identified by brackets and should be considered as ten- 
tative assignments. 

The group additivity relationships that have previously 
been developed to estimate fusion enthalpies of hydro- 
carbons can be summarized in mathematical form by the 
following relationships: 
acyclic and aromatic hydrocarbons 

AS,, = CniCiGi ( 1 )  
i 

cyclic hydrocarbons 

ASfu, = [8.41 + 1.025(n - 311 + CniCiGi (2 )  
i 

polycyclic hydrocarbons 

AS,, = [8.41N + 1.025(R - 3N)] + CniCiCi (3) 
i 

Equation 1 summarizes the relationship described for 
estimating fusion entropies of acyclic and aromatic hy- 
drocarbons. The ni term refers to the number of identical 
groups in the molecule, and the Ci term is a coefficient that 
modifies each group contribution, Ci. Groups are defined 
structurally in Table I and assigned numerical values in 
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Table 11. All group values are reported in entropy units, 
eu! The subscripts c, u, and a, in Table I1 refer to cyclic, 
unsaturated, and aromatic carbon atoms, respectively. The 
subscripts p and i further subdivide quaternary aromatic 
carbon atoms into peripheral and internal aromatic carbon 
atoms as was previously disc~ssed.~J Subscripted carbon 
atoms appearing in brackets imply that the group value 
is dependent on the nature of adjacent carbon atoms. 
Values for all others groups can be used in any structural 
environment. 

For cyclic and polycyclic molecules, eqs 2 and 3 are used. 
A group value for the ring atoms is calculated first from 
the second term in eqs 2 and 3 according to ring size n,8 
or the total number of ring atoms, R, and total number of 
rings, N ,  for polycyclic systems. Corrections for modifi- 
cations from cyclic secondary sp3 hybridized carbon are 
added in subsequent steps. These corrections are listed 
under cyclic compounds in the lower portion of Table 11. 
Finally, the contributions of the remaining groups are 
added in to complete the estimation. For hydrocarbons, 
all the Ci terms in eqs 1, 2 and 3 equal one. 

Equations 1-3 can be directly modified to include 
functionalized hydrocarbon derivatives using the procedure 
just described. The modifications result in eqs 4-7. 
acyclic and aromatic molecules 

ASf, = ZniCiGi + EnjCjGj EnkCKGk (4) 
1 j k 

cyclic molecules 
A&,, = [8.41 + 1.025(n - 3)] + EniCiGi + TnjCjGj + 

i 
CnkCKGk (5) 
k 

polycyclic molecules 
= [8.41N + 1.025(R - 3N)] + CniCiGi + 

i 
CnjCjGj + EnkCKGk ( 6 )  
j k 

where K = E n k  (7) 
k 

The estimation of fusion entropies of substituted acyclic 
molecules consists in evaluating the contribution of the 
hydrocarbon portion of the molecule (the first term in eq 
4), the contribution(s) of the carbo&) bearing the sub- 
stituent(s) (the second term), and the contribution(s) of 
the functional group or groups (the third term). In cyclic 
or polycyclic molecules, the contribution of the ring or rings 
is evaluated first. The quantity n in eqs 4-7 refers to the 
number of identical groups in the molecule and in the case 
of cyclic molecules, the number of atoms in the ring.* The 
hydrocarbon components are identified by the subscript 
i, the j subscript identifies the carbon(s) bearing the 
functional group(s), and the k subscript identifies the 
functional group(s). As noted above all Ci terms are nu- 
merically equal to one. Assignment of the appropriate Cj 
coefficient is determined by the structural environment 
of the carbon bearing the substituent as listed in the fifth 
column of Table 11. Assignment of the appropriate CK 
coefficient is determined by the nature of the functional 
group, k, and the total number of functional groups in the 
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molecule according to eq 7. For monosubstituted hydro- 
carbon derivatives, K equals one. For compounds con- 
taining multiple substitutions, the appropriate CK used 
depends on the total number of functional groups present. 
The only exception to this rule is for multiple fluorine 
substitution. Molecules containing any number of fluorine 
atoms are treated as having only one functional group by 
eq 7. Functional groups, functional group values, and 
functional group coefficients are reported in columns 1-6 
of Table 111. As in the case for Ci coefficients, many Cj 
and CK values in Tables I1 and I11 also equal one. Group 
coefficients for some entries are not available, and those 
included in brackets must be considered as tentative as- 
signments. In some instances where the appropriate 
coefficient is not available, it may be possible to derive 
some rough estimate of an appropriate group coefficient 
by examining the variations observed for similar functional 
groups if these group coefficients are available. The final 
column in Table I11 contains a summary of the number 
of examples used to derive each group value and group 
coefficient. 

The group parameters for the functional groups listed 
in Tables I1 and I11 were obtained according to the fol- 
lowing protocol. Data that has been critically reviewed was 
used in the correlations whenever possible. Most ther- 
mochemical data used was obtained from the compilation 
by Domalski, Evans, and Hearingsg Additional data was 
obtained directly from the literaturelo and 11 of the 
measurements are reported in this work. The group pa- 
rameters listed in Table I1 were previously derived from 
the fusion enthalpies of  hydrocarbon^.^ The experimental 
fusion enthalpies were grouped according to the number 
and kind of functional groups present. Group values for 
each functional group listed in Table I11 were evaluated 
by difference using the group values of hydrocarbons 
(Table 11) to estimate the contribution of the hydrocarbon 
portion of the molecule to the total value. In molecules 
containing two or more functional groups, if the contri- 
butions of these functional groups to the total fusion en- 
tropy appeared to be simply additive, then the fusion en- 
thalpies for these compounds were also included in the 
generation of the group value of the functional group and 
a group coefficient of one was established for the functional 
group. Column 7 of Table I11 lists the total number of 
entries used in the generation of each group value. In cases 
where the group coefficient, CK, is 1.0, the total number 
of data points used to generate the functional group value 
can be obtained from the sum of the entries in column 7 
for the particular functional group in question. Nitro 
groups for example, are characterized by a group coefficient 
of one for mono-, di-, and trisubstitution. The group value 
was evaluated from 4 mono-, 16 di-, and 7 trisubstituted 
compounds. Most but not of all of these substituents were 
necessarily nitro groups, although all substituents were 
characterized by group coefficients of one. The available 
data were distributed to provide statistics for as many 
functional groups as possible. If the contributions of a 
particular group appeared to be strictly additive in cases 
of multiple substitution, a group coefficient of one for this 
group was assumed in cases of multiple substitution with 
other substituents. For a detailed listing of this distri- 
bution, the reader is referred to the supplementary tables 
where all compounds used in evaluation of a group value 
are arranged together. 

(6) 1 eu equals 1 cal/K.mol; 4.184 J/K.mol. 
(7). Examples of peripheral quaternary aromatic carbon atoms are the 

bridging carbons found in molecules such as naphthalene. Perylene is 
an example of an molecules containing both internal (2) and peripheral 
(6) quaternary aromatic carbon atoms. 

(8) In cyclic systems, n refers to the number of equivalent methylene 
groups necessary to simulate the size of the ring. Corrections for other 
elements and substitution patterns are made at a later stage of the es- 
timation. 

(9) Domalski, E. S.; Evans, W. H.; Hearing, E. D. J.  Phys. Chem. Ref. 

(IO) Specific references referring to the compounds included in the 
Data 1984, 13, Suppl.1. 

correlations can be found in the supplementary tables. 
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Table 11. Carbon Group Contributions to Fusion Entropies 
group 

coefficientsb 
acyclic hydrocarbon groups group value Gi 

primary sp3 carbon atom CHdCI 4.38 
secondary sp3 carbon atom CHZ[CZI 2.25 
tertiary sp3 carbon atom CH[C31 -3.87 
quaternary sp3 carbon atom C[C,l -9.25 

Acyclic Olefinic and Acetylenic Groups 
secondary sp2 carbon CuHz[C, '1' 3.48 
tertiary sp2 carbon C,WC 'C,p31, CuH[CspC,,31 1.16 

-2.72 
2.6 

quaternary sp2 carbon C"[C, %I 
tertiary sp carbon cuH[6pl 
quaternary sp carbon Cu[CBp 1 9  cu[c,pcl 0.52 

tertiary sp2 carbon C,H[CznI 1.54 
Aromatic Hydrocarbon Groups 

quaternary sp2 carbon adjacent to an sp3 carbon Cn[C%G 3I -2.47 
peripheral quaternary sp2 carbon adjacent to sp2 carbon Cnp[Cza($,2] -1.02 
internal quaternary sp2 carbon adjacent to sp2 carbon C,,[C,] 0.1 

contribution of the ring: (CcH2), [Czcl 

quaternary sp2 carbon adjacent to sp carbon C.[CzaClPI -0.6 

Cyclic Molecules 

ring size: n atoms; 
cyclic tertiary sp3 carbon CcH[CzcCl, C,H[Cd -3.82 
cyclic quaternary sp3 carbon CC[C2cC2I, ~ C ~ ~ 3 c C 1 ,  CC[C,l -7.88 
cyclic tertiary sp2 carbon CcH[CzCl -1.04 
cyclic quaternary ap2 carbon CSC3l -2.8 
cyclic quaternary sp carbon CC[C,Cl -1.28 

AS = 8.41 t 1.025[n - 31 

Polycyclic Molecules 
total number of ring atoms: R 
number of rings: N AS = [8.41]N + 1.025[R - 3N] 

a, aromatic; p, peripheral; i, internal; c, cyclic; u, unsaturated. Values in brackets are tentative assignments. 

In all calculations, the group value was obtained by 
allowing its value to vary while minimizing the fractional 
difference between experiment and calculation by the 
method of least squares. In cases where multiple substi- 
tutions of the same functional group were not strictly 
additive (GK unequal to one), an optimum value of GK was 
obtained by a similar least-squares treatment. It was found 
empirically, that the best correlation of fusion entropies 
of compounds containing unlike functional groups is ob- 
tained when a GK value is used based on sum of the total 
number of substituents rather than on the number of each 
individual substituent. In this sense, the effects of cu- 
mulative substitution are not strictly additive. 

The group coefficients and group values were evaluated 
in the manner just described. I t  was also observed that 
substantial improvements in correlation could be achieved 
by allowing some of the Cj coefficients to vary from unity. 
These parameters were adjusted (by a least-squares 
treatment) using the entire data base, and only those 
coefficients were changed that substantially improved the 
estimations. 

The application of the group values in Tables I1 and 111 
to estimate fusion enthalpies according to eqs 4-7 is rel- 
atively straightforward and is similar to the procedure 
previously reported for  hydrocarbon^.^ The functional 
groups in Table I11 are arranged according to group types. 
Type I functional groups are monodentate while type I1 
are di- and tridentate functional groups. Of all these 
groups, cyclic type I1 groups are handled differently. The 
conventions used in these estimations and the circum- 
stance and manner in which cyclic type I1 groups are used 
is described below and illustrated in the sample estimations 
of Table IV. 

The first step in an estimation is to subdivide the target 
molecule into cyclic, aromatic, and acyclic components in 
order of decreasing priority. The cyclic component should 

1.0 1.0 
1.0 0.69 
1.0 0.67 

1.0 1.0 
1.0 3.23 
1.0 1.0 

[1.0] [1.0] 
[LO] [1.0] 

1.0 1.0 
1.0 1.0 
1.0 1.0 

[1.0] [1.0] 
(1.01 [LO] 

1.0 0.76 
[LO] 1.0 
1.0 0.62 
1.0 0.86 

[LO] [1.0] 

be evaluated first followed by an evaluation of the re- 
maining aromatic and/or aliphatic components. The es- 
timation of the fusion entropy of cyclopentanethiol illus- 
trates this general method. The contribution of the ring 
carbons is evaluated first. The carbon attached to sulfur 
in cyclopentanethiol is evaluated as a tertiary cyclic sp3 
carbon since it contains only a single hydrogen. The 
correction for this modification is obtained from Table I1 
(C,H[C,,]), in which one carbon has been replaced by 
sulfur. The group coefficient for this carbon, Cj, is obtained 
from the last column in Table 11, and the group value and 
group coefficient for the functional group is obtained from 
columns 2 and 3 of Table 111. 

The entropy of fusion of benzothiophene in Table IV 
is calculated in a similar manner. The contribution of the 
heterocyclic ring is estimated first. All heterocyclic 
pseudoaromatic rings such as found in thiophene, furan, 
and pyrrole are treated as cyclic alkanes. Aromatic het- 
erocyclic molecules such as pyridine and pyrazine are 
evaluated as aromatic compounds as discussed below." 
The heterocyclic ring in benzothiophene is first treated as 
a cyclopentane, corrected for the cyclic sulfur atom and 
according the priority previously stated regarding cyclic 
ring carbons, the two sp2 carbons common to both the 
aromatic and the thiophene ring are evaluated as cyclic 
quaternary sp2 hybridized carbon atoms. Although both 
these atoms are characterized by the same group value, 
their group coefficients differ as a result of the sulfur atom. 
The remaining two tertiary cyclic sp2 carbon atoms in the 
five membered ring are characterized similarly. The 

(11) The term aromatic has been used in a general sense to include all 
fully conjugated planar nonbenzenoid aromatic systems such as azulene 
and acenaphthylene and should in principle include molecules such as 
the azaazulenes,  et^.^ Presently, there are no experimental data for such 
heterocyclic aromatic systems in our data base for comparison. 
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Figure 1. Calculated vs experimental fusion entropies of monofunctional hydrocarbons. 

60 

contribution of the remaining four aromatic carbons com- 
pletes the estimation. 

Estimation of the entropy of perfluorodecalin is similarly 
straightforward. Despite the fact that this molecule con- 
tains only carbon and fluorine, the molecule is treated as 
containing only one functional group, fluorine, attached 
to cyclic carbon. The contribution of the rings corrected 
for all the cyclic quaternary sp3 carbon atoms completes 
this estimation. 

The estimation of the fusion entropy of l-naphthyl- 
amine, an aromatic amine, is calculated like the corre- 
sponding hydrocarbon. Aromatic and aliphatic compounds 
are evaluated from a simple additivity of each carbon in 
contrast to nonaromatic cyclic compounds. The only 
concern in this calculation is proper assignment of the 
aromatic carbon atom attached directly to the functional 
group. Whenever the functional group contains sp2 hy- 
bridization or nonbonding electrons, we have found that 
the group value for a quaternary sp2 carbon adjacent to 
an sp2 carbon, Cap[C2aCs;], gives the best correlation.*2 

The estimation of the fusion entropy of 2-chlorobenzoic 
acid is an example of a molecule containing two different 
functional groups. The estimation follows from previous 
discussions. For molecules containing two functional 
groups, C2 values are used for CK in the estimation. o- 
Fluoromandelic acid is calculated similarly except here 
values of C3 are used for CK. In addition, this is a case 
where both the optically active (a) and racemic form ( d l )  
have been measured. Although the experimental entropy 
values differ, this is one of many instances where the es- 
timated fusion entropy falls in between the two experi- 
mental values. The remaining estimations in Table IV 
provide additional illustrations of the conventions just 
discussed. 

The results of applying the parameters of Tables I-IV 
according to the procedures just described on the 444 
compounds whose experimental fusion enthalpies were 
available to us can be seen in Figures 1 and 2. Figure 1 

(12) We would also suggest the use of the C [C,.C,,*] group value in 
cases of adjacent sp hybridization. This suggeslfon however is not baaed 
on any experimental data. 

compares calculated and experimental fusion entropies of 
226 monosubstituted hydrocarbon derivatives and a similar 
comparison of 218 multisubstituted compounds is shown 
in Figure 2. For those compounds exhibiting multiple 
phase changes, the comparisons in these figures are be- 
tween calculated and total phase change entropies from 
0 K to the melting point as noted above. The equation 
of the lines generated by a linear least-squares fit of the 
data in Figures 1 and 2 is given by eqs 8 and 10, respec- 
tively. 
monofunctional compounds 

ASfu,(calcd) = 0.905ASfu,(expt) + 1.07 
ASfu,(calcd) = 0.958ASfu,(expt) + 0.00 

r: 0.9597; 0.9575 
standard error in ASfu,(calcd): f2.42; f2.48 eu 

average deviation: f1.77 eu 

ASf,(calcd) = 0.674ASfu,(expt) + 4.5 
ASfu,(calcd) = 0.952ASfu,(expt) + 0.0 

r: 0.763; 0.691 
standard error in ASfu,(calcd): f2.24; f2.51 eu 

average deviation: f2.03 eu 
A relatively good correlation between experimental and 

calculated values is observed for monofunctional com- 
pounds. The correlation obtained for multisubstituted 
compounds (eq 10) appears poorer than for monosubsti- 
tution. However the range of experimental entropy values 
available (the x axis scale in Figure 2) is roughly half that 
available for the monofunctional compounds. The smaller 
range is probably as responsible for the poorer correlation 
as is the scatter of the data. The similarity in the standard 
errors obtained from both correlations appears consistent 
with this interpretation. For purposes of evaluating how 
much error is introduced by the assumption that the ob- 

.served line passes through the origin, the lines in Figures 
1 and 2 were recalculated with this additional restriction. 

(8) 
(9) 

multifunctional compounds 

(10) 
(11) 
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Figure 3. Distribution of errors in fusion entropy for monofunctional hydrocarbons. 
Equations 9 and 11 result from least-squares treatment 
of the same data. The correlation coefficient and standard 
error obtained by this treatment are the second entry listed 
for each, respectively. These parameters, reported just 
below eqs 9 and 11, do not appear significantly affected 
by this assumption. 

I t  should be noted that although the fusion entropies 
in Figure 1 range from about 4 to 50 eu, most values fall 
between 10 and 15 eu. A similar result is obtained for 
multisubstituted compounds although the correlation is 
not as good. This observation forms the basis of Walden's 
rule which estimates fusion entropies as approximately 13 
e ~ . ' ~  As observed for hydrocarbons, Walden's rule seems 

(13) Walden, P. 2. Elektrochem. 1908,14, 713. 

Chickos et al. 

I 

to work better for highly branched and cyclic molecules 
but becomes a poorer approximation for linear hydro- 
carbons, or molecules containing long carbon chains. 
Functional groups on the internal portion of a carbon chain 
appear to have the same effect as carbon branching. 

The error distribution obtained in these correlations is 
summarized in the histograms of Figures 3 and 4. The 
difference between experimental and calculated values is 
presented at  a 0.5 eu interval. The distributions obtained 
for both correlations appear reasonably symmetrical. 

Fusion enthalpies can now be obtained directly from the 
calculated entropy and the experimental melting point (K) 
according to eq 12. The results of comparing experimental 
and calculated fusion enthalpies are presented in Figures 
5 and 6. In those cases where multiple phase changes are 
observed in the solid phase, the comparisons in the figures 
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Table 111. Functional Grow Contributions to Fusion Entropies 

functional 
KrOUD (k) 

group coefficient (CK) 
Ct C, c, C d  

total number 
of entries 

aldehyde 
bromine 
carboxylic acid 
chlorine 
fluorine on 

sp2 carbon 
sp3 carbon 
ring carbon 

hydroxyl group 
alcohol 
phenol 

iodine 
nitrile 
nitro group 
primary amide 
primary amine 

aromatic 
aliphatic 

thiols 
urea, monoalkyl 

aromatic heterocyclic nitrogen 

secondary amides 
amines 

secondary 
tertiary 

carbamate 
carbonate 
disulfide 
ester 
ether 
ketone 
sulfide 
sulfone 

cyclic amine 
secondary 
tertiary 
tertiary sp2 

cyclic ether 
cyclic ketone 
cyclic sulfide 
lactone 

4.70 
4.29 
3.56 
2.0 

3.11 
3.52 
3.80 

0.27 
3.96 
4.05 
2.30 
4.15 
6.26 

3.70 
3.88 
4.30 
6.16 

1.75 

-0.1 
-0.52 
-3.8 
-0.14 
-3.38 
1.26 
0.88 
0.26 
0.75 
1.72 
0.78 

0.44 
-4.08 
0.40 
0.32 
-0.45 
0.52 
-0.55 

Type 1 
1.0 
1.0 1.0 1.0 0.82 
1.0 1.83 1.88 1.72 
1.0 2.0 2.0 1.93 

1.0 1.0 1 .o 1.0 
1.0 1.0 1.0 1.0 
1.0 1.0 1.0 1 .o 
1.0 12.6 18.9 26.4 
1.0 1.0 [W [1.01 
I1.01 [1.01 
1.0 1.4 
1.0 1.0 1.0 
1.0 1.0 

[1.01 1.0 

1.0 Il.01 

Aromatic Type I1 
1.0 I1.01 [1.01 

Acyclic Type I1 

1.0 1.0 
[1.01 [1.01 
[1.01 
[1.01 
[1.01 
[1.01 
1.0 1.0 1.0 1.0 
1.0 [1.01 1 .o [ 1.01 
1.0 1.0 
1.0 [0.36] 
I1.01 
Cyclic Type I1 

1.0 1.82 

1.0 

-1.0- I1.01 
1 .o ii.oj 

are between calculated and total phase change enthalpy. 
The lines calculated by a least-squares fit of the calculated 
and experimental data is given by eqs 13-16. 

monofunctional compounds 
M f u ,  = TASfU8 (12) 

AHf,Jcalcd) = 0.941AHfu,(expt) + 0.182 (13) 
AHfu,(calcd) = 0.940AHfu8(expt) + 0.00 (14) 

r: 0.9703; 0.9696 
standard error in AHfu,(calcd): f0.76; f0.77 kcal/mol 

average deviation: f0.49 kcal/mol 
multifunctional compounds 

AHfu,(calcd) = 0.794AHfu,(expt) + 1.01 (15) 
AHfu,(calcd) = 0.956AHfu8(expt) + 0.00 (16) 

r: 0.8819; 0.8644 
standard error in AHfu8(calcd): fO.90; f0.98 kcal/mol 

average deviation: f0.76 kcal/mol 
As in the case with fusion entropies, the least-squares 

calculation were also repeated with the additional re- 

striction that calculated line pass through the origin. 
Equations 14 and 15 are the result of treating the data in 
this manner. The correlation coefficient and standard 
error obtained are included as the second entry listed after 
these parameters. The standard error in AHfu8 does not 
appear to be significantly affected by assuming a slope of 
one and an intercept of zero. 

Histograms illustrating the distribution of errors in en- 
thalpy for both mono- and multisubstituted compounds 
are given in Figures 7 and 8. As noted previously, ex- 
perimental fusion entropies were obtained by summing all 
significant entropy changes occurring up to and including 
melting. Estimated fusion enthalpies were obtained in this 
work by multiplying the calculated entropy by the ex- 
perimental melting point. For those substances exhibiting 
known solid-solid phase transitions, 86 out of the 460 
compounds correlated, this manner of estimation will tend 
to overestimate the fusion enthalpies of these compounds. 
The histograms in Figures 7 and 8 should be significantly 
skewed if a significant error results from this convention. 

Numerical values of the fusion enthalpy at temperatures 
other than fusion temperature are often needed in ther- 
mochemical calculations. Fusion enthalpies at 298 K differ 
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Figure 5. Calculated vs experimental fusion enthalpies of monofunctional hydrocarbons. 

from those obtained at  the melting point because of the 
differences in the heat capacities of the liquid and solid 
phase. Since heat capacities for both the solid and liquid 
phase are not presently available for most of the com- 
pounds used in this correlation, it has not been possible 
to correct the experimental fusion enthalpies to a standard 
temperature. As a consequence, the parameters in this 
work have been generated from experimental fusion en- 
thalpies measured over a wide range of temperatures (the 
mean fusion temperature for all 651 compounds used in 
generating the parameters in Tables I1 and I11 (191 hy- 
drocarbons, 225 mono- and 235 multisubstituted com- 
pounds) is 280 K). To determine how error in estimation 
varies as a function of fusion temperature, the difference 
between experimental and calculated fusion enthalpies has 

been plotted as a function of fusion temperature. The 
results are shown in Figure 9. It is evident from this graph 
that the scatter in the data is larger than any effect of 
temperature on these parameters. The divergence in the 
magnitude of the error as the temperature increases is 
mainly the consequences of how the least-square calcula- 
tions were performed (vide supra). 

The introduction of additional parameters would most 
certainly improve the correlation. In order to decrease the 
average error in AHf, [between experiment and calcula- 
tion] from 1.45 kcal/mol obtained from the two parameter 
approach of Walden to 0.63 kcal/mol [the average devia- 
tion of all 651 compounds correlated by these two meth- 
ods], it has been necessary to introduce approximately 50 
group parameters and to modify an additional 22 group 
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Table IV. Estimation of Fusion Entropies by Group Additivity 
calculation 

monosubstituted group value 
compounds (n)  (C) (GI 

C6HloS cyclopentanethiol 

Fa 

F 

cyclopentane 

SH 
CCH[C%I 

ASf,( calcd) 
ASdexpt) 

CsHsS benzothiophene 
cyclopentane 

sulfide (cyclic) 

ClPl1 cis-perfluorodecalin 
bicyclo[4.4.0]decane 

fluorine (ring C): 
10 CC[C2CC21 

ASdexpt) 
ASf,Tcalcd) 

CIOHBN 1-naphthylamine 

ASb(calcd) 
ASfdexpt) 

C7H6C102 2-chlorobenzoic acid 

ASh(calcd) 
ASfdexpt) 

CSH7FO3 o-fluoromandelic acid 

C12HsN2 benzo[c]cinnoline 
8 CaH[C$I 

4 Cap[C,C,p 1 
2 heterocyclic N 

ASf,(calcd) 
ASdexpt) 

C6HB02 furfuryl alcohol 
cvcloDentane 

ASf,(calcd) 
ASdexpt) 

CIHBBr202 2,3-dibromo-l,.l-butanediol 
2 CHdC2I 
2 CH[Csl 

2 OH 
2 Br 

ASf,(calcd) 
ASdexpt) 

[8.41] + 1.025[5 - 31 
(1) (0.76) (-3.82) 
(1) (1.0) (4.3) 
11.9 
12.0 (155.4 K) 

[8.41] + 1.025[5 - 31 
(1) (1.0) (0.52) 
(1) (0.86) (-2.8) 
(1) (1.0) (-2.8) 
(1) (1.0) (-1.04) 
(1) (0.62) (-1.04) 
(4) (1.0) (1.54) 
10.2 
9.28 (304.5 K) 

[8.41] (2) + 1.025[10 - 61 
(10) (1.0) (-7.88) 
(18) (1) (3.80) 
10.5 
9.23 (266.7 K) 

(7) (1.0) (1.54) 
(2) (1.0) (-1.02) 
(1) (1.0) (-1.02) 
(1) (1.0) (3.7) 
11.8 
11.5 (323.2 K) 

(4) (1.0) (1.54) 
(2) (1.0) (-1.02) 
(1) (1.83) (3.56) 
(1) (2.0) (2.0) 
14.6 
14.9 (413.4 K) 

(4) (1.0) (1.54) 
(1) (1.0) (-1.02) 
(1) (1.0) (-2.47) 
(1) (.069) (-3.87) 
(1) (1.88) (3.56) 
(1) (1.0 (3.11) 
(1) (18.9) (0.27) 
14.9 
17.4 (dl ,  390 K) 
13.8 (a, 363 K) 

(8) (1.0) (1.54) 
(4) (1.0) (-1.02) 
(2) (1.0) (1.75) 
14.9 
11.6 (432.2 K)  

[8.41] + 1.025[5 - 31 
(3) (1.0) (-1.04) 
(1) (0.86) (-2.8) 
(1) (1.0) (2.25) 
(1) (1.0) (0.32) 
(1) (12.6) (0.27) . . .  . .  
14.9 
12.1 (258.6 K) 

(2) (1.0) (2.25) 

(2) (26.4) (0.27) 
(2) (0.69) (-3.87) 

(2) (0.82) (4.29) 
20.5 
19.0 (dl, 363.2 K) 
20.7 (a, 338.2) 
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Figure 6. Calculated vs experimental fusion enthalpies of multifunctional hydrocarbons. 
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Figure 7. Distribution of errors in fusion enthalpy for monofunctional hydrocarons. 

coefficients. At  this rate, additional improvements in 
correlation to approach the uncertainty typical of most 
experimental fusion measurements, 0.2-0.3 kcal/mol, is 
likely to require the introduction of many more parame- 
ters. Such improvements should probably await a sub- 
stantial increase in the available data base. 

Experimental Section 
Heats of Fusion. Heats of fusion were measured on a Per- 

kin-Elmer DSC-2 Differential Scanning Calorimeter interfaced 
to a Compaq computer. Heats of fusion were calculated on the 
basis of three independent determinations on each substance. The 
first run was begun at rmm temperature or 10 K below the melting 
point of the sample, whichever was lower, to 10 K above the 
melting point a t  a heating rate of 10 K/min. Each sample was 

weighed before and after fusion to assure that sample had not 
been lost during heating. Samples showing a significant weight 
loss are so noted below and were not used in the parameterization. 
All samples were weighed on a Mettler H54AR scale to the nearest 
0.01 mg; sample sizes of approximately 5 mg were used. Most 
samples were obtained from commercial sources and were 
characterized by NMR and melting point. Indium metal was used 
as the calibration stand=$ a heat of fusion of 6.83 cal/g was used 
in the  calculation^.^^ 

In addition to the compounds measured below, naphthalene 
(scintillation grade, 99+ %, Aldrich Chemical Company) and 
benzoic acid (primary standard for calorimetry, Fisher Scientific) 
were also measured. Five determinations of each were performed. 

(14) Groenvold, F. J.  Therm. A n d .  1978, 23, 419. 
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Figure 9. Observed errors in fusion enthalpy between experimental and calculated fusion enthalpies as a function of temperature. 

A value of 4.8 i 0.1 kcal/mol was measured for naphthalene (lit.15 1-Adamantanol. l-Adamantanol(99%, Aldrich Chemical Co.) 
4.53 kcal mol) and 4.3 i 0.05 kcal/mol was obtained for benzoic was sublimed before use: mp 280-282 "C (sealed tube (lit. mp 
acid (lit.(e 4.32 kcal/mol). On the basis of these two results we 280 "C)); no heat of fusion was measured (weight loss detected 
estimate our accuracy at about 6.0%. after fusion). A transition was detected at approximately 365 K, 

4-tert-Butylbenzoic Acid. 4-tert-Butylbenzoic acid (99+%, 3.3 i 0.2 kcal/mol. 
Aldrich Chemical Co.) was sublimed before use: mp 163-4 "C Methyl Palmitate. Methyl palmitate (99+%, Aldrich 
(lit. mp 163-4 "C); AHHh, 4.28 i 0.13 kcal/mol; no transitions other Chemical Co.) was used as is: mp 31-31.5 "C (lit. mp 32-34 "C); 
than fusion were detected in the temperature range studied. AHfw 16.3 i 1.2 kcal/mol; no transitions other than fusion were 

4-Ethylbenzoic Acid. 4-Ethylbenzoic acid (99%, Aldrich detected in the temperature range studied. 
Chemical Co.) was sublimed before use: mp 111-2 "C (lit. mp 2-Norbornanone. 2-Norbornanone (97%, Aldrich Chemical 
112-3 "C); AH,, 3.36 * 0.14 kcal/mol; no transitions other than Co.) was sublimed before use: mp 95-6 "C (lit. mp 94-96 "C); 
fusion were detected in the temperature range studied. AHfu. 0.81 f 0.1 kcal/mol (weight loss detected after fusion); no 

transitions other than fusion were detected in the temperature 
range studied. 

Octadecanamide. Octadecanamide (Technical Grade, Aldrich 
Chemical co.) was purified by recrystallization (1:l ethyl ace- 
tate-cyclohexane) and sublimed before use: mp 105.8-106 "C (lit. 
mp 109 "C); AHfu, 14.3 i 0.57 kcal/mol. 

(15) Callanan, J. E.; Sullivan, S. A,; Vecchia, D. F. Feasibility Study 
for the Development of Standards Using Differential Scanning Calori- 
metry. NBS publicatjon 26099, us Government printing Office, 
Washington, 1985. 
(16) Andon, R. J. L.; Connett, J. E. Thermochim. Acta 1980,42,241. 
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Methyl Myristate. Methyl myristate (99%, Aldrich Chemical 
Co.) was distilled before we: mp 19 "C (lit. mp 19 "C); AHh. 12.0 
f 0.18; no transitions other than fusion were detected in the 
temperature range studied. 

Dodecyl Alcohol. Dodecyl alcohol (Eastman Kodak) was 
recrystallized (aqueous ethanol) before use: mp 24.5-25 OC (lit. 
mp 22-26 "C); AHb 9.6 * 0.22 kcal/mol; no transitions other than 
fusion were detected in the temperature range studied. 

1,3-DiphenyIacetone. 1,3-Diphenylacetone (Aldrich Chemical 
Co.) was distilled, recrystallized (aqueous ethanol), and sublimed 
before use: mp 34-34.8 "C (lit. mp 35 "C); AHfw 4.83 f 0.2 
kcal/mol; no transitions other than fusion were detected in the 
temperature range studied. 

Octadecyl Alcohol. Octadecyl alcohol (Eastman Kodak) was 
recrystallized (95% ethanol) and sublimed: mp 57-58 "C (lit. mp 
59.4-59.8 "C); AHfu8 16.75 f 0.65 kcal/mol. 
2,4,6-Tri-tert-butylphenol. 2,4,6-Tri-tert-butylphenol 

(Aldrich Chemical Co.) was recrystallized (1:l hexane-ethanol) 
before use: mp 129-130.2 "C (lit. mp 128-30 "C); AHfw 4.65 f 
0.1 kcal/mol; no transitions other than fusion were detected in 
the temperature range studied. 

Cinnamyl Alcohol. Cinnamyl alcohol (Matheson Coleman 
And Bell) was recrystallized from hexane and sublimed before 
use: mp 33.9-35.9 "C (lit. mp 33 "C); A&,,, 3.76 * 0.2; no tran- 

sitions other than fusion were detected in the temperature range 
studied. 

Thymol. Thymol (Mallinckrodt) was recrystallized before we: 
mp 50.5-51.5 "C (lit. mp 51.5-52 "C); AHh. 5.3 f 0.13 kcal/mol; 
no transitions other than fusion were detected in the temperature 
range studied. 

Triphenylamine. Triphenylamine (Eastman Kodak) was 
recrystallized (ethyl acetate) and sublimed before use: mp 
126.2-127.2 "C (lit. mp 127 "C); AHfw 5.95 f 0.1; no transitions 
other than fusion were detected in the temperature range studied. 
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Photoreduction of a,a* and n,a* Triplet Carbonyls by Amines: 
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Photoexcited 2-naphthaldehyde (2-NA), 2-acetonaphthone (2-AN), and p-aminobenzophenone @-AMB), with 
A,** triplets, do not abstract H from a-C or N of a primary amine, 2-butylamine. Reductions are catalyzed by 
aniline plus aliphatic thiol, but not by thiol alone, to I#J = 0.6,0.5, and 0.35, respectively. These triplets abstract 
H from N of a secondary amine, diisopropylamine, but the resulting ketyl and alkylaminyl radicals disproportionate, 
regenerating starting materials; these reductions are catalyzed by thiol to I#J = 0.6-0.5. Catalysis results from 
sequences of H atom transfers, from thiol to aminyl radicals, and from a-C of amines to thiyl radical, forming 
a-aminoalkyl radicals, which lead to final reduction products. Reduction of 2-NA by tertiary amines, triethylamine 
(TEA) and N,N-diethylethanolamine, is efficient in acetonitrile, I#J = 1.5, and less so in benzene, I#J = 0.5 and 
0.7, respectively. Values for 2-AN are lower, 0.5-0.6 in acetonitrile, and <0.1 and 0.4, respectively, in benzene. 
p-AMB is reduced by TEA in benzene, I#J = 0.3. p-Cyanobenzophenone, with an n,r* triplet, is reduced by these 
amines, in benzene, with I#J = 0.8 by the primary amine, I#J = 1.4 by TEA, and increased from 0.3 to 0.5 by thiol 
in reduction by the secondary amine. Relations of reactivity to carbonyl reduction potential, triplet-state energy 
and configuration, ionization potential of amine, and medium polarity are discussed. 

Introduction 
Photoreduction of aromatic carbonyl compounds by 

amines is affected by excited-state configuration, degree 
of substitution on N, and polarity of environment.' T h e  
reactions generally proceed via initial charge-transfer in- 
teraction, ki,,2 which may  be followed, to varying degree, 
by (i) spin inversion and  return t o  start ing materials, k,,2 
(ii) formation of free cation and anion  radical^,^ or (iii) 

(1) Cohen, S. G.; Parola, A. H.; Parsons, G. H., Jr. Chem. Reo. 1973, 
73,141. Parsons, G. H., Jr.; Cohen, S. G. J .  Am. Chem. SOC. 1974,96, 
2348. Parola, A. H.; Rose, A. W.; Cohen, S. G. Zbid. 1975, 97, 6202. 

(2) Cohen, S. C.; Cohen, J. I. J .  Phys. Chem. 1968, 72,3782. Cohen, 
S. G.; Chao, H. M. J. Am. Chem. SOC. 1968, 90, 165. 

(3) Peters, K.  S.; Freilich, S. C.; Schaeffer, C. C. J .  Am. Chem. SOC. 
1980, 102, 5701. Schaeffer, C. G.; Peters, K. S. Ibid. 1980, 102, 7566. 
Simon, J. D.; Peters, K. S. Zbid. 1981, 103, 6403. 

hydrogen transfer from a-C, kh, or from N, k'h forming 
ketyl radical, I, and a-aminoalkyl radicals I1 or IV, or 
alkylaminyl radical, 111, respectively, eq  l.2-4 Values of 
ki, rise with decreasing ionization potential of donors,w 
from primary t o  secondary to tert iary amines of related 
structure, and may also be correlated with ionization po- 
tential  of donor-derived  radical^.^ 

(4) Inbar, S.; Linschitz, H.; Cohen, S. G. J.  Am. Chem. SOC. 1980,102, 
1419. Inbar, S.; Linschitz, H.; Cohen, S. G. Zbid. 1981, 103, 1048. 

(5) Guttenplan, J. B.; Cohen, S. G. J .  Am. Chem. SOC. 1972,94,4040. 
Cuttenplan, J. B.; Cohen, S. G. Tetrahedron Lett. 1972, 2163. 

(6) Gorman, A. A.; Parekh, C. T.; Rogers, M. A. J.; Smith, P. G. J. 
Photochem. 1978,9, 11. 

(7) Yates, S. F.; Schuster, G. B. J .  Org. Chem. 1984,49, 3349. 
(8) Abakumov, G. A.; Chesnokov, S. A.; Cherkasov, V. K.; Razuvaev, 

G. A. Chem. Abstr. 1985, 103, 122727h. 
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