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I. Introduction

Porphyrins have now come to have a significance be-
yond the biological role they play as the organic structure
in which iron is bound in the hemoproteins, and, in the
form of dihydro and tetrahydro derivatives, the structure
in which magnesium is bound in plant and bacterial chlo-
rophylls (see Figure 1a-c).'-*

Not counting the biological macromolecules, porphy-
rins are some of the largest molecules found in living
systems, and their biosynthesis thus provides an impor-
tant test case for the hypothesis that building up large
molecules from low molecular weight substrates is an en-
ergy-requiring process.5 Their presence in petroleum is a
crucial factor in establishing its origin and deciding its
geochemical evolution.®:7 The ease of their synthesis,
given appropriate starting materials, is a pertinent consid-
eration both in exobiology® and in cosmic chemistry, for
it has recently been suggested that porphyrins are pres-
entin interstellar clouds.®

The stability of porphyrins is thus a topic with many
ramifications, and, as has been customary with other ar-
omatic structures, resonance stabilization has been re-
garded as an extremely important factor.’® Furthermore,
a diminution in this stabilization has been invoked in the
case of the dihydro and tetrahydro ring systems. For ex-
ample, “the dihydroporphyrins, commonly known as chio-
rins, include two extra hydrogen atoms on one of the pyr-
role rings, saturating one of the double bonds, and thus
impairing the resonance stability of the porphyrin struc-
ture by interfering with the conjugated bond system. The
tetrahydroporphyrins carry four extra hydrogen atoms. As
would be expected the resonance stability is further im-
paired.” 0 It will be shown below in section V.A, where
the nature and extent of the conjugation are examined,
that this description of the reduced states is an oversim-
plification. Moreover, there appear to be no resonance
energy values in the literature for the dihydro- and te-

t This work forms part of a research program on Thermodynamic As-
pects of Biochemical Reactions supported by the National Science Foun-
dation, Grant GB 24409.
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Figure 1. Kekulé structures for porphine derivatives. (a) Por-
phine (P): the biologically important porphyrins have substitu-
ents at positions 1 through 8, with hydrogen atoms at positions
a through &. One of the simpler organic syntheses gives
a.(3,v,0-tetrasubstituted derivatives. (b) Dihydroporphine (PHj):
generally known as chlorines; in the chlorophylls there is a sub-
sidiary ring from Cg to C,. (c) Tetrahydroporphine (PH4): the ring
structure present in the bacterial chlorophylis. (d) Porphyrino-
gen (PHg): the cyclic tetrapyrrolic precursor of the porphyrins in
the biosynthetic pathway. Porphine drawn to scale from data
quoted by Tulinsky.*

trahydrorphyrins to support this contention (calculations
for the former will be presented later in Table XV). In
fact, despite the obvious importance of the resonance
energy of porphyrins and the great interest shown over
the years in the values for benzene and polycyciic aro-
matic hydrocarbons, there have been surprisingly few es-
timates of its magnitude.

Several theoretical studies have been carried out using
free-electron, LCAO and MO models, but they have been
concerned primarily with accounting for spectroscopic
characteristics.'’-’® Resonance energies from 8.98 to
10.80 have been obtained for porphine and several sub-
stituted derivatives like those which occur naturally.’’
Putting 8 equal to 16 and to 18 kcal, these values would
correspond to 142-173 and 160-195 kcal, respectively.
Iin a later publication the value was rounded off at 200
kcal.'* But the theoretical estimate is dependent not only
upon the magnitude of 8, but also on values chosen for
other parameters to allow for heteroatoms in the aromat-
ic structure.

At present the experimental studies are not particularly
helpful in arriving at any more reliable a value. Until quite
recently the only data available were the heats of com-
bustion of a number of naturally occurring porphyrins and
their derivatives reported by Stern and Klebs in 1933.'5
From this source, in 1950, Dorough and Shen’'¢ arrived at
a value of about 250 kcal, but gave no details of their
calculation procedure nor any indication of the particular
porphyrin it referred to. The origin of the bond energy
terms and heats of atomization of the elements was very
probably the compilation published by Pauling in 1940.7
On this basis, taking etioporphyrin | as the example, 225
kcal is obtained, compared to 39 kcal for the resonance
energy of benzene. Corresponding values using the 1960
revision of the primary data'® are set out for comparison
in Table |. In their entirety, however, the Stern and Klebs’
data give, as will as shown below, a great scatter of
values from 78 to 179 kcal in relation to a value of 32
kcal for benzene. Furthermore, compared to these “low”
values, the much more recent combustion experiments of
Longo, Finarelli, Schmalzbach, and Adler'® on porphine
and its tetraethyl and tetraphenyl derivatives, with an
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TABLE |, Heats of Atomization, AH.°, Total Bond Energy
Terms, XE, and Resonance Energies, RE, for Benzene and
Etioporphyrin I+

Pauling, Pauling,

Compound Property 1940 1960
Benzene AH° 1039 1323
TE 1000 1283

RE 39 40’

Etioporphyrin | AH° 6263¢ 7¢06¢
SE 6038 7690

RE 225 216

< Calculated from the combustion data ot Stern and Klebs! using
Pauling’s bond energy values in “The Nature of the Chemical
Bond,’ 1940 and 1960.i718» Pauling (ref 17, p 193) quotes 37 kcal/mol,
but the bond energy terms listed for E(C-C) and E(C-H) in Table 3-4
(p 85), together with E(C=C) in Table 6-1 (p 189), give “E = 1283, not
1286, and hence RE = 40 kcal/mol. The origin of this discrepancy is
obscure: AH,° = 1323 is correct according to the values given for the
heat of combustion of benzene, 789.2 kecal/mol, and the heats of
atomization of the elements in Table 3-5 (p 86). " Based on AaH(°
(etioporphyrin 1), = —6.0 kcal/mol, calculated by Cox and Pilcher2
from the combustion data of Stern and Klebs,? and an estimated
AH.u1° of 26.5 keal/mol.

identical calculation procedure, give "high” values from
450 to 500 kcal. The same compound was not burned by
both groups of investigators, so there is a possibility, re-
mote perhaps, that the difference may be real.

At the outset, the purpose of this review was to put
thermochemical calculations for porphyrin reactions on a
firmer basis. In the literature the enhanced stability had
been envisaged in terms of resonance effects; hence res-
onance energy calculations in the traditional manner
seemed the natural point of departure. New values were
to be calculated for benzene, alkyl benzenes, polycyclic
aromatic hydrocarbons, {18Jannulene, pyridine, and pyr-
role heterocycles, using the authoritative compilation of
heats of formation of organic compounds published by
Cox and Pilcher in 1970,2° so that the issue of the likely
magnitude of the porphyrin resonance energy—a 'low"
or "high” value—could be judged in relation to aromatic
compounds in general on exactly the same basis. This
approach was, in fact, employed, although not elaborat-
ed, in discussing thermodynamic aspects of porphyrin
synthesis and biosynthesis.5

However, a closer examination of the procedures and
the assumptions implicit in calculating resonance ener-
gies suggested that the treatment be broadened in
scope, dealing first with resonance energy calculations
and the manner in which the assumptions affect only the-
oretical considerations and not the validity of calculations
of reaction heats; secondly, with an alternative approach
using bond energy terms which include w-electron bind-
ing energies; and finally, with calculations of AH®, AS°,
and AG® for various porphyrin reactions in which the por-
phine aromaticity is disrupted either by ring fission or by
extensive reduction.

/1. Sources of Data

The heats (enthalpies) of atomization, AH,°, of the
elements from their standard states at 25° (H, 52.10 %
0.06; C, 170.90 £ 0.45; N, 113.0 £ 0.5; O, 59.56 =+
0.03) have been taken from Cox and Pilcher,2? also all
the values for the heat (enthalpy) of formation of the
compounds, AH:°, unless otherwise stated. The heat of
atomization of a gaseous compound follows from a con-
sideration of a simple Born-Haber cycie, i.e.

AH, °(compound)y = AH,°(elements) s~ AH;"{compound),
M
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Figure 2. A plot of the heat of sublimation, AHgup", against the
number of structurally bonded carbon, nitrogen, and oxygen
atoms in a molecule. (a and b) Compounds containing one and
two aromatic rings, respectively, with C, N, and O substituent
groups; data taken from Cox and Pilcher.?® (c) From left to
right, values for tetraethylporphine, porphine, and tetraphenyl-
porphine 214"
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For a number of compounds AHr° is recorded only for
the solid, so in these cases the heat of sublimation,
AHgup®, has been estimated from the curve in Figure 2
where a selection of experimental values for AHg,p° are
plotted as a function of the number of structurally bonded
C, N, and O atoms in the molecule.2%:2' Any error in-
volved is unlikely to exceed 3 kcal/mol, and for the ma-
jority of compounds where this estimation procedure has
had to be employed, notably the pyrroles, chlorines, and
porphyrins, the scatter in the values obtained for the res-
onance energies far exceeds this uncertainty.

For uncomplicated compounds AHa°(compound)g is
simply equal to ZE, the sum of the bond energy terms,
the convention being that E is positive, i.e., enthaipy in-
creases, for the breaking of a bond. in other cases,
where resonance stabilization occurs or there is ring
strain destabilizing the structure, the relationship be-
comes

AH,*(compound), = 2E + RE - CRSE (2

RE and CRSE denoting the resonance energy and the
conventional ring strain energy respectively.

"~ The symbois for the bond energy terms (Laidler param-
eters) employed by Cox and Pilcher?? have been adopt-
ed, also the values they recommend (Table 50 in their
monograph); see Table 1. Additional values which had to
be calculated for the present study are noted in passing.

All energies are quoted in kilocalories per mole, per
atom, or per mole-bond at 25°C as the case may be. For
brevity in the tables, a double bond is often abbreviated
as DB. The £ sign following a mean value denotes the
standard error.

I11. Meaning of Resonance Energies

Resonance energies are obtained from heats of either
combustion or hydrogenation by two well-known proce-
dures.'7:18-22-26 Thg combustion heat is used to calcu-
late the heat of atomization of the molecuie via the heat
of formation of the gaseous compound (see eq 1), and
then the resonance energy is obtained using eq 2. Heats
of hydrogenation are employed as follows: taking ben-
zene as the example, the heat of hydrogenation of cyclo-
hexene is used to estimate that for the (hypothetical) cy-
clic structure, cyclohexatriene, having three C—C and
three C=C bonds. Experiment shows the heat of hydro-
genation of benzene to be less favorable by about 36
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TABLE Il.” Bond Energy Terms (Laidler Parameters)
Taken from Cox and Pilcher®

E(C-C) 85.48 £(C=0) 158.28
E(C-H), 98.19 E(Cei-H) 101.97
E(C-H). 97.27 E(Cco-C) 94.67
E(C-H). 96.53 E(C-Ch) 99.13
E(C=C) 133.00 E(C-H).C0 98.19
E(Ca=H). 101.19 E(C-H).c0 97.34
E(Ca-H), 100.53 E(C~H).¢0 95.53
E(Cy—H) 100.53 E(COOH) 383.34
E(C4-C) 90,07
E(Cy~C) 88.91 E(N-H). 91.57
E(N-H), 90.21
E(O-H) 107.83 E(C-N) 74.00
E(C-0) 91.02 E(Cy-N) 81.87
E(C-H),0 96.00 E(C-H),~ 97.59
E(C-H).0 95.51 E(C-H).Y 97.12
E(C-H).® 95.21 E(C-H). 97.32

« Explanation of symbols. (C-H),, (C-H)., and (C-H). denote the
C-H bond in a CH; CH., and CH group, respectively, the other
bond(s) being to paraffinic carbon. The same symbols with the
superscripts O, CO, and N indicate that the carbon is joined to these
atoms, e.g., in alcohols, ethers, and esters, in aldehydes, ketones,
carboxylic acids, and derivatives, and in amines, respectively.
C, Cg, Ci, and Cci denote carbon atoms in the following structural |
environments: paraffin, oletin, benzene (aromatic), carbonyl,
carboxylic acid and derivatives. (Ca-H);, (Ca-H): etc., denote the
C-H bond in olefins where there are one and two hydrogen atoms,
respectively, bound to the olefinic carbon atom. (COOH) denotes
the carboxylic acid group comptising the C=0, C-0, and O-H bonds
taken together.

kcal/mol; benzene is thus regarded as being 36 kcal/mol
more stable than such a structure, and the 36 kcal/mol
is identified as its resonance energy. Cyclohexene serves
as the ‘“‘reference’” substance, the choice of which will be
critically examined later. Combustion heats can also be
used to calculate resonance energies in this way, and on
occasion have been,?? although the original procedure
was that outlined above. Resonance energies calculated
from hydrogenation data have generally been preferred
on the grounds that, as the direct difference between rel-
atively small experimental heats, they are more accurate
than values arrived at as the difference between the
much larger quantities involved in either procedure using
combustion heats.

A. Resumeé of Criticism of Bond Energy Terms
and Resonance Energies

Even so, it has long been recognized that these “em-
pirical” resonance energies obtained from thermochemi-
cal data are ambiguous quantities for a variety of rea-
sons, some of which relate to the “state of the art,” and
others which are far more fundamental.

In the tormer category it is self-evident that in any cal-
culation procedure which involves AH,° and bond energy
terms the magnitude of the resonance energy depends
on the values adopted for the heats of atomization of the
elements and on the particular values assigned to the
various bond energy terms. Schofield's book?* has a very
instructive tabulation of resonance energy values calcu-
lated by various authors, with full references. With the
high value now well established for the heat of atomiza-
tion of graphite, it is improbable that further changes in
AH,° for carbon, hydrogen, oxygen, or nitrogen will ex-
ceed a few tenths of a kcal,/ (g atom). The assignment of
bond energy terms is still, and, by their very nature, will
remain a matter of choice, but the scheme adopted by
Cox and Pilcher?® is extremely satisfactory for taking
next-nearest-neighbor interactions into account with a
great diversity of functional groups. In any case, heats of



88 Chemical Reviews, 1975, Vol. 75, No. 1

TABLE IlIl. The Magnitude of the Thermal Energy, H%:0s — H®,
and the Zero Point Energy, ZPE, in Relation to the Heat of
Atomization at 298°K, AH,°, for Various Hydrocarbons ©

Hydrocarbon AH° (H°298 — H®) ZPE

Methane 397.19 2.40 (0.60) 27.1(6.82)
Ethane 674.64 2.86 (0.42) 45.2 (6.70)
n-Hexane 1794.72 6.99 (0.39) 116.2 (6.47)
Ethylene 537.75 2.53(0.47) 30.5 (5.67)
Cyclohexane 1680.10 4.24 (0.25) 104.5 (6.22)
Benzene 1318.19 3.40 (0.26) 67.1(5.09)

e Energies in kcal/mol: (H%s ~ H%) and ZPE also expressed as
percentages of AH,° in parentheses.

reaction calculated from any such data are independent
of both AH,° (elements) and the actual values of the
bond energy terms, provided these data are used consis-
tently.

In the latter category there are several more funda-
mental issues at stake. First, as Zahn pointed out in
1934,27 the heat of atomization of a gaseous compound
consists of energy contributions in addition to the chemi-
cal (i.e., electronic) binding energy, namely thermal en-
ergy of translation, rotation, and vibration at all tempera-
tures above absolute zero, and, even at absolute zero,
the zero-point energy. All derived thermochemical quan-
tities, bond energy terms and resonance energies, are
thus not purely electronic in origin. However, quantitative
data for hydrocarbons?® show that thermal energies,
H°,98 — H°, are a very small fraction amounting to
about 0.2-0.6% of AH,° (see Table Ill), and to a first
approximation they are an additive function of molecular
sructure. While the zero-point energies are some ten
times greater in magnitude,2? they still do not exceed 7%
of AH,°, and for the n-alkanes at least they are to a fair
approximation a bond additive function. The assumption
that this would be true for other kinds of bonds is entirely
reasonable, and heats of reaction calculated from bond
energy terms are unlikely to be seriously in error on this
account.

Secondly, quite apart from these complications, empir-
ical resonance energies do not correspond to the stabili-
zation energy of theoretical interest. In molecular orbital
theory this is identified as the energy resulting from the
delocalization of electrons originally constrained in isolat-
ed double bonds. In valence-bond theory it is identified
as the difference between the actual energy of the mole-
cule and the energy calculated for the most stable single
contributing structure having the same geometry. Provid-
ed the “isolated double bond structure” of the MO treat-
ment is the same as the 'more stable single contributing
structure’ of the VB treatment, the stabilization energy is
identical, and, to distinguish it from the empirical reso-
nance energy, it is often referred to as the vertical reso-
nance energy.23:28:2% Empirical resonance energies thus
differ from these theoretical stabilization energies by the
energy needed to convert the single- and double-bond
structure into the actual structure with bonds of interme-
diate length. Calculations have put this compression en-
ergy at about 27 kcal/mol in the case of benzene.28

This difference in molecular geometry is implicit in
both thermochemical calculation procedures. In the ben-
zene example cited above, it is self-evident that cyclo-
hexatriene would have the geometry of a cyclic triolefin
since its hydrogenation heat is based on that for the cy-
clic monoolefin, cyclohexene, as the reference com-
pound. The difference is not quite so clear, however, in
the case of the procedure using combustion heats to cal-
culate AH:®, AH4°, and hence RE from eq 2. Opinion as
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to the nature of the carbon-carbon bond appropriate to
the structure for which AH,° would simply be ZE has
changed over the years from C-C, as in paraffins,3? to
Cq—Cgq4, which takes cognizance of the different hybridiza-
tion.31:32 But since all calculations of this type employ a
bond energy term for C=C obtained from olefins, it can
be inferred that the structure must be one having double-
and single-bond geometry; therefore the same argument
regarding compression energy holds.

All these points have been discussed at length in the
literature, and will not be elaborated any further here.
There are two other thermochemical considerations
though that have not been mentioned as yet. First, in tak-
ing cyclohexene as the reference compound in the case
of benzene, the strain energy of the cyclohexene ring,
which makes the heat of hydrogenation more favorable
than it would otherwise be, appears quite irrelevantly as a
component of the benzene resonance energy.23 Obvious-
ly a correction can be made, but it leaves the calculation
procedure itself, as a means of evaluating a property of
benzene, open to question. Secondly, as Dewar and
Schmeising pointed out in 1959,%" a molecule such as
cyclohexene is conjugatively stabilized by the presence
of bonds of the sp?-sp® type that are absent in benzene,
and in addition hyperconjugation effects lead to varia-
tions in the C-H bond energy term. Therefore in using cy-
clohexene as the reference compound, the resonance
energy obtained for benzene contains irrelevant contribu-
tions from conjugation and hyperconjugation effects too.
For these reasons, since the choice of any reference
reaction is an arbitrary one, they advocated that the sim-
plest reaction, free from such effects, is preferable. Hence,
instead of an olefin having some close structural resem-
blance to the conjugated compound as reference, they
suggested ethylene and identified the empirical reso-
nance energy as AH° for the reaction.

conjugated compound + ethane —>
fully reduced compound + ethylene (3)

These criticisms of the empirical resonance energy con-
cept on purely thermochemical grounds have been taken
up by Mortimer,2® Skinner and Pilcher,?3 Cox and Pilch-
er,29 and others, but more as a matter of principle, not
exploring how the magnitude of the resonance energy is
dependent on the reaction chosen.

in fact, it does not yet appear to be generally appre-
ciated that both classical procedures for calculating reso-
nance energies from thermochemical data do not evalu-
ate an energy that is the property of a molecule, but an
energy that is the enthalpy change for a particular reac-
tion. Before proceeding with new calculations of values
for conjugated hydrocarbons and nitrogen heterocycles,
it is thus necessary to make quite clear what underlying
thermochemical assumptions are being made, and so the
dependence of the values on the various reference reac-
tions will be examined first. This analytical exercise is of
theoretical interest because empirical resonance ener-
gies, with or without correction for strain energies and
compression energies, are frequently compared with de-
localization energies, e.g., 8 values, obtained from theo-
ry. It also has practical significance in the calculation of
heats of reaction using bond energy terms, because it
makes explicit the conditions under which these various
criticisms do not affect the answer.

B. Calculation of [nE(C4-C4) + RE] and the
Consequences of Equating AHRr ° with RE

Having decided upon the values for the bond energy
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terms for the C—C bond and the three types of C—H
bonds in alkyl groups, the two types of C—H bonds in
olefins, C=C and C4-C,2% it is a matter only of simple
arithmetic to evaluate the composite term [nE(Cy~Cq) +
RE] for any conjugated structure for which AH;° of the
gaseous compound and hence its heat of atomization are
known, “n” being the number of Cq~Cq bonds, ie., the
single bonds between sp? hybridized carbon atoms.

This is the basis of the evaluation of an empirical reso-
nance energy from the heat of combustion, and clearly
its magnitude depends on that adopted for E(C4-Cg)
since there is no assumption that can be made using this
datum alone to divide up the composite term. Values of
[E{(Cq-Cq) + RE] for three 1,3-dienes, the only com-
pounds of this type for which data are available, are set
out in Table IVA. The mean value is 98.03 &+ 0.37.

The use of hydrogenation heats for the conjugated
structure and a reference compound, /.e.. two data, en-
ables a split to be made, but there is an explicit assump-
tion. Taking 1,3-butadiene and 1-butene as the test case,
the appropriate difference between the heats of hydroge-
nation, [AHu, (1.3-butadiene) — 2AHy,’(1-butene)],

CH,==CHCH==CH, + 2H, —>

CH,CH,CH,CH5 AHy (1 3-butadiene)

2CH,CH,CH=CH, + 2H, —>

2CH;CH,CH,CH4 2 AHH2°(1 -butene)
which is identified as the empirical resonance energy,
turns out upon examination3? to be AH® for the redistri-
bution reaction

CH,==CHCH==CH, + CH,CH,CH,CH; —>
2CH30H2CH=CH2

which is listed as reaction ¢ in Table IV.C.1.

There is thus no a priori reason why empirical reso-
nance energies calculated by these two methods should
be the same, and this only occurs if the value of E(Cyq~
Cq), derived from the hydrogenation data, is used in the
calculation based on the atomization heat.

Provided no extraneous features such as steric hin-
drance are introduced, any other pair of addition reac-
tions, e.g., halogenation, would serve the same purpose
as hydrogenation. Furthermore, although the usual use of
combustion data has been to evaluate AH:°, and hence
RE via AH,°, the data for the conjugated compound, the
olefin, and the paraffin could also be used to evaluate
AH°® for the redistribution reaction

CH,==CHCH==CH, + 550, —>

4C0O, + 3H,0 AH omp°(1.3-butadiene)

comb
CHaCHzCH=CH2 + 602 e

4CO, + 4H,0  AHM,,°(1-butene)

CH3CH2CH2CH3 + 6502 -_—
4CO, + 5H0 AH omp’(N-butane)
AH® = AH (1. 3-butadiene) +

AH o mp’(n-butane) - 2AH o, (1-butene)
These various reactions exemplify the conclusion stated
above in general terms, namely that the energy evaluated
using this traditional method is not a property of the con-
jugated structure but AH® for one kind of reaction.
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The characteristic feature of the butadiene/butane re-
distribution reaction, which is one of the simplest, is that
the number and kind of C—H bonds are the same in reac-
tants and products, likewise for the C4q—H bonds. Any
number of similar reactions can be devised, for instance,
reactions a, b, d, e, and f in Table IV.C.1, and the con-
stancy of AH®, 3.66 £ 0.08, is a measure of the accura-
cy of the various data. For all these reactions, by taking
the difference between the heats of atomization of the
products and reactants, it can be shown that

AH® =2E(C4-C) - E(C-C) - E(C4Cy - RE (4)

E(C4~Cy) + RE = AH° + 2E(C4~C) - EC-C)  (5)

Hence in identifying AH® as the empirical resonance en-
ergy, an implicit assumption is made,3' namely that

E(C4~Cy) = 2E(C4~C) - E(C-C) 6)

with the Cox and Piicher bond energy term values,??
E(C43-Cq) would thus be

2 x 9007 - 8548 =9466

Dewar and Schmeising,®' Skinner and Pilcher,?3 and Cox
and Pilcher,?% have examined the justification for this as-
sumption, which will be taken up again later.

Given that E(Cq-Caq) is fixed if AH® is identified as RE,
the magnitude of the composite term [E(C4-Cq) + RE]
can readily be determined without evaluating AH,°. For
reaction C.1a in Table 1V, for example, the value 98.55 is
the sum of 94.66 and 3.89, and the same procedure has
been used throughout Tables 1V and V.

Other kinds of redistribution reactions can be devised
in which the carbon-hydrogen bonds are not exactly
matched in reactants and products. Two series of such
reactions are set out in Table IV.C.2 and 3. As would be
expected, AH° for these reactions, 0.80 x* 0.10 and
—1.83 £ 0.10, differ from that for the previous series,
and as a consequence, if AH® is nevertheless identified
as the empirical resonance energy, different values result
for the bond energy term E(Cyq-Cq4), ie.. 97.43 and
100.20, respectively. The increment, 2.77, is quite a
complex function of C-H and C-C bond energy terms,
ie.

BE(C-H), + E(Cy-H); - 2E(Cq-H), - 2E(C-H), +
E(C4~C) - E(C-C)

if Dewar and Schmeising's suggestion is taken up and
AH® for the reduction of the conjugated compound by a
simple olefin is adopted as the empirical resonance ener-
gy.?' a further series of RE and E{(C4q-Cq) values can be
arrived at, as shown in Table I1V.B.1-3. While it is true
that the expressions for E{C4q-Cq) do not involve any
other C-C bond energy term, and in this respect could be
regarded as more fundamental than that for the redistri-
bution reactions discussed above, even the expression
for the simplest of these reactions, the reduction of buta-
diene by ethane, involves the difference between no less
that eight C-H bond energy terms, i.e.

E(C4-Cy) = 4E(C~H) + 4E(Cyq-H), -
2E(C4-H), - BE(C-H), + E(C-C)* (7)

Moreover, the expressions become still more complex for
the alkyl-substituted dienes; see Table IV.B.2 and 3.

Any assignment of bond energy terms that allows for
different values of E(C-C) and E(Cq-Cq), /.€., conjugation
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TABLE V. Values of E(C,~C,) and the Resonance Energy for 1,3-Butadiene and its Methy! Derivatives,
Based on AH° for Various Reactions
E(Ca~Cq) + RE AH° = RE E(Ca~Cy)
A. Atomization
. 1. CH=CHCH=CH,— 4C + 6H 98.27
E(Ca-Ca) + RE = AH,° — 4E(Cy~H): — 2E(Cq=H); — 2E(C=C)
2. CHy=CHCH=CHCH; — 5C 4 8H 98.57
E(Ca-Cyq) + RE = AH,° — 3E(C-H),, — 2E(Cq~H): — 3E(Cy-H), — 2E(C=C) — E(C4-C)
3. CHy=CHC(CH;)=CH,— 5C + 8H 97.31
E(Ca-Ca) + RE = AH,° — 3E(C-H), — 4E(Cy-H): — E(Ca-H); — 26(C=C) — E(C4-C)
B. Reduction by Ethane and Propane
1. CH:==CHCH=CH. + 2C:Hs — CH;CH.CH.CH,; + 2C.H, 98.03 8.91 89.12
E(Ca-Cq) + RE = AH® + 4E(C-H), + 4E(Cy-H). — 2E(Co-H) — 6E(C-H), + E(C-C)
2. CH=CHCH=CHCH; + 2C,H¢— CH;CH.CH,CH.Ch; + 2C:H. 98.51 12.16 86.35
E(Cu-Ca) + RE = AH°® + 6E(C-H), + 6E(Cy-H)2 — 3E(Cy~H), — 9E(C-H), + 2E(C-C) — E(Cy-C)
3. CH:=CHC(CH;)=CH; + 2CyHs — CH;CH.CH(CH;): 4 2C:H4 97.52 10.47 87.05
E(Ca~Cy) + RE = AH® + 2E(C-H). + E(C-H); + 46(Cy=H): — E(Cy-H), — 6E(C-H), +
2E(C-C) — E(C4~C)
4, CH=CHCH==CH, + C:H¢ + C;Hs — CH;CH.CH.CH; + CH+=CH, 4+ CH;CH=CH. 98.02 6.13 91.89
E(Ca~Ca) + RE = AH® 4 2E(C-H). + 2E(Cu~H): — E(Cy=H), — 36(C-H), + E(Cus-C)
C. Redistribution Reactions
la. CHs=CHCH=CH, + CoHs— 2CH,CH=CH. 98.55 3.89 94.66
b. CH;=CHCH=CH; + C;H; — CH,CH,CH=CH, + CH,CH=CH, 98.06 3.40 94.66
¢. CH>=CHCH=CH: + CH;,CH:;CH.CH; — 2CH,CH.CH=CH: 98.51 3.85 94.66
d. CHs=CHCH=CHCH; + CH;CH:CH.CH.CH; — CH.=CHCH.CH.CH; + CH3;CH,CH=CHCH; 98.38 3.72 94.66
e. CHy=CHC(CH;)=CH: + CH,;CH.CH(CH;), — CH,=CHCH(CH;): + CH;CH:C(CH;)=CH. 98.29 3.63 94.66
f. CHy#=CHCH=CH, 4+ CH,CH.CH:CH.CH; — CH;CH:CH=CH. 4+ CH;CH,CH.CH==CH, 98.12 3.46 94.66
E(C4-Cy) + RE = AH° + 2E(C4~C) — E(C-C)
2a. CHs=CHCH=CH; + C;H; —» CH,CH=CHCH; + CH,;CH=CH: 98.04 0.61 97.43
b. CH=CHCH=CH, + CH;CH.CH.CH; — CH,CH=CHCH; + CH;CH:.CH=CH. 98.49 1.06 97.43
¢. CHy=CHCH=CH; + CH;CH.CH,CH.CH; — CH;CH.CH==CH; + CH;CH,CH=CHCH; 98.29 0.86 97.43
d. CH=CHCH=CH: + CH;CH.CH.CH.CH; — CH;CH==CHCH. + CH;CH.CH.CH=CH: 98.10 0.67 97.43
E(Cy~Ca) + RE = AH® 4 3E(C-H), + E(Cy~H); — 2E(Cy—H): — 2E(C-H). + 3E(Cy4~C) — 26(C-C)
3a. CH;=CHCH=CH; 4+ CH;CH.CH:CH; — 2CH;CH=CHCH; 98.47 —1.73 100.20
b. CH.==CHCH=CH; + CH;CH:CH.CH.CH; — CH:CH=CHCH: + CH;CH.CH=CHCHj; 98.27 —1.93 100.20
E(Cy-Cq) + RE = AH°® + 6E(C-H), + 26(Ca-H); — 4E(Cu~H): — 4E(C-H). 4 4£(C+—C) — 3E(C-C)
D. Isomerization
1. CH;CH=CHCH=CH:-— CH;=CHCH,CH=CH. 99.02 7.13 91.89

E(Ci~Ca) + RE = AH® + 2E(C-H). + 26(Cy-H); — E(Cu-H); — 3E(C-H), + E(C-C),

i.e., as in B4.

effects, and takes next-nearest-neighbor interactions into
account for the many kinds of C-H bonds, i.e., hypercon-
jugation- effects, is bound to lead to similar conclusions.
There is no resolution of the problem. If AH® is identified
as RE, then a range of RE values results, and, as a con-
sequence, a range of E(Cq-Cq) values is obtained since
the composite term [E(Cq-Cq) + RE] is independent ot
any particular reaction—as it must be. In the case of
these dienes the values of this composite term are 98.03
+ 0.37, 98.02 x 0.20, and 98.30 *+ 0.05 for the combus-
tion (atomization), reduction, and redistribution reactions
respectively; see Table IV.A-C. On thermochemical
grounds alone, the division of this term into component
parts is clearly a matter of choice, not principle, but be-
fore coming to a decision, the corresponding data for the
benzene hydrocarbons will be examined because they
present additional features of their own due to ring strain.

For aromatic compounds containing one benzene ring,
the composite quantity calculated from AH,° is [3E(Cqyq-
Cq) + RE]. Values for benzene, four monoalkylbenzenes,
and the three xylenes are given in Table V.A.1-3; the
mean is 315.97 & 0.10. Data for other alkylbenzenes are
available, but these are the most accurate.

Similar values for reduction by ethane are set out in
Table V.B.1-3; [3E(Ca-C4q) + RE] = 315.94 £ 0.21. Just
as in the case of the dienes, the identification of AH®
with RE leads to different values for E(C4q-Cq) depending

on the extent of substitution. The increment in going from
benzene to the mono- and then the disubstituted deriva-
tives is one-third of

2E(C-H), - E(C-H), - E(C,~H) - E(C-C) + E(C,-C)= 091

it is to be noted that the value of E(Cq-Cq) for benzene,
89.12, is identical with that for butadiene.

Turning to the values based on hydrogenation data
(Table V.C.1), the value for benzene, 93.36, differs from
the butadiene value, 94.66, by the conventional ring
strain energy of cyclohexene. There are again differences
in going from benzene to the mono- and disubstituted de-
rivatives, the increment in this case being one-third of

E(Cd—C) - E(Cb—C) =116

For these redistribution reactions the composite term
[3E(C4-Cq) + RE] = 315.93 £ 0.08. There is excellent
agreement between the values calculated from the three
sets of data, even though, as in the case of the dienes,
the reduction reactions and the redistribution reactions
lead to a series of values for RE and E(C4-Cq).

Hence any calculations of empirical resonance ener-
gies involve both choice and compromise.” The identifica-
tion of AH® for any particular reaction as an energy prop-
erty of the conjugated structure is clearly without theoret-
ical foundation, whereas to assume E(C4q-Cq) has the
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TABLE V. Values of E(Cs~C,) and the Resonance Energy for Benzene, Monoalkylbenzenes,
and Xylene, Based on AH° for Various Reactions

3E(C4-Ca) + RE AW =RE  E(C4-Cu)

A. Atomization
1. C¢Hs— 6C + 6H 316.01
3E(Ca—Ca) + RE = AH,®> — 6E(Cy-H) — 3E(C=C)
2. CeHsCrHany1 — (6 4 n)C + (6 + 2n)H

a. Toluene 315.98
b. Ethylbenzene 315.90
c. n-Propylbenzene 316.24
d. n-Butylbenzene 316.49

3£(Ca-Ca) + RE = AH,° — 5E(Cy-H) — 3E(C=C) — E(Cx-C) — (n — 1)E(C-C) — 3E(C-H), —
2(n — 1)E(C-H)s
3. CsHy(CH;): — 8C + 10H

a. o-Xylene 315.76
b. m-Xylene 315.78
c. p-Xylene 315.61

3E(Cy-Cu) + RE = AH® — 4E(Cy-H) — 36(C=C) — 2E(Cx~C) — 6E(C~H),

B. Reduction by Ethane
1. CeHs + 3CzH‘e—> Csle + 302H4
3E(C4-Ca) + RE = AH® + 126(C-H)s + 12E(Cy-H): — 316.12 48.76 89.12
6E(Cy-H) — 18E(C-H), + 3E(C-C)
2. CeHsCrHanpn + 3CoHg — CeHuCrHznia + 3C:H,

a. Toluene 315.55 49.10 88.81
b. Ethylbenzene 316.34 49.89 88.81
c. n-Propylbenzene 316.46 50.01 88.81
d. n-Butylbenzene 316.88 50.43 88.81

3E(C4-Ca) + RE = AH® + 10E(C-H), + E(C-H)¢ + 12E(Cy-H): — 5E(Cp-H) — 18E(C-H), +
4E(C-C) — E(Cu-C)
3. CsHu(CH3)2 4+ 3C3sHe— CoH1o(CHs): + 3C:H.

a. o-Xylene 315.66 50.12¢ 88.51
b. m-Xylene 315.34 49.80 88.51
c. p-Xylene 315.20 49,66 88.51

3E(Ca-Ca) + RE = AH°® + 8E(C-H), + 26(C-H); 4 126(Ca-H): — 4E(Cy-H) — 18E(C-H), +
5E(C-C) — 2E(Cy~C)

C. Redistribution Reactions
1. Benzene 4 2cyclohexane — 3cyclohexene 316.03 35.95 93.36
3E(Cq-Ca) + RE = AH° 4 6E(Ca-C) — 3E(C-C) — 3CRSE (cyclohexene)

2. R R R R
0-0-0-Q

a. Toluene ' 315.76 34.51 93.75
b. Ethylbenzene » 315.78 34.53 93.75
c. n-Propylbenzenec 315.90 34.65 93.75
d. n-Butylbenzenec 316.32 35.07 93.75
3E(Ca-C4) + RE = AH® 4 7E(C4-C) — 3E(C-C) — E(C,—-C) — ZCRSE (alkylcyclohexenes)?

3_d

315.82 33.43 94.13

a Me 316.14 33.75e 94.13
Me
—_— 2
Me
@\ é\ - b\ 2@\
Me

315.68 33.29 94.13
Me Me

3E(Ca~Ca) + RE = AH® + BE(Cy-C) — 38(C-C) — 2E(C»-C) — ZCRSE
(dimethylcyclohexenes)

¢ AH°i(o-xylene) corrected by 0.4 kcal/mol to allow for the steric effect of the pair of ortho methyl groups. * 1-Methyl- and 1-ethylcyclohexene
have CRSE values of 1.1 and 1.2 kcal/mol, respectively, within experimental error the same as that for cyclohexene, i.e., 1.3 kcal/mgl: the Iat_.'ter
value has therefore been adopted throughout for simplicity. ¢ Reduction data for 1-ethylcyclohexene used in these calculations. # Calculation
based on data for the reduction of cyclohexene and 1-methylcyclohexene.
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same value in various structures is entirely in keeping
with theoretical models and thermochemical practice. It
would therefore seem desirable to have recourse to Oc-
cam’s razor, and employ the same value of E(Cyq-Cgq),
not only for parent structures and substituted structures
but also for both aliphatic conjugated polyenes and aro-
matic ring systems. The considerable wealth of heat of
formation data can thus be used to calculate empirical
resonance energies that are directly comparable, unlike
those derived from hydrogenation reaction data where, in
the case of ring structures, conventional ring strain ener-
gies of both the partially reduced and the fully reduced
compound make irrelevant contributions. The issues
underlying this important choice of a value for E(Cyq-Cqg)
will now be dealt with.

C. The Arbitrary Choice of a Value for E(C4q-Cq)

Despite the apparent simplicity of Dewar and Schmeis-
ing’s proposal to base empirical resonance energies on
reduction by ethane,?’ the resulting expression for E(Cq-
C4), as shown above, involves a compiex function of
C-H bond energy terms (eq 7), i.e.

E(C4~Cy) = E(C-C) + 4E(C-H); + 4E(C4~H), -
2E(C4-H); - B6E(C-H),

It seems very unlikely there can be any theoretical basis
for such a relationship, and so, although by identifying
AH® with RE a numerical value is immediately obtained,
it is improbable that it has any direct bearing on C-C
bond properties.

On the other hand, the expression derived from the
"matched” redistribution reactions (eq 6)

E(C4-Cq) = 2E(C4-C) - E(C-C)

has the merit of being concerned only with the different
kinds of C-C bonds. One kind of redistribution reaction
also has a special significance. Reactions C.1c-e in
Table 1V for butadiene and its 1- and 2-methyl deriva-
tives, and the reactions of benzene and all the alkylben-
zenes listed in Table V.C.1-3, involve disproportionation
between certain oxidation states of the molecular
species, namely

cv, + C6, — 2c", (8)
for the former, and
CVYlg + 2Co —> 3C, 9)

for the latter. In the case of the substituted compounds
the product species consist of an appropriate mixture of
isomers of the intermediate oxidation state. Unfortunately
this significance is only of chemical interest and is of no
help in solving the thermochemical problem of the appro-
priate value for E{C4q-Cyqg).

Dewar and Schmeising,®' Skinner and Pilcher,®® and
Cox and Pilcher?® discussed the validity of eq 6 from the
point of view of the electronegativity of carbon in its sp?
and sp? hybridization states. The general conclusion from
inorganic thermochemistry is that the energy of a bond
A-B is almost invariably larger than the mean of the
energies of the A-A and B-B bonds, the difference be-
coming greater as the difference in the electronegativity
of A and B increases, i.e.

EB-B) < 2E(B-A) - E(A-A) (10)

Now Walsh®% has argued that “a carbon atom exerting
hybrid valency has a stronger electronegativity the great-
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TABLE VI. Resonance Energies for Butadiene and Its Methyl
Derivatives, RE; and RE ¢

RE RE:

A. Ethane Reduction Data

1. 1,3-Butadiene 8.91

2. 1l,trans-3-Pentadiene 9.39

3. 2-Methyl-1,3-butadiene 8.40

m 8.90°

B. Disproportionation Reaction Data
1. 1,3-Butadiene 3.85
2. 1,trans-3-Pentadiene 3.72
3. 2-Methyl-1,3-butadiene 3.63
m 3.73
C. Atomization Data

1. 1,3-Butadiene 9.15 3.61
2. 1,trans-3-Pentadiene 9.45 3.91
3. 2-Methyl-1,3-butadiene 8.19 2.65
m 8.93 m 3.38

D. Isomerization Data
1,trans-3-Pentadiene —
1,4-pentadiene 9.90 4.36

@ Based on E(Cy-Ca)1 = 89.12 and E(Ca-Cg)11 = 94.66.*m = mean
value.

er the proportion of s character in that valency ... this
can be regarded as a strongly founded theoretical con-
clusion or a simple deduction from experimental facts
such as the acidity of acetylene.” Hence in the present
context, identifying A with Cgps and B with Cgsp2, the in-
ference is that

E(C4~Cy) < 2E(C4~C) - E(C-C)

E(C4~Cy < (2 x 9007 - 85.48)=9466

Using heat of isomerization data for bicyclic olefins
and making certain assumptions about hybridization
states, Staley3® arrived at a lower value for the empirical
resonance energy for the butadiene-type of redistribution
reaction, RE > 1.9, which would thus raise the upper
limit of E(Cq-Cq) by about 3.85-1.9 = 1.95 to 96.61. An
even higher value, 98.0, was adopted by Cox in his 1963
discussion of conjugation (resonance) energies of dienes
and aromatic compounds.3? This was based, however, on
an argument advanced by Dewar and Schmeising from
bond length considerations that the center bond in buta-
diene is especially strong so the conjugation energy
would probably be less than 1.0.3® Taking a value of 1.0
as small enough to be ignored in bond energy calcula-
tions gave the 98.0 value. The range of values that could
be regarded as “acceptable” is thus from 98.0 down to
89.12, the value derived from the ethane reduction reac-
tions. Somewhere in this range, spanning almost 10 kcal/
mol, lies the true value, but a decision cannot be
reached on the basis of thermochemical data alone—and
at present there would not appear to be any lead from
other experimental observations.

in the author’s opinion the argument regarding electro-
negativity differences is the more convincing, but to
leave the matter open, and demonstrate the numerical
consequences of the choice ot E(C4q-Cq), empirical reso-
nance energies are calculated below according to both
the low value of 89.12, and the value 94.66, which is
more likely to be the upper limit. To avoid confusion,
these bond energy terms will be designated £(Cq-Cq)1 =
89.12 and E(C4-Cq)i1 = 94.66, and the corresponding
empirical resonance energies RE; and RE;;.
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When a reliable value of E(C4q-Cq) is decided upon, it
will be an easy task to recalculate the appropriate RE
values, since, as stressed throughout, the composite
term [nE(C4q-Cq) + RE] which can be calculated from
the data in the tables is entirely independent of ail these
considerations.

The above analysis of the classical procedures for
evaluating empirical resonance energies reveals the ex-
tremely arbitrary character of the numerical values that
are so often quoted in the literature. It is not generally
appreciated that the value of 36 kcal/mol for benzene
obtained from the hydrogenation data is not only a func-
tion of the choice of reference compound but is also spe-
cific for this particular type of reaction, i.e.. addition, and
moreover it is inappropriate for even the simplest alkyl-
substituted benzenes. Furthermore, if Dewar and
Schmeising’s suggestion is followed and the value based
on reduction by ethane,®’ RE would be much higher,
about 50 kcal/mol. The numerical comparisons that have
been made from time to time between RE values based
on hydrogenation data, or its equivalent, and stabilization
energies calculated from theory would thus appear to
have less significance than is usually supposed.

1V. Resonance Energy Calculations
A. Aliphatic Polyenes

RE values for the polyenes are listed in Table VI, in-
cluding the two sets of values obtained from the atomiza-
tion data. Only RE; for (unsubstituted) butadiene is the
same as that in Table 1V, because the adoption of E(Cg-
Cq)1 = 89.12 throughout amounts to ‘“‘correcting” RE for
the substituted butadienes for hyperconjugation effects,
i.e., the various C-H bond energy terms. Averaging the
mean values in A, B, and C gives RE; = 8.91 and RE;
= 3.56.

It is worthy of note that up to 1969, the time of the Cox
and Piicher tabulation,?® despite the theoretical interest
there has been in conjugated systems, the only experi-
mental data for linear polyenes were those for just the
three dienes treated above. Data for linear trienes and
higher polyenes, especially those of biological signifi-
cance such as the carotenes, are long overdue. In view
of what follows for conjugated ring systems, it will be
particularly interesting to see if there is any proportional-
ity between the RE values and the number of conjugated
double bonds. Since double bonds, by necessity, termi-
nate a linear conjugated system, it may be necessary to
count "one conjugated double bond” for butadiene,
“two" for the trienes, etc., i.e., counting the number of
Cq-Cq bonds.

B. Aromatic Hydrocarbons

RE values for benzene, the four monoalkyl benzenes,
and the xylenes are listed in Table VI, including the two
sets of values obtained from the atomization data. In this
case not only are the RE; values for the substituted com-
pounds different from those in Table V, but also all the
RE1 values. This is because the adoption of E(Cq-Cq4):
= 89.12 amounts to "correcting’” RE for the substituted
compounds for hyperconjugation and also conjugation ef-
fects, i.e., the additional C-C bond energy terms, further-
more the adoption of E(Cq-Cq);; = 94.66 amounts to
“correcting” RE for benzene and the substituted ben-
zenes for the conventional ring strain energies of cyclo-
hexene and the alkylcyciohexenes in addition to correct-
ing for conjugation effects.

It should be noted that while the agreement between
the corresponding RE values in Tables V and VI! is about
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TABLE VIl. Resonance Energies for Benzene,
Monoalkylbenzenes, and the Xylenes, RE; and RE ;¢

RE( RE1/DB REI REr1/DB
A. Ethane Reduction Data
1. Benzene 48.76 16.25
2. Toluene 43.15 16.06
3. Ethylbenzene 43.98 16.33
4. n-Propylbenzene 49.10 16.37
5. n-Butylbenzene 49.52 16.51
6. o-Xylene 48.30 16.10
7. m-Xylene 47.98 15.99
8. p-Xylene 47.84 15.95
m 48.58 == 0.20
B. Disproportionation Reaction Data
1. Benzene 32.05 10.68
2. Toluene 31.78 10.59
3. Ethylbenzene 31.80 10.60
4. n-Propylbenzene 31.92 10.64
5. n-Butylbenzene 32.34 10.78
6. o-Xylene 32.16 10.72
7. m-Xylene 31.84 10.61
8. p-Xylene 31.70 10.57
m 31.94 = 0.08

C. Atomization Data

1. Benzene 48.65 16.22 32.03 10.68
2. Toluene 48.62 16.21 32.00 10.67
3. Ethylbenzene 48.54 16.18 31.92 10.64
4. n-Propylbenzene  48.88 16.29 32.26 10.75
5. n-Butylbenzene 49.13 16.38 32.51 10.84
6. o-Xylene 48.40 16.13 31.78 10.59
7. m-Xylene 43.42 16.14 31.80 10.60
8. p-Xylene 48.25 16.08 31.63 10.54
m 48.61 = 0.10 m 31.99 = 0.10

« Based on E(Cy-Cq)1 = 89.12 and E(Ca-Ca)11 = 94.66.

the same for REp, it i{s appreciably better for RE ;. Aver-
aging the mean values in Table VII.A-C gives RE; =
48.60 and RE[; = 31.97. RE;; for benzene, namely the
value originating from the hydrogenation data, is now
32.05 in contrast to the 35.95 (36.0) that appears in the
literature, as a consequence of the built-in correction for
the CRSE of cyclohexene, ie., 3 X 1.3.

Based only on the atomization data, RE; and RE;; per
double bond in these structures have the values 16.2 =%
0.1 and 10.7 £ 0.1, respectively, which will be compared
with the corresponding values for other aromatic com-
pounds below.

Table VIil lists RE; and RE;[; values calculated from
the atomization data for the polycyclic aromatic hydro-
carbons so often discussed in the literature. In certain
cases, indicated in the footnote, corrections for steric
hindrance have been taken into account. Undoubtedly it
is also present in the three most complicated structures
(9,10-diphenylanthracene 9,9-bianthryl, and 5,6,11,12-
tetraphenyltetracene), but no attempt has been made to
assess the magnitude. Even though these polycyclic hy-
drocarbons have far more complex structures than ben-
zene, the RE per double bond is nevertheless remarkably
constant and almost the same as that for benzene and its
alkyl-substituted derivatives: RE;/DB = 17.3 + 0.2 and
RE;;/DB = 10.6 & 0.2. The higher values are associated
with the more condensed structures, i.e., those with the
higher C/H ratios, a feature which will be compared later
with the RE values for graphite.

C. Nitrogen Heterocycles

In addition to deciding upon a value for E(Cg~Cq), the
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TABLE VIII. Resonance Energies for Benzene and Polycyclic Hydrocarbons, RE; and RE;

No. of double

Compound Formula bonds RE; RE[/DB RE; RE;:/DB
Benzene CeHs 3 48.7 16.2 32.0 10.7
Tetrahydronaphthalene CuoHi 3 46.0 15.3 29.4 9.8
Naphthalene CioHs 5 85.8 17.2 52.6 10.5
Biphenyl® CraHio 6 102.5 17.1 63.8 10.6
Diphenylmethane CisHie 6 99.7 16.6 66.5 11.1
9,10-Dihydroanthracene CuHi 6 97.9 16.3 64.7 10.8
1,8-Paracyclophane Ca1Hae 6 94.8 15.8 61.5 10.3
6,6-Paracyclophane CasHje 6 105.5 17.6 72.3 12.1
Anthracene CieHio 7 120.0 17.1 70.2 10.0
Phenanthrene® CisHig 7 126.4 18.1 76.6 10.9
Pyrene CisHio 8 155.8 19.5 94.9 11.9
5,12.Dihydrotetracene CisHis 8 136.4 17.1 86.5 10.8
Tetracene CisHis 9 158.8 17.6 92.3 10.3
3,4-Benzphenanthrene? CisHi2 g 163.4 18.2 96.9 10.8
1,2-Benzanthracene? CisHie 9 162.6 18.1 9.1 10.7
Chrysene’ CisHi2 9 167.2 18.6 100.7 11.2
Triphenylene® - CisHae 9 168.8 18.8 102.3 11.4
Triphenylmethane CuHis 9 145.6 16.2 95.8 10.6
Perylene® CyHi2 10 186.9 18.7 109.3 10.9
1,3,5-Triphenylbenzene® CoMis 12 213.3 17.8 130.2 10.9
9,10-Diphenylanthracene CoeHis 13 216.3 16.6 “122.1 9.4
9,9'-Bianthryl CasHis 14 249.6 17.8 144.3 10.3
5,6,11,12-Tetraphenyitetracene CizHas 21 346.8 16.5° 191.7 9.1

2 Calculated from AH,° data with E(C4-Ca) = 89.12 and 94.66, respectively. » Corrections included for steric hindrance: biphenyl, 1.4; phenan-
threne, 0.7; 3,4-benzphenanthrene, 4.4; 1,2-benzanthracene 0.7; chrysene, 1.4; triphenylene, 2.1; perylene, 1.4; and 1,3,5-triphenylbenzene,

4.2 kcal/mol.

calculation of an empirical resonance energy from AH,°
for aromatic heterocycles is further complicated by the
choice of a value for the energy term for the C-heteroa-
tom group.

1. Pyridine and Alkyl-Substituted Pyridines

For example, in the case of pyridine it follows from a
consideration of the terms that make up AHa° that
given the values for E(C=C) and E(Cp-H)

2E(C,~C,4 + E(C==N-Cy) + RE

is the composite quantity that can be readily evaluated,
just as [3E(Cq-Cq) + RE] was in the case of benzene.
The same values of £(Cyq~Cq); and E(C4-Cq)11 can ob-
viously be adopted, and, in principle, RE; and RE;; can
be determined from hydrogenation and ethane reduction
data, and hence corresponding values for E(C=N-Cq).
The disproportionation reaction that underlies the evalua-
tion of RE11 from hydrogenation data can be written

AN
NZ N NZ N
H H

and RE;; evaluated using the heats of reduction of the
1,2- and 3,4-unsaturated compounds. The heat for the
3,4 derivative is readily obtained from AH;° data, and a
value for the 1,2 derivative can be estimated using bond
energy terms together with the group energy E(C—=N-C)
based on data for noncyclic aliphatic aldimines. This pro-
cedure was, in fact, employed in connection with the pre-
vious discussion of thermodynamic aspects of porphyrin
synthesis and biosynthesis.5 Taking E(Cc=n-H) = E(Cq
-H); = 100.53, E(C=N-C) = 202.42, and, with E(Cg-
Cq) = 93.74, a weighted mean of the values in Table
V.C, making no correction for ring strain, RE was found
to be 32.94. Hence E(C=N-Cgq) = 204.38. A better esti-
mate would be to put E(Cc=n-H) = E(Cco-H) =

101.97, which gives E(C=N-C) = 200.98, but this does
not affect the magnitude of either RE or E{(C=N-Cq).
Updating the calculation and using E(Ca-Cd)11 = 94.66
would give a revised value of 202.54 for £(C==N-Cg).

However, as written, the above equation for the dispro-
portionation reaction is not. strictly correct. The reaction
products should be

SRERG

N N N
. H H
1,2~ 23- 34-

It does not necessarily follow that the heats of reduction
of the 2,3 and 3,4 derivatives are identical. In the former
case two Cy4-C bonds are destroyed and replaced by two
C-C bonds, whereas in the latter one C4-C and one
Caq-N bond are destroyed and replaced by one C-C bond
and one C-N bond. Unfortunately, no experimental data
are available at present relating to the 2,3 derivative, so
another approach has been followed which is free from
this particular uncertainty.

AH° for the reduction of pyridine by ethane, i.e., RE],
can readily be obtained from AH;° data as 51.76. Exami-

N
O + 3CH,CH; —> O + 3CH,=CH, (12)
N

N

nation of the ratio RE;/RE;; for benzene and the alkyl-
benzenes in Table VIl shows it to be a constant well
within experimenta! error, the ratio for benzene being
48.76/32.05 = 1.521 and the ratio from the overall
means 48.58,/31.94 = 1.520. In those cases where for
any reason there is ambiguity or uncertainty in calculat-
ing RE;; directly from hydrogenation or equivalent data, it
is proposed to evaluate RE; from RE; using this ratio.
Hence for pyridine, RE;; = 51.76/1.562 = 34.05. It
should perhaps be emphasized again that this REj; value
cannot be identified as AH° for the actual disproportiona-
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tion reaction since AH° would also involve the conven-
tional ring strain energies for the three product species.
While in the previous calculation CRSE was automatically
included for the reduction of the 3,4 derivative, it was not
for the 1,2 derivative, but there is no purpose to be
served in pursuing the comparison any further.

However, in general, the CRSE term for the reduced
species also contributes to AH® for the ethane reduction
reactions, and, if RE values based on hydrogenation data
are to be criticized on this account, the negdfect of the
CRSE term in this case is just as inadmissible. The omis-
sion of the term in the above treatment of RE; for ben-
zene and the alkylbenzenes is justified because CRSE is
zero for the corresponding cyclohexane derivatives. The
same is true for pyridine, the CRSE value for piperidine
actually being negative to a small extent, jie., —0.13,
which within experimental error implies zero strain.

Now if AH° for the reduction of pyridine by ethane is
set up in terms of the heats of atomization of the reac-
tant and product species, it can be shown that

E(C==N-Cy) + 2E(C4-Cy + RE = AH° +
E(C-C) + E(C==C) + 2E(C-N) + BE(C-H), + 4E(C-H)]N +
E(N-H), - 5E(C,-H) - 18E(C-H), = AH® + 37300

Thus, identifying RE; with AH®, and taking E(Cq-Cq)1 =
89.12, it follows that the corresponding value for E(C==N
-Cq), i.e., E(C=N-Cq)1, equals 194.76.

Since the REp; value of 34.05 is to be identified with
AH° for the disproportionation reaction with no ;train en-
ergy contributions, the corresponding value of E(C=N-
Cq) in this case, f.e., E(C=N-Cg4)1; could be obtained in
principle from the expression for AH® based on the atom-
ization heats of reactants and products with no CRSE
terms, i.e.

E(C==N-C,) + 2E(C4~Cy + RE = AH° +
E(C==N-C) + 4E(C4-C) + E(C,~N) - 2E(C-C) - E(C-N)

But unfortunately there are no data available at present
to establish E(Cg-N), so the only source of a value for
E(C=N-Cq4) is AHy° for pyridine. The composite term
derived from AH,° is identical with the left-hand side of
the above expression and is found to be 424.80. Hence
with RE;; = 34.05, and E(Cq-Cq)11 = 94.66, E(C=N-
Cq)11 = 201.43.

Since nitrogen is undoubtedly more electronegative
than carbon in any of its hybridization states, and since
there is good reason for believing that Cgp2 is more
electronegative than Cgps, the N-C4q bond should be
weaker than the N-C bond. It is therefore interesting to
note that compared to E(C=N-C), for which the value
200.98 was obtained from aldimine data,® E(C=N-Cq);
is smaller, whereas E(C==N-Cq)11 is greater by 1.45.
This 'substantiates the view that 94.66 for E(Cg-Cq) is an
overestimate, and the upper limit would be better put at
94.66 — 1.45 = 93.21.

With values now established for E(C=N-C4); and
E(C=N-Cq4)11, RE;r can be caliculated from AH,° data
for the three mono- and six dimethylpyridines; see Table
I1X. Including that for pyridine, the mean values are RE;
= 54.3 £+ 0.3 and REj; = 36.5 + 0.3, giving RE;/DB =
18.1 £ 0.1 and RE;;/DB = 12.2 £ 0.1. While the values
for benzene and the alkylbenzenes are the same within
experimental uncertainty, it would appear that pyridine
has an appreciably lower RE than any of its alkyl deriva-
tives, but there may be a systematic experimental error
somewhere.
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TABLE IX. Resonance Energies for Pyridine and Its Mono- and
Dimethyl Derivatives, RE; and RE;;°

Compound RE: RE;/DB RE1; REr1/DB
Pyridine 51.8 17.3 34.1 11.4
2-Methylpyridine 54.8 18.3 37.1 12.4
3-Methylpyridine 53.1 17.7 35.3 11.8
4-Methylpyridine 54.1 18.0 36.3 12.1
2,3-Dimethylpyridine 54.7 18.2 37.0 12.3
2,4-Dimethylpyridine 55.4 18.5 37.6 12.5
2,5-Dimethylpyridine 54.8 18.3 37.0 12.3
2,6-Dimethylpyridine 56.6 18.9 38.9 13.0
3,4-Dimethylpyridine 54.3 18.1 36.6 12.2
3,5-Dimethylpyridine 53.3 17.8 35.5 11.8

@ Calculated from aHM,° data with E(C4~Ca)1 = 89.12, E(C =N-Cy)1 =
194.76, and E(Cyq-Ca)11 = 94.66, E(C=N-Cg)11 = 201.43.

2. Pyrrole and Substituted Pyrroles

The evaluation of RE values for pyrroles presents simi-
lar kinds of problems as those encountered with the pyri-
dines, this time.centered on establishing a value for the
group energy term E(Cq—-NH-Cq4). A value for RE;; can-
not as yet be obtained from AH° for the disproportiona-

tion reaction because AH;° is not known for 2,3-dihydro-
pyrrole. A value could be arrived at using cyclopentene
data, but too many assumptions have to be made about
strain energies for it to be of any use.

On the other hand, a reliable value for RE; can be cal-
culated from ethane reduction data, and RE;; calculated
from the RE;/REj; ratio of 1.52 as for pyridine. AH® for

N
H

N
H

the ethane reduction reaction (eq 14), 38.70 from AH;°

data, is given by the expression

AH® = [E(C4—Cq) + E(C4—NH-Cy) + RE] + 4E(C,~-H) +
12E(C-H), - 2E(C-N) - E(N-H); - E(C-C) - 4E(C-H), -
4E(C-H),N - 8E(C4~H), + CRSE(pyrrolidine)

But CRSE(pyrrolidine) is 5.91. So in this case the simple
identification RE; = AH® = 38.70 would result in a value
for RE; enhanced by this amount, which is clearly quite
irrelevant. AH® should therefore be corrected, i.e.

RE, = AH® - CRSE(pyrrolidine) = 38.70 - 581 = 3279
Putting AH® — CRSE(pyrrolidine) equal to RE; thus gives
E(C4-Cy) + E(C4~NH-Cy), = E(C-C) + 2E(C-N) +
E(N-H), + 4EC-H), + 4EC-H)N + 8E(CsH), -
4E(Cy—H) - 12E(C-H),

i.e., E(Cq-Cq)1 + E(C4-NH-Cq4); = 330.49 from which
E(Cd—NH—Cd)I = 241.37.

From the ratio RE;/RE;; = 1.52, it follows that REj;
for pyrrole equals 21.57. But the corresponding group en-
ergy term, E(Cq-NH-Cgq)11, again cannot be evaluated
from the expression for AH° for the disproportionation
reaction because the bond energy term E(Cq-N) would
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TABLE X. Resonance Energies for Substituted
Pyrroles, RE; and RE;;¢

Philip George

TABLE XI. Resonance Energies for Phenylpyrrole,
Polypyrroles, Pyrromethenes, etc., RE; and RE; ¢

Compound AHau’?  REg RE1 Compound AHeyp®? RE REr11
2,4,5-Trimethyi-3-ethylpyrrole 16 27.5 16.4 2-Phenylpyrrole 17.5 83.9 50.7
2,4-Dimethyl-3-ethyl-5-formylpyrrole 17.5 45.1  34.0 Di-a-pyrrylmethane 17.5 68.8  46.8
2-Methyl-3-carbethoxypyrrole 17.5 30.5 19.4 4,4'-Dicarbethoxy-2,2',5,5'-tetra- 24.5 79.9 57.8
2,4-Dimethyl-3-carbomethoxypyrrole 17.5 39.3 28.3 methyi-3,3'-pyrromethane
2,4-Dimethyl-5-carbomethoxypyrrole 17.5 39.3  28.3 5,5'-Dicarbethoxy-2,2',4,4'-tetra- 24.5 75.0 52.9
2,5-Dimethyi-3-carbethoxypyrrole 19 43.3 32.3 methyl-3,3'-pyrromethane
2,4-Dimethyl-5-carbethoxypyrrole 19 42,5 31.6 2,2' 4,4 .Tetramethyl-3,3'-dicarb- 24.5 78.6  56.5
2,3-Dimethyl-4-carbethoxypyrrole 19 41.6 30.6 ethoxydipyrrylmethane
2,4-Dimethyl-3-carbethoxypyrrole 19 39.6 28.6 2,2',4,4'-Tetramethy!-3,3'-dicarb- 24.5 77.1 55.0
2,3-Dimethyl-5-carbethoxypyrrole 19 3.3  25.3 ethoxydipyrrylmethylmethane
2,4,5-Trimethyl-3-carbethoxypyrrole 20 8.2 27.1 3,3',5,5-Tetramethyl-4,4'-diethy!- 23.5 78.6  44.3
2,4-Dimethyl-3-vinyl-5-carbethoxypyrrole 21 58.6  47.6 2,2'-pyrromethene
2,4-Dimethyl-3-ethyl-5-carbethoxypyrrole 21 41.8  30.7 2,2',4,4'-Tetramethyl!-3,3'-dicarb- 24.5 103.9  69.5
2,4-Dimethyl-3-propyl-5-carbethoxy- 21.5 44,7 33.7 ethoxydipyrrylmethene

pyrrole 2,9-Diacetyl-1,3,5,6,8,10-hexamethyl- 28 158.6 93.2
2,4-Diethyl-3,5-dipropionylpyrrole 22.5 34.0 23.0 4,7-diethyltetrapyrro-14-ene
2,4-Dimethyl-5-carbethoxy-3-formyl- 2 1.7 407 s Calculated from AH,® data with E(C4~Ca)1 = 89.12, (C—=N-Ca)1 =

pyrrole 194.76, E(Ca~NH-Cgo)1 = 241.37, and E(Ca-Ca)r1 = 94.66, E(C = N-
2,4-Dimethyl-3-carbethoxy-5-formyl- 21 52.9  41.9 Ca)1r = 201.43, E(Ca~NH-Ca)11 = 246.87. b AHq,° estimated on the

pyrrole basis of the number of structurally bonded C, N, and O atoms
2,4-Dimethyl-3-acetyl-5-carbethoxy- 21.5 42.3  31.2 according to Figure 2.

pyrrole
2,4-Dimethyl-3-propionyl-5-carbethoxy- 22 42.7  31.7 pyrrylmethanes, two pyrromethenes, and a tetrapyrromo-

pyrrole noene derivative; see Tables X and X| and the summary

2,4-Dimethyl-5-propionyl-3-carbethoxy- 22 43.2 32.2
pyrrole

2,4-Dimethyl-3,5-dicarbomethoxypyrrole  21.5 .

2,4-Dimethyl-5-carbomethoxypyrrole-3-  22.5  40.7 29.6
propionic acid methyl ester

2,4-Dimethyl-3,5-dicarbethoxypyrrole 22.5 49.7 39.6

4-Methyl-3,5-dicarbethoxy-2-hydroxy- 23 47.1  36.1
methylpyrrole

4-Methyl-3,5-dicarbethoxy-2-a-hydroxy- 23,5 56.2  45.2
ethyipyrrole

3,5-Dicarbethoxy-2-a-hydroxypropyi-4- 23,5 39.0 27.9
methylpyrrole

e Calculated from AH,° data with E(C4-Cq)1r = 89.12, E(Ca~-NH-Ca)1
= 241.37, and E(Ce-Ca)11 = 94.66, E(Ca-NH-Ca)1r = 246.87. ® AHgu1®
estimated on the basis of the number of structurally bonded C, N,
and O atoms according to Figure 2.

be needed. Hence for the present, E(C4q—NH-Cg4)11 has
to be based on the atomization heat of pyrrole. Ex-
pressing this as the sum of the various bond energy
terms, it follows that

E(Cd_cd)ll + E(Cd_NH"Cd)“ + RE" = 363.10

and thus E(Cgq~NH-Cg4)11 = 246.87. Neither E{Cq—NH-
Ca)1 nor E(Cq~NH-Cgq4)11 is less than E{(C-NH-C), ie.,
238.21, which might have been expected at first from
electronegativity considerations. However, the involve-
ment of the lone pair of electrons on the N atom in the
aromaticity of pyrrole might affect the strength of the
N-H bond similar to the alteration in C—H bond strength
in going from E(C-H); = 96.53 to E(C,-H) = 100.53. An
increase in the E(N-H) component of E(Cq-NH-Cgq)
would thus decrease the contribution of £{C4q-N), which
would be in the direction anticipated.

The very recent combustion and evaporation data for
2,5-dimethylpyrrole give AH:> = +9.50 + 0.21 for the
gaseous compound.3” From an evaluation of AHg°, RE;
and REj; are found to be 33.29 and 22.25, in excelient
agreement with the values for pyrrole itself.

Twenty-six RE; and RE;; values can be calculated for
heavily substituted pyrroles from the old combustion data
of Stern and Klebs,38:3% and in addition values for four di-

in Table Xll. A few data for carboxylic acids have not
been worked on because of the much greater uncertainty
in estimating the sublimation heats, and a 3-hydroxy
compound has been omitted because of the possibility of
a tautomeric shift to give the 3-oxo structure. For these
substituted pyrroles there is a much greater scatter in the
values compared to the substituted pyridines, Table IX;
furthermore the mean vaiue for REjj, 32, is half as much
again as that for pyrrole and 2,5-dimethylpyrrole obtained
from the more recent experimental work.37 It seems un-
likely that this discrepancy could originate in the estima-
tion of the sublimation heats of the substituted com-
pounds, and further experimental studies are much need-
ed. It may be noted that RE; and RE;; for phenylpyrrole,
83.9 and 50.7, respectively, support a lower value since
the sum of the individual values for benzene and pyrrole
are 81.5 and 53.6. The RE values per ring are a little less
for the dipyrrylmethanes compared to the substituted pyr-
roles, and, judging by the values for pyrromethenes and
the tetrapyrromonoene, partial oxidation of the ring sys-
tem has little effect on the RE.

3. Pyridine, Pyrrole, and Related Polycyclics

The fusion of a benzene ring onto pyridine and pyrrole
has a systematic influence on the resonance energy, as
shown in Table Xill. The molecular structures of pyridine,
quinoline, isoquinoline, and acridine are strictly compara-
ble to those of benzene, naphthalene, and anthracene, so
it is interesting to see how close RE per double bond is to
the values for the aromatic hydrocarbons.

The evaluation of a similar parameter for pyrrole, in-
dole, and carbazole is not straightforward, since in these
cases the lone pair of electrons on the N atoms is an in-
tegral part of the aromaticity. There are several possibili-
ties: to assume that the structures have the equivalent of
three, five, and seven double bonds; to evaluate RE/DB
on the basis of the increment in going from pyrrole to in-
dole to carbazole; or to use the actual number of double
bonds in the Kekulé structures, i.e., 2, 4, and 6, Any
choice is arbitrary, and all three possibilities give values
for the parameter quite close to those for pyridine, quino-
line, and acridine and the polycyclic hydrocarbons. In
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TABLE XII. Summary of Resonance Energies for Pyrrole, Substituted Pyrroles, Polypyrroles, etc.

RE1 per Range RE11 per
Class of compd Range of RE¢ Mean RE; ring of REy Mean RE;j; ring
Pyrrole 32.8 — 33 21.6 - 22
26 Tri- and tetrasubstituted pyrroles 27.5-58.6 43.0x1.4 43 16.4-47.6 32.0+1.4 32
4 Hexasubstituted dipyrrylmethanes 75.0-79.9 77.7 39 52.9-57.8 55.6 28
2 pyrromethenes 78.6,103.9 91.3 46 44.3, 69.5 56.9 28
Decasubstituted tetrapyrro-14-ene 158.6 - 40 93.2 — 23

TABLE XIll. Resonance Energies for Pyridine, Pyrrole, and
Related Polycyclic Compounds, RE; and RE;;¢

TABLE XIV. Resonance Energies for N Heterocycles with More
Than One N Atom per Ring, RE; and RE ;¢

Compound No.of DB RE; RE;/DB RE1y RE1;/DB Compound RE; RE1r
Pyridine 3 51.8 17.3 3.1 11.4 Pyrimidine 57.3 38.4
Quinoline? 5 88.3 17.7 53.9 10.8 Pyrazine 57.4 38.5
Isoquinoline? 5 91.1 18.2 56.7 11.3 Imidazole 45.8 33.6
Acridine 7 124.6 17.8 73.6 10.5 Adenine 117.2 86.1
Pyrroles. "3 2.8 10.9 21.6 7.2 s Calculated from AH,® data with E(Ca-Ca)r = 89.12, E(C=N-Ca): =
Indoles: 5 74.5 14.9 46.8 9.4 194.76, E(Ca-NH-Cq)1 = 241.37, and E(C4=Ca)r1 = 94.66, E(C=N-Ca)r1
Carbazole® ey 115.2 16.5 70.9 10.1 = 201.43, E(C4-NH-Cy)11 = 246.87.

@ Calculated from AH,° data with E(Cy~C4q)1 = 89.12, E(C=N-
Ca)1 = 194.76, E(Ca-NH-C4)1 = 241.37, and E(Cq-Ca)1x = 94.66, E-
(C=N-Cq)11 = 201.43, E(Cq-NH-Cq)11 = 246.87. ® Values for quinoline
and isoquinoline calculated from old?? and very recent’” combustion
data, respectively, assuming a heat of evaporation of 14 in each
case. ¢ The lone pair of electrons on the N atom, which contributes
to the aromaticity, is taken to be equivalent to a double bond in the
evaluation of RE/DB. ¢ Value based on very recent combustion data®
with AHgu" = 16.7.

Table X111 the first has been adopted, because, while the
values for pyrrole are low, it shows how in the limit with a
benzene ring fused on either side (carbazole) the values
approach those for the analogous polycyclic hydrocarbon
(anthracene).

4. Pyrimidine, Pyrazine, Imidazole, and Adenine

The introduction of another N atom into the aromatic
system in place of C—H would appear to result in a per-
ceptible increase in RE values; see Table XIV. The case
of adenine calls for special comment, since RE; = 117
and RE;; = 86.0 are 14 kcal/mol higher than would be
expected on the basis of combining a pyrimidine with an
imidazole ring system, viz. 103 and 72, respectively.
Data for other purines are much needed to establish
whether this enhanced stability is real.

5. Porphyrins and Chlorines

As in the case of the substituted pyrroles,38:39 the
combustion data of Stern and Klebs lead to a great scat-
ter of RE; and RE;1; values for porphyrins and chlorines's
that seems unlikely to be due entirely to errors in the es-
timation of sublimation heats. The values are presented
in detail in Table XV and summarized in Table XVi. A few
data for compounds with carboxylic acid side chains
have again been omitted. Despite the uncertainties, the
magnitude of the parameter RE/DB appears to be some-
what greater than the values for the cother simpler aro-
matic structures reported above. Or, put another way, the
average value of RE; and REj; per five-membered ring
would be about 56 and 36, respectively.

In even greater contrast, however, are the values ob-
tained from the recent combustion studies of Longo, Fi-
narelli, Schmalzbach, and Adler'® on porphine itself and
the meso-substituted tetraethyl and tetraphenyl deriva-
tives. Exactly the same calculation procedure leads to
RE; of about 570, and RE;; of about 480, so that RE;/DB
is more than twice, and REH/DB about three times, the
Stern and Klebs’ values; see Table XVII. Further discussion
of this discrepancy will be taken up in section V below.

TABLE XV. Resonance Energies for Perphyrins (A and C) and
Chlorines (B and D) Calculated from AH.° Based on the
Combustion Data of Stern and Klebs ¢

Compound AHgup®? RE; REr
A. Etioporphyrin | 26.5 240 155
Octaethylporphyrin 28.5 257 171
Pyroporphyrin XV 27.5 257 171
monomethyl ester
v-Phylloporphyrin 28 246 161
monomethyl ester
Desoxophylloerythrin 28.5 206 120
monomethyl ester
Verdoporphyrin dimethyl ester 30 251 166
Rhodoporphyrin XX1 dimethyl 30 203 117

ester
Protoporphyrin dimethyl ester 31.5 259 163

Mesoporphyrin IX dimethyl ester  31.5 265 178
Coproporphyrin | tetramethyl 40 243 157
ester
Isouroporphyrin !l octamethyl 60 164 78
ester
B. Methylpheophorbide b 33 227 147
Chlorine ps trimethyl ester 33 281 201
Dimethylpheopurpurin 7 35 209 129
C. (i) Phylloerythrin monomethyl 29.5 221 135
estere
(ii) Chloroporphyrin e, dimethyl  30.5 225 139
ester
(iii) Pheoporphyrin a; dimethyl 32.5 211 126
ester
(iv) Chloroporphyrin eg trimethyl 34 214 129
ester

D. (i) Pyropheophorbide a mono- 29.5 223 143
methyl estere

(ii) Chlorine e, dimethyl ester 30.5 215 136

(iii) Methylpheophorbide a 32.5 203 123

(iv) Chlorine eg trimethyl ester 34 205 126

¢ RE; and RE;[ evaluated using E(C4-Ca)1 = 89.12, E(C=N-Ca)1 =
194.76, E(Ca~NH-Cq)1 = 241.37, and E(Cq~Ca)11 = 94.66, E(C=N-Cy)11
= 201.43, E(Ca-NH-Cq)11 = 246.87. ® AH.,v° estimated on the basis
of the number of structurally bonded C, N, and O atoms according
to Figure 2. * C(i) and D(i) isomers; likewise, C(ii) and D(ii), etc.

D. [18]Annulene

In view of the structural relationship between porphine
and [18]annulene, which will be described shortly, the
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TABLE XVi. Summary of Resonance Energies for Porphyrins and Chlorines®
Class of compd Range of REx Mean RE; RE;/DB? Range of REr1 Mean RErx RE1/DB?
11 porphyrins, Table XV.A 164-265 236+ 9 26 78-179 149+ 9 17
3 unrelated chlorines, Table XV.B 209-281 239 26 129-201 159 18
4 porphyrins, Table XV.C 211-225 218+ 3 24 126-139 132+ 3 15
4 isomeric chlorines, Table XV.D 203-223 2127 24 123-136 1327 15

o Calculated from the data of Stern and Klebs.!s ® On the basis of nine double bonds in the macrocyclic ring, as in the [18]annulene model.

TABLE XVII. Resonance Energies for Porphine and Tetraethyl-
and Tetraphenylporphine (TEP and TPP)<

Compd RE; RE/DB? RE1r RE[y/DB?
Porphine 582 65 497 55
TEP 580 64 495 55
TPP 560¢ 62 452¢ 50

@ Calculated from AH,° based on the combustion data of Longo,
Finarelli, Schmalzbach, and Adlert%; REy and RE;; evaluated using
E(Ca-Ca)1 = 89.12, E(C=N-Cq)1 = 194.76, E(Cq—-NH-Cq)1 = 241.37, and
E(C4~Cq)11 = 94.66, E(C=N-Cy)11 = 201.43, E(C4-NH-Cyq)11 = 246.87.
b0n the basis of nine double bonds in the macrocyclic ring as in the
[18Jannulene model. ¢After allowing for the contribution of the
benzene rings using 1217.67 kcal for the CsH;s group energy.

resonance energy for this 18-membered ring containing
nine conjugated double bonds is of the greatest interest.

Beezer, Mortimer, Springall, Sondheimer, and Wol-
ovsky*? determined its heat of combustion and calculat-
ed AH¢® for the crystalline compound, +39.0 + 4 kcal/
mol. Assuming 28 £ 2 kcal /mol for the sublimation heat
on the basis of values ranging from 26 to 30 for several
C+s polycyclic hydrocarbons, AH:° for the gaseous com-
pound was obtained as +67.0 £ 6 kcal/mol. With
AH:°(benzene)y = +19.8, AH° for the hypothetical
isomerization reaction

3CgHg — [18]annulene (15)

was found to be +8.0 £ 6 kcal/mol. Hence, taking the
C-H bond energy terms to be identical in the two com-
pounds, it follows that with an RE value for benzene of 36
kcal/mol, the value for [18]annulene is (3 X 36) — 8 =
100 £ 6 kcal/mol. Thus the magnitude of what is ap-
proximately REjj, as defined in this review, is in little
doubt, and it can be seen immediately that an approxi-
mate value of RE;; /DB is 11 kcal.

Values for RE; and RE[; have been obtained as fol-
lows. A revised estimate of 22 kcal/mol has been adopt-
ed for the sublimation heat because the value for por-
phine, with six more structurally bonded atoms in a simi-
lar almost planar structure, is 26.27:4' Furthermore, the
Cyg hydrocarbons used as the basis for the 26 value are
polycyclic structures for which the intermolecuiar interac-
tion in the crystalline state is likely to be greater than that
with the more open [18]annulene structure. AH;° for the
gaseous compound thus becomes +61.0 £ 6 kcal/mol.
AH:® for cyclooctadecane gas has been calculated using
the C-C and (C-H)g bond contributions of —0.03 and
—2.44 evaluated by Cox and Pilcher,?? and found to be
—~88.38. AH® for the ethane reduction reaction

[18Jannulene + 9CH;CH; —> CgHgg + 9CH,==CH,

is thus 144.83. CRSE for the C.g cycloparaffin is likely to
be very nearly zero, the values for the C+5, C16, and Cy7
compounds being 1.8, 1.8, and —3.4, respectively; so
AH® for the above reaction can be identified as RE;. A
value for REj; can be obtained from AH® for the dispro-
portionation reaction

CigHqg + 8CgHzg —> 3-cis-cyclooctadecaene +
6-trans-cyclooctadecaene (16)

the cis and trans reduction products taking into account
the disposition of cis and trans double bonds in the Ke-
kulé structure for [18]Jannulene. The heats of reduction
for the two cyclic olefins can be taken as equal to those
for cis- and trans-2-butene, i.e., —28.50 and —27.37, re-
spectively, and, in this way, assuming there is no ring
strain in the cyclic olefins, RE;; = 100.34. What is proba-
bly a rather more reliable value is obtained from the heat
of atomization, which gives

9E(C,~Cy)y + RE, = 946.46

from which REj; = 94.52. It is to be noted that with this
value the ratio RE;/REj;, 1.53, is very close to the 1.52
characteristic of benzene and the alkylbenzenes. RE; /DB
and RE[; /DB are 16.1 and 10.5, respectively.

On this topic of the resonance energy of [18]annulene,
there appears to be a serious confiict between experi-
ment and theory. in an earlier form, a semiempirical
SCF-MO treatment gave 3.188 eV,*2 je., 73.5 kcal,
while in a later more refined state, the very low value of

0.382 eV, ie., 88 kcal, was obtained.*3:44 Even though

resonance energy is defined somewhat differently in the
theoretical treatments, these values can be judged in
relation to that adopted for benzene, namely, 1.318 eV,
i.e., 30.4 kcal. There is thus a very real discrepancy.

E. Graphite

Finally, in any assessment of empirical resonance
energies for aromatic compounds, graphite, in which
there are infinite sheets of conjugated double bonds in
the Kekulé structure, is the limiting case; RE/DB for
graphite is therefore likely to be the maximum attainable
~—at least for polycyclic hydrocarbons. Judging from the
values in Table XllI, the substitution of C~H by N atoms
in conjugated structures has little effect on RE/DB, so
the graphite value is probably the maximum for nitrogen
heterocycles too.45

An LCAO calculation has given RE per C atom as
0.588,47 which with 8 = 18 (a value based on RE =
35.64 for benzene), equals 10.44.48 A different treatment
gave 0.846 eV, i.e., 19.50, which after correction for the
compression energy, 8.5, gives 11.0.*® An experimental
value was obtained by Barrow3? using an empirical equa-
tion suggested by Mulliken and Parr®' for the calculation
of heats of formation of gaseous hydrocarbons at 298°K,
namely

AHfo = _4'14NC—H + 4.90Nc_c +
286.50Nc.c - 0780 - A (17)

where Nc-u, Nc-c, and Nc-c are the number of C-H,
C-C, and C==C bonds, respectively, n is a branching fac-
tor, and a positive value for A is the resonance energy.
Having estimated the cohesion energy of graphite, ie.,
the interaction energy between the layers, to be 1.6 kcal/g-
atom, on the basis of the sublimation heats of polycy-
clic aromatic hydrocarbons, AH¢° is thus +1.6 and put-
ting Nccy = 0, Ne¢ = 1, Nc=¢c = 0.5, and n = 8, the
resonance energy, was found to be approximately 10
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kcal /g-atom. Since there is half a double bond per car-
bon atom in the Kekulé structure for graphite, these reso-
nance energy values are equivalent to about 20-22 in
terms of RE/DB.

To calculate the corresponding values of RE;/DB and
RE;1/DB, the following procedure has been adopted.
First, aithough there have been direct experimental mea-
surements that give values for the cohesion energy up to
about 4 kcal/g-atom,%2:53 a value based on sublimation
heats has again been chosen as the more reliable, the
values for benzene, biphenyl, naphthalene, anthracene,
phenanthrene, pyrene, tetracene, triphenylene, chrysene,
and perylene?? giving a mean of 1.61 + 0.04 kcal/g-
atom. The heat of atomization of graphite is 170.9; hence
the bonding energy per carbon atom in the layered struc-
ture in the hypothetical ideal gas state is 170.9 — 1.61 =
169.29. A consideration of the bonding shows that per
carbon atom it amounts to

2 x 1/,E(Cy~Cy) *+ '/3E(C==C) + /,RE/DB

Hence, making the appropriate substitutions, RE;/DB =
27.34 and REH/DB = 16.26, with the resonance ener-
gies per carbon atom, 13.67 and 8.13, respectively.

Reference to Table Vill shows that graphite, in relation
to all the polycyclic hydrocarbons for which data are
available, has resonance energy stabilization which is
greater by some 50-60%.

V. Structure of Porphine in Relation to the
Magnitude of Its Resonance Energy

A. Complexity of the Structure

Even though the correct molecular structure for por-
phyrins was proposed by Kister and Deihle in 191354
and, after much controversy and several false leads, fully
established through the synthetic studies of Fischer and
his colleagues by 1929,55 it is often described in a mis-
leading fashion and the character of the aromatic ring
system poorly defined.

The many organic syntheses from substituted pyrroles
and the biosynthetic route via porphobilinogen—a trisub-
stituted pyrrole—have led to the widespread description
of porphyrins as tetrapyrrole compounds, or, a little bet-
ter, as tetrapyrrole derivatives. In innumerable places in
the literature the porphine structure is referred to as a
fully conjugated cyclic system in which four pyrrole rings
are linked together via the 2 and 5 positions by four
-CH= groups to give a 16-membered ring.56-5° But in
the classical Kekule structure (Figure 3a), only one of
the four small rings, ring A, is a pyrrole; rings B and D
are of the pyrrolenine type, and ring C is related to malei-
mide.®0 In the delocalized electron structure (Figure 3b),
none are pyrrole rings.®' Designation as a tetrapyrrole
derivative obscures the fact that porphyrins are six equiv-
alents above the oxidation state of a tetrapyrrole. It is as
if benzene, six equivalents above the oxidation state of
cyclohexane, was persistently referred to as a cyclohex-
ane derivative: true in a way, but misleading.

This could be regarded as pedantry because the oxida-
tion-reduction relationship is readily appreciated, but
more is at stake in the precise definition of the macrocy-
clic aromatic system. The structure is complex, and aro-
maticity can be achieved, on paper at least, in three
quite distinct ways.

1. Inner 16-Membered Ring

in the Kekulé structure the inner 16-membered ring
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Figure 3. Porphine structures. (a) The Kekulé structure with the
“inner 16-membered” ring emphasized; note the broken conju-
gation in this ring at the two NH groups: (b) Delocalized elec-
tron structure; note the four peripheral double bonds at positions
1,2, 3,4, 5,6, 7,8. (c) Diradical structure. (d) Kekulé structure
with a 17-membered ring emphasized.

does not contain alternating, i.e., conjugated, double and
single bonds; see Figure 3a. Conjugation is broken at
both NH groups, especially in ring A where there is a run
of four single bonds. However, in pyrrole, the aromatic
character is understood to arise from the lone pair of
electrons on the NH group combining with four electrons
from the four carbon atoms to give a total of six delocal-
ized electrons, as in benzene. Similar contributions in the
case of the inner 16-membered ring of porphine do noth-
ing to achieve a conjugated ring system, but aromaticity
can be attained with 18 delocalized electrons, in accord
with Huckel's rule, i.e., (4n + 2) delocalized electrons,
12 from the 12 carbon atoms, 2 from the two pyrrolenine
N atoms, and 4 from the 2 N-H groups. As in the case of
pyridine, the lone pairs of electrons on the pyrrolenine N
atoms would not be involved.

This pattern of delocalization, illustrated schematically
in Figure 3b, has been the basis for the majority of theo-
retical treatments,'? and, as a consequence of emphasiz-
ing the inner 16-membered ring as the origin of the arom-
aticity, the rest of the structure has been regarded as pe-
ripheral in nature, with the carbon-carbon bonds at the
1:2, 3:4, 5:6, 7:8 positions predominantly olefinic in char-
acter. Recent X-ray studies have been taken to support
this model:4-52 the bond lengths in the 16-membered ring
being 1.38 A, those to the peripheral carbon atoms ap-
preciably longer, 1.43-1.45 A, and the peripheral bonds
1.35-1.36 A, close to that for an isolated double bond.

But this theoretical model is not necessarily unique in

~ predicting this kind of geometry. Moreover the model

suggests that porphine should have four two-equivalent
reduction states as each of the peripheral ‘“double”
bonds are progressively reduced, i.e., P — PH; — PH,
— PHg — PHg. However, the PHg state has not yet been
discovered, and the PHg state does not have this type of
structure at all, but is porphyrinogen, a true tetrapyrrole;
see Figure 1d. This reduction behavior can be taken to
suggest that the delocalization energy associated with
four individual pyrrole rings exceeds that of the 16-mem-
bered aromatic ring, which in turn casts some doubt on
the 16-membered ring system as the source of the arom-
aticity.

Furthermore, if hydrogen atoms were to replace the
peripheral double bond carbon atoms, the molecule
C12H14N4 would be obtained, consisting of the 16-mem-
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bered ring alone. At first sight it is strange that if this ring
is the source of the aromaticity the compound is still un-
known. However, unlike pyrrole, for which a paired elec-
tron structure can readily be written, this cannot be done
for Ci2H14N4. Starting with single and double bonds in
sequence from one NH group, for instance, ring C in
Figure 3c, results in a diradical structure about the oppo-
site NH group, ring A. Perhaps this is the reason
Ci2H14N4 as such has not yet been prepared: it would be
the two-equivalent oxidation product of CioHygN4, for
which there are several tautomeric forms depending on
the position of the two CH; groups.

2. 17-Membered Ring

The diradical structure for the inner ring system can be
circumvented by omitting one of the NH groups and in-
cluding the two peripheral carbon atoms of that ring, e.g.,
ring A in Figure 3d. This structure, containing 17 atoms,
can be regarded as a pyrrole ring enlarged by the inser-
tion of a C4, polyene chain with —-CH= substituted by
-N== at positions 5 and 14. Aromaticity is again achieved
by 18 delocalized electrons, but in this case 14 from the
14 carbon atoms, 2 from the two pyrrolenine N atoms,
and 2 from the single NH group.

In referring to either the 16- or 17-membered ring
structures, a clear distinction needs to be made between
conjugation and aromaticity. Neither ring is conjugated.

3. Conjugated 18-Membered Ring: An [18]Annulene
Derivative

It has long been recognized that the Kekulé ring struc-
ture does contain a fully conjugated system. Including
the four peripheral carbon atoms of the rings with NH
groups, and omitting the nitrogen atoms, it contains 18 in
all (16 carbon and 2 nitrogen) with 18 delocalized elec-
trons, one from each.

The possibility that this ring system may be of compa-
rable or even greater significance in determining the
electronic structure of porphyrins has been considerably
enhanced by the recent discovery of the cyclic polyene
[18]annulene (see Figure 4a) and the demonstration that
it possesses aromatic character. 53

Porphine is related to this structure by substitution of
-N== for -CH= at positions 1 and 10 giving 1,10-dia-
za[18]annulene, bridging NH groups inside the ring at po-
sitions 4,7 and 13,16, and external —-CH=—=CH- bridges
at positions 9,11 and 18,2; compare Figures 4a and
4b.25 This way of assessing the structure of porphine has
the merit that while in the PHy and PH4 reduction states
the porphine conjugation remains intact, it is inevitably

- disrupted in the PHg reduction state, and thus the tetra-
pyrrole structure for porphyrinogen follows as a natural
consequence; see Figures 1b-d.

The stability of C12H14N4 and the entire question of the
relative »stability of porphine and its reduction states, in-
cluding PHg, on the basis of the 16-, 17-, and 18-mem-
bered ring systems merit a critical theoretical evaluation.

B. Estimation of the Resonance Energy

In this section the likely magnitude of the porphyrin
resonance energy will be discussed in terms of the struc-
tural elements that make up the macrocyclic ring.

On the one hand, if the pyrrole and pyrrolenine N
atoms are an integral part of the aromatic system, then
the porphyrin RE might be expected to be closely related
to values for simpler partially oxidized pyrrole derivatives.
Even though there are only three data, the RE values per
ring for the two pyrromethenes and the tetrapyrromo-
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noene are of the same order of magnitude, ie., REp;
about 25 kcal, as those for pyrrole and the monosub-
stituted derivatives. Adopting rather wide limits it could
therefore be concluded that 100 < RE;; < 150. These
considerations, however, do not take into account the
possibility that the linking of the four rings to give the
macrocyclic ring introduces some extra stabilization. Nor
does it allow for the possibility that there are important
differences between ring-substituted and methine-substi-
tuted porphyrins. New experimental data, as they be-
come available, could be profitably examined against this
background.

On the other hand, if the porphyrin structure can prop-
erly be regarded as a modification of [18]annulene in the
manner described above, then the likely magnitude of its
RE can be approached in the following way. First, the
values for pyridine, quinoline, isoquinoline, and acridine
give no indication that the substitution of -N= for -CH=

.at positions 1 and 10 would markedly affect the RE.

Moreover, the introduction of -NH- bridging groups in-
side the ring at positions 4, 7 and 13, 16 would be ex-
pected to contribute only to the rigidity and planarity of
the macrocyclic ring and not have any direct influence on
the RE. This leaves the effect of the external -CH=CH-
bridging groups at positions 9,11 and 18,2 to be as-
sessed.

1. Resonance Energy of Styrene Compared to
Benzene. Etffect of an Olefinic Double Bond
Conjugated to an Aromatic Structure

One of the simplest compounds in which there is an
olefinic double bond peripheral to, but conjugated with,
an aromatic system is styrene; and it has long been
known that the resonance energy of styrene is only a lit-
tle greater than that of benzene, e.g., styrene 38, com-
pared to benzene, 35 kcal /mol.22

In terms of RE; and RE;; values this difference can be
calculated as follows. The composite bond energy term
[nE(Cq-C4) + RE] for any aromatic hydrocarbon is given
by the expression

[NEC4-Cy) + RE] = AH,° -
SE(C-H) - ZE(C=C)

ZE(C,-H) - ZE(C4-H) -
- ZE(C,~-C) - E(C-C) (18)

Denoting this quantity by 6AH,°, the difference be-
tween RE for styrene and that for benzene is

(styrene) -
E(C4~Cqy (19)

RE(styrene) - RE(bénzene) = 6AH,°

8AH, (benzene) -

which, substituting the values of AH,° obtained from
heat of formation data, gives [(411.4 — 316.01) — E(Cg-
Cd)] = [95 13 — E(Cq4q- Cd)] Hence, with E(C4- Cd)I =
89.12 and E(Cq-Cq)11 = 94.66

RE(styrene) — RE(benzene) = 6.01
RE,(styrene) - RE,(benzene) = 047

2. Resonance Energies of Acenaphthylene and
Acenaphthene Compared to Naphthalene. Effect
of ~CH=CH- and -CH,-CH~ Groups Bridging
an Aromatic Structure

A corresponding treatment of the data for naphthalene
and acenaphthylene shows that a -CH=CH- bridging
group generating a five-membered ring, like the 9,11 and
18,2 bridges to [18]annulene described above, has
scarcely any more effect on the resonance energy of the
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TABLE XVIII. The Effect, on the Resonance Energy, of an
Olefinic Double Bond Conjugated to an Aromatic
Structure, and ~-CH,~-CH,- and -CH=CH- Groups Bridging
an Aromatic Structure

Compound Group RE; RE1
Benzene 48.7 32.0
Styrene -CH==CH, 54.7 32.5
Naphthalene 85.8 52.6
Acenaphthenes -CHy,—CH,- 84.8 51.6
Acenaphthylenes ~CH=CH- 96.6 52.2

@ Value corrected by 5.81 in each case to allow for the conventional
ring strain energy in the five-membered ring, based on data for
cyclopentene and cyclopentadiene.2

TABLE XIX. Mean Resonance Energy per Double Bond for the
Major Classes of Aromatic Compounds together with Values
for [18]Annulene and Graphite

Compound RE:/DB RE11/DB
Benzene and 7 alkylbenzenes 16.2-0.1 10.7+0.1
Benzene and 22 polycyclics 17.3+0.2 10.6 0.2
Pyridine and 9 alkylpyridines 18.1+0.1 12,2+ 0.1
Pyridine, quinoline, isoquinoline, 17.80.2 11.04+0.2
and acridine
Limit: pyrrole — indole — carbazole 16.5 10.1
Cyclooctadecanonaene, i.e., 16.1 10.5
[18]Jannulene
Graphite 27.3 16.3

primary aromatic system. But this case is more compli-
cated because strain energy has to be taken into account
and there is no exact structural counterpart to this partic-
ular kind of ring system in simple Cs ring compounds.
The “strain” in cyclopentane is understood to arise pri-
marily through adverse eclipsing interactions between H
atoms on adjacent carbons, and the introduction of a
double bond would clearly diminish this particular desta-
bilization. On the other hand, an examination of molecu-
lar models (Courtauld design) shows bond angle defor-
mation in both cyclopentene and cyclopentadiene which
would increase destabilization again. On a priori grounds
it is difficult to decide which would be the more impor-
tant; however, the CRSE values for cyclopentane, cyclo-
pentene, and cyclopentadiene calculated from AH;® —
6.16, 5.71, and 5.91, respectively, show there is almost
complete compensation, and for acenaphthylene the
mean of the CRSE values for cyclopentene and cyclopen-
tadiene, 5.81, has been adopted. The cyclopentadiene
value was obtained by assuming [E(Cq-Cq) + RE] to be
the same as the butadiene value, 98.27, based on the
AH,® data.

Setting up the corresponding equation for the RE dif-
ference, and substituting for 8AH,°,

RE(acenaphthylene) ~ RE(naphthalene) =
dAH,°(acenaphthylene) + CRSE (acenaphthylene) -
dAH_°(naphthalene) - 2E(C4-Cy) =

189.06 - 2E(C4+Cy (20)

Hence for RE; the difference is 10.82, and for REjj,
—0.26, i.e., about zero. The low value of E(C4—-Cq)1 used
in computing RE; always accentuates RE differences.

A check on the validity of this calculation is provided
by acenaphthene in which the bridging group is saturat-
ed, i.e., —-CH,CH»—-, and which should therefore not affect
RE at all. Again taking CRSE for the new ring to be 5.81,
the RE ditterence is
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Figure 4. Additional Kekulé structures. (a) [18]Annulene. (b)
Porphine, showing its structural relationship to |18Jannulene,
namely substitution of =N- for =CH- at positions 1 and 10, in-
ternal -NH- bridges at positions 4,7 and 13,16 and external
-CH==CH- bridging groups at positions 9,11 and 18,2. (c) Biliv-
erdin: formed by the oxidation of heme, ferrous protoporphyrin
IX; Me, Vin, and Pr denote methyl, vinyl, and propionic acid
side chains, respectively. (d) Phlorine: an isomer of dihydropor-
phine; see Figure 1b.

RE(acenaphthene) - RE(naphthalene) =
8 AH, (acenaphthene) + CRSE(acenaphthene) -
6 AH, (naphthalene) (21)

i.e., —0.97. This bears out the expectation, and for pur-
poses of comparison, the RE; and RE;; values for ben-
zene and styrene, and for naphthalene, acenaphthene,
and acenaphthylene have been brought together in Table
XVIII.

3. Resonance Energy per Double Bond in Aromatic
Structures

In the above discussion of the resonance energy of ar-
omatic compounds, attention has been drawn to the
magnitude of the quantity RE/DB. The values have been
brought together in Table XIX to show that RE;/DB and
RE;;/DB are sensibly independent of variations in struc-
ture, and do not exceed about 18 and about 12, respec-
tively. Only for graphite, with its infinite sheet of conju-
gated double bonds in the Kekulé structure, do the
values reach about 27 and 16, respectively.

4. Adoption of RE| and RE1y Values for Porphine
and the Resulting Heat of Atomization

If, on structural grounds, the [18]annulene model is a
good approximation for porphine, then, .in the light of the
negligible effect of -CH=CH- bridging groups {section
2, above) and the approximately constant values of
RE/DB for many types of aromatic structure (section 3,
above), the resonance energy of [18]annulene can rea-
sonably be regarded as a lower limit for porphine.® The
RE;; values, as calculated in this review, being based on
hydrogenation data, are closest to those in common
usage, and for this reason the REj; value for [18]annu-
lene, 94.52, will be adopted for porphine, and the corre-
sponding RE| value obtained in a self-consistent manner.

The sum of the bond energy terms for porphine is
made up as shown. The heat of atomization, AH,°, is
given by the sum of these bond energy terms plus the
resonance energy. Thus, with REj; = 94.52, AH,° =
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12E(Cp-H) 1206.36 1206.36
9E(C=C) 1197.00 1197.00
2E(C=N-Cq) 389.52 402.86
2E(Cq-NH-Cq) 482.74 493.74

11E(C4-Cq) 980.32 1041.26

4255.94 4341,22

4341.22 + 94.52 = 4435.74; as a consequence, since
AHg° has to be independent of any particular assignment
of E(C4q-Cq) and RE values, RE; = 4435.74 — 425594
= 179.80.

The RE values calculated from the combustion data of
Longo, Finarelli, Schmalzbach, and Adler'® can equally
reasonably be taken as the upper limit, i.e., RE} =
582.02 and RE[1 = 496.74. Hence on this basis, AHg®
(porphine) = 4255.94 + 582.02 = 4341.22 + 496.74 =
4837.96.

Finally, in the later discussion of the feasibility of vari-
ous porphyrin reactions, it is useful to have some inter-
mediate value of AHy°(porphine) to correspond to RE
values like those calculated from the combustion data of
Stern and Klebs.'® For this purpose the actual values ob-
tained for etioporphyrin | have been adopted, i.e., RE; =
240.48 and RE;; = 155.20. Hence on this basis, AHa®
(porphine) = 425594 + 240.48 = 4241.22 + 155.20 =
4496.42.

Summarizing, the choice of low, intermediate, and high
values for the resonance energy leads to values for AH,°
(porphine) of 4435.74, 4496.42, and 4837.96, respec-
tively.

VI. Alternative Approach Using Bond Energy
Terms Which Include w-Electron Binding
Energies

All the problems surrounding both the concept and the
evaluation of resonance energies are avoided by ‘‘ab-
sorbing” the extra stabilization energy that characterizes
aromatic compounds into the C-C bond energy terms.
This approach has been developed by Tatevskii, Korolov,
and Mendzheretskii,®> Mackle and O'Hare,® Cox,%7 Lov-
ering and Nor,®8 McGinn,®® and Bernstein.’® On the basis
of their revision of the AH;° data, Cox and Pilcher2® pro-
pose the following values for the three types of Cyr—Car
bond, which would be used with the value of 100.53 for

H H C H 0] Cc
\ / X / \\ /T
/Car—C< /Car— \a\r /Car_C\aL

Car Car Caf Caf Car Car

Type A: 11917 Type B: 11430 Type C: 11280

E(Car-H) and 88.91 for E(C,r—C) corresponding to the
terms E(Cp—-H) and E(Cy,-C), respectively, in Table II.
With these values AH,° calculated for benzene and eight
polycyclic aromatic hydrocarbons agrees with experiment
to within 0.5 kcal/mol in six of the cases, the greatest
discrepancy being noted with 3,4-benzphenanthrene for
which it is generally acknowledged there is substantial
steric hindrance. Excellent agreement is also obtained for
[18]annulene, despite the large multiplication factors in-
volved, with experimental and calculated AH,° values of
3953.00 and 3954.60, respectively.

To extend this approach so as to cover aromatic N-
heterocycles and porphyrins, values have to be estab-
lished for the Cqr—Ngar-Car and Car—NarH-Car group en-
ergy terms.

Philip George

A. Group Energy Terms for Car—Ngr—Car and
car"NarH—car

There are three types of structural environment in each
case (see Table XX) which present the values calculated
from the AH4° data for pyridine, quinoline and acridine,
pyrrole, indole, and carbazole.29 In order to carry out
these calculations, certain assumptions specified in the
upper part of the table have to be made; or, to put the
point another way, the values quoted for the Car—Ngp—
Car and Car~NgarH-Car group energy terms are linked to
the adoption of 119.17, 114.30, and 112.80 for the Cgr-
Car bonds where one of the next-nearest-neighbor atoms
is nitrogen instead of carbon.

It can be seen that the three values for Cqr~Ngr—Car,
ie., D, E, and F, show a regular decrease, £ having a
value of 209.10 very close to the mean of D and F,
209.02. The new AH;° for isoquinoline,3” which ieads to
an independent value for D, 216.73, substantiates this
trend, but since the heat of evaporation had to be esti-
mated, the pyridine value is to be preferred. On the other
hand, the three values for the Czr-Ng H-C,y bonds can-
not be taken as indicative of a similar trend because G
and H, which are almost identical, are derived from the
most recent and reliable combustion data. The mean of
G, H, and [/, 270.42 *+ 1.34, has, therefore, been em-
ployed in later calculations.

The data for alkylbenzenes give within experimental
error the same value for the C,;r~Cyy bond energy term
as benzene itself. For toluene, ethylbenzene, n-propyl-
benzene, and n-butylbenzene, the values are 119.17,
119.16, 119.20, and 119.24, respectively, and for o-, m-,
and p-xylene, 119.06, 119.13, and 119.10, respectively
(mean 119.15 + 0.02). Hence with bond energy assign-
ments of 100.53 and 88.91 for Car—H and C,-C, respec-
tively, the following structures can be regarded as equiv-
alent energetically, and data for alkylpyridines and alkyl-

H H H Calky!
\ca,-—cg and \ca,-—cg
/N /N

ar ar ar

pyrroles can, therefore, be used to test the reliability of
the Car-Nar—Car and Cyr—NarH-Car bond energy terms,
types D and G, in Table XX.

For the 2-, 3-, and 4-methylpyridines, the values for the
type D bond energy term are 217.12, 215.40, and 216.41,
and for the 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, and 3,5-dimethylpy-
ridines, 216.65, 217.00, 217.09, 218.94, 216.23, and
215.57, respectively. The mean values, 215.76 and
216.91, are a little greater than the value for pyridine,
214.12, but they simply reflect the same slightly higher
stability shown by the RE; and REj; values of Table iX;
they fully bear out the larger value for type D compared
with types E and F. :

For C-alkylpyrroles, AH:° is available only for the 2,5
derivative, 37 and this leads to 272.27 for the type G bond
energy term, in satisfactory agreement with the value of
271.59 obtained from the pyrrole data.

B. Application to Nitrogen Heterocycles with
Two Nitrogen Atoms per Ring

With these values for the bond energy terms, E(Cgar—
Nar~Car) and E(Cyr~NarH-Cyy), it is possible to predict
the heats of atomization of pyrimidine, pyrazine, imidaz-
ole, and adenine. For the first two compounds the agree-
ment is quite good, as shown in Table XXI, but imidazole,
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TABLE XX. Bond Energy Terms for the C,,-C,, Bonds and Group Energy Terms for C..-N..~C,, and

C..~-N.H-C.. in Aromatic Structures

Car H Car H
N S N S
Coar C.r
! like |
C&!‘ Car
VRN VRN

Nar H Car H

Car H Car H
NS N S
CE!‘ Car
| like [

Car Coar
VRN VRN
Nar Car C&r Car
Car Car Car Car

/ N S
Cm- Car
l like |
Car Ca,r
VAN VRN
Nar Car Car Car
H H
AN
Type D Car—Nar—Car 214.12
/
Car Car
Cer H
Type E Car—Ng—Car 209.10
Car Car
Car Car
Type F Car_Nm-_Car 203.91
/
Car Car

and especially adenine, are apparently much more stable
than the calculations suggest. This is in accord with the
conclusion reached in the case of adenine from the RE
values, and again stresses the need for more data on py-
rimidines and purines in general.

C. Estimation of the Heat of Atomization of
Porphine

Just as in the case of the estimation using RE values,
it is first necessary to establish the effect of a bridging
-C=C- group on an aromatic structure. A different
method has to be followed, however, because there is no
quantity corresponding to the resonance energy to be
evaluated; instead, the decrease in stability can be cal-
culated from that expected on the presumption that the
entire structure is fully aromatic.

Taking acenaphthylene again, AH,° = 2406.00; and
subtracting 8E(Car-H) = 804.24 gives 1601.76, which is
ZE for all the C-C bonds. Now if the structure were fully
aromatic, ZE would be equal to (A + 6B + 3C), ie.,
1620.05. The decrease in stability attiributable to the
bridging -C=C~ group not being fully conjugated with
the major naphthalene structure is thus 1620.05 —
1601.76 = 18.29. Acenaphthene provides a useful check
on this calculation. The experimental AH,° = 2534.40,
whereas the calculated value 2540.58 is 6.18 greater;
i.e., the strain energy in the five-membered ring is 6.18,
which is quite in keeping with the values of 6.16, 5.71,
and 5.91 for cyclopentane, cyclopentene, and cyclopen-
tadiene.

Fluoranthene provides an example similar to acenaph-
thylene in which the bridging group consists of adjacent

i.e., Type A 119.17
i.e, Type B 114.30
i.e., Type C 112.80
H H
AN s
Type G Car—N,H—C., 271.59
/ N
Coar Car
Car H
AN /
Type H Cor—NyH—C.. 271.92
S AN
C?ll' Car
Car C;},r
AN /s
Type | Car—Na:H—Car 267.74
AN

Car Car

TABLE XXI. Observed and Calculated Heats of Atomization of
N Heterocycles with More Than One N Atom per Ring

Compd AH:°(obsd) AH.°(calcd) S(obsd-calcd)
Pyrimidine 1071.01 1068.70 2.31
Pyrazine 1071.14 1068.70 2.34
Imidazole 916.50 905.30 11.20
Adenine 1631.00 1595.91 35.09

carbon atoms of another benzene ring. In this case AH,°
— 10E(Car-H) = 3185.62 — 1005.30 = 2180.32 = ZE.
If the structure were fully aromatic, ZE would be equal to
(TA + 6B + 6C) = 2196.79; hence the lack of stabiliza-
tion amounts to 2196.79 — 2180.32 = 16.47.

These two values, 18.29 and 16.47, are in surprisingly
close agreement considering the substantial differences
in the bridging groups, the one olefinic and the other aro-
matic, and the mean, 17.38, can confidently be adopted
for the 9,11 and 18,2 olefinic bridges in the [18]annulene
model for porphine.

The heat of atomization of porphine can now be com-
puted:

12E(Cqar-H) = 1206.36
4E(type A) = 476.68
16E (type B) = 1828.80
2E(type F) = 407.82
2E(type G/H/I) = 540.84 (mean)
4460.50
less 2 X 17.38, destabilization 34.76
449574

In view of the completely different calcuiation proce-
dure, it is quite striking and very satisfying that this value



104 Chemical Reviews, 1975, Vol. 75, No. 1 Philip George

TABLE XXIl. Total r-Electron Binding Energies for Aromatic Hydrocarbons, and the Average Binding Energy per Bond, and per
Carbon Atom, According to Two Values, for the C-C + Bond Energy Term, E(C,~C,) = 89.12 and 94.66

No. of No. of E(C-C)s1 = 89.12 E(C-C)o11 = 94.66

Compound c bonds Bond/C Exb E»»/Bd Er,/C Exilb Exv/Bd Eru/C
Benzene 6 6 1.00 180.29 30.05 30.05 147.05 24.51 24,51
Naphthalene 10 1 1.10 305.19 27.74 30.52 244.29 24.43 22.21
Biphenyi= 12 13 1.08 365.81 28.14 30.48 293.81 24,48 22.60
Anthracene 14 16 1.14 427,18 26.70 30.51 338.54 24.18 21.16
Phenanthrenes 14 16 1.14 433,38 27.09 30.96 344,74 24.62 21.55
Pyrene 16 19 1.18 506.88 26.68 31.68 401.62 25.10 21.14
Tetracene 18 21 1.16 553.72 26.37 30.76 437.38 24.30 20.83
3,4-Benzphenanthrenes 18 21 1.16 558.32 . 26.59 31.02 441.98 24.55 21.05
1,2-Benzanthracene® 18 21 1.16 557.53 26.55 30.97 441.19 24.51 21.01
Chrysene® 18 21 1.16 562.12 26.77 31.23 445,78 24,77 21.23
Ttiphenylene® 18 21 1.16 563.72 26.84 31.32 447.38 24.85 21.30
Perylenes 20 24 1.20 625.66 26.07 31.28 492,70 24.64 20.53
1,3,5-Triphenylbenzenes 24 27 1.12 739.82 27.40 30.83 590.24 24.59 21.86

@ Corrections included for steric hindrance: biphenyl, 1.4; phenanthrene, 0.7; 3,4-benzphenanthrene, 4.4; 1,2-benzanthracene, 0.7; chrysene,

1.4; triphenylene, 2.1; perylene, 1.4; and 1,3,5-tripheny!benzene, 4.2 kcal.

TABLE XXIil. =-Electron Binding Energies Associated
with the Three Main Types of Carbon-Carbon Bond in Cyclic
Aromatic Structures

nominal C=C bonds above that of C4—Cgq4 bonds, and the
other part the resonance energy as such, i.e.

P E. = ZIEC=C) - EC4Cyl + RE  (22)
Type Structure ECarCar)  E(C-Clor  EC-Chorx However, to avoid confusion in terminology, this ¢ bond
H H 119.17 30.05 24.51 will be denoted by a different symbol in the present con-
AN text, i.e., E(C-C),, and the limiting values will be speci-
A /Ca,—Ca, fied as before by subscripts: £(C-C),1 = 89.12 and E(C-
C = 94.66.
Car Car o1 6
Cos H 114.30 25.18 19.64 A. Values for Benzene and Polycyclic
. \c c Hydrocarbons
/S R Values of Erp have been calculated directly from AH,°
Car Car for benzene and a number of polycyclic aromatic hydro-
Cur Cur 112.80e 23.68 18.14 carbons using the expression
C \Car—Car/ Eﬂ'b = AHao - NC-HE(CBT_H) - NC—CE(C-C)U (23)
C. where Nc_y and Ng_¢ are the number of C-H and C-C

@ Cox and Pilchar?0 do not specify the data from which they calcu-
lated this value for the type C bond energy term. It could be calculated
from data for the hydrocarbons pyrene or perylene, or that for graph-
ite. In the latter case, using the heat of atomization of carbon from
the infinite sheet as estimated in section IV.E, 169.29, the value for the
bond energy term, and hence those for Er,/Bd, would differ by only
0.06, i.e., 112.86, 23.74, and 18.20, respectively, which is negligible.

differs by only 10 kcal/mol from that obtained above in
section V.B.4 using the more conventional bond energy
terms and the resonance energy of [18]annulene.

VII. Evaluation of the w-Electron Binding
Energy per Bond and per Carbon Atom in
Aromatic Structures

This alternative method of assigning bond energy
terms for aromatic structures has the advantage of being
closer conceptually to current theoretical treatments in
which the binding is envisaged as a combination of o
bonds with additional bonding arising from m-electron in-
teractions. Once a term value is chosen for the ¢ bond
between sp?-hybridized carbon atoms, it is a simple mat-
tér to evaluate the w-electron binding energy, Erp. The
values adopted for E(C4-Cq) in the resonance energy
treatment can be taken for this bond too because both in
principle and practice they are the same. The resonance
energy treatment merely separates E;p artificially into
two parts, one the sum of the extra binding energy of the

bonds, respectively. The values are listed in Table XXII,
and also a breakdown in terms of Exp per C-C bond and
Exb per carbon atom. It is immediately apparent that Erp/
Bd shows a greater variation than E;p/C, and that in
general the more condensed the structure, i.e., the great-
er the quotient “number of C-C bonds per carbon atom,”
the lower the value. The origin of this behavior lies in the
variation of Erp/Bd for the three main types of aromatic
C-C bond, A, B, and C; see Table XX!Il. Ex,/Bd de-
creases as the number of C-C bonds per carbon atom
increases from 1.0 for benzene, the lower limit, to 1.5 for
graphite, the upper limit. For the polycyclic hydrocarbons
in Table XXII, the peripheral C-H bonds are nevertheless
a sizable fraction of the total number of bonds. The frac-
tion is smallest for pyrene and perylene, but even so it
still amounts to about 0.38, and the number of C-C
bonds per carbon atom does not exceed 1.20. It is un-
derstandable therefore that Er,/Bd for none of these po-
lycyclic hydrocarbons approaches the value for graphite.
The reason for the near constancy of Erp/C can be
sought in a similar way by evaluating Ery, for the several
types of carbon atom that can be distinguished. There
are two groups, depending on whether the carbon atom
in question is bonded to H or to C, and then in each
group there are three subgroups which take into account
the bonding to the next-nearest-neighbor carbon atoms.
Values of Enp/C for these six types have been obtained
from the appropriate simuitaneous equations that can be
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TABLE XXiV. r-Electron Binding Energies per Carbon Atom for
the Various Structural Elements in Aromatic Hydrocarbons

Structural
Type element E(C-C)o1 = 89.12  E(C-C)s11 = 94.66
H H H
N
a c—C—C 30.05 24.51
/ N\
C
H H C
N b S
be Cc—C—C 30.75 24.29
/ AN
C C
C H C
N S
cb Cc—C—C 31.10 24.18
/ AN
C
H
AN /
de c—C—C 30.75 24.28
SN
C C C
AN
ec c—Cc—C 31.41 24.69
VA TN
C C c
C
AN /
f Cc—C—C 35.61 27.30
VARRTERN
o] Cc C

@ Mean value: [2E(b) + E(d)]/3. ® Mean value: [E(c) + E(d)]/2. ¢ Mean
value: [4E(b) + E(d) + 2E(e)]/7.

set up for Egy for the various polycyclic hydrocarbons.
For seif-consistency in the results the E;p values are
based on the A, B, and C bond energy terms. Unique so-
lutions can only be arrived at for type (a) and type (f)
carbon atoms, those in benzene and graphite, respective-
ly. The particular combinations of bonds that are present
in polycyclic hydrocarbons do not permit the separate
evaluation of the other types. Average values are worked
out in these cases as indicated in the footnote to Table
XXIV.

The near constancy of Er,/C for the polycyclic hydro-
carbons, 30.9 and 24.6 for E(C-C), = 89.12 and 94.66,
respectively, thus comes about because Er,/C does not
vary very much for carbon atoms of type (a) through (e),
although there is a perceptible but slight increase in
Erp/C as the number of C-C bonds per carbon atom in-
creases; see Figure 5. The really large difference comes
with the type (f) carbon atom, characteristic of the
graphite structure, but these are only present in pyrene
and perylene, and only to a small extent, 2 out of 16 and
20 carbon atoms, respectively.

B. Polycyclic Hydrocarbons Compared to
Graphite

Polycyclic hydrocarbons have to be very large before
the C-H bonds constitute a negligible part of the struc-
ture and the fraction Nec_p/(Ne-g + Ng-c) reaches very
low values. This can be readily demonstrated by taking
circumbenzene as the model; see Figure 6. An alterna-
tive structure, with similar trigonal symmetry, also has a
benzene-type ring as the core but with an array of ben-
zene- and radialene-type rings surrounding it. This model
and the rectangular grid model with an hexagonal array
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Figure 5. A plot of the w-electron binding energy per carbon

atom against the number of C-C bonds per carbon atom for po-
lycyclic hydrocarbons and graphite.

Figure 6. Kekulé structure for the circumbenzene with n = 5, n
being the number of rings around the benzene core. The dotted
lines indicate the trigonal symmetry defining three segments,
each containing p-benzoquinone-type conjugation.

of carbon atoms utilized by Bradburn, Coulson, and
Rushbrooke”':72 in their theoretical study of graphite-like
crystallites give substantially the same results; however,
the summation procedures involved are somewhat more
complicated.

The general formula for a circumbenzene is
Csn+12Hg(n+1), Where n is the number of rings around
the Cg core: i.e. for benzene, CgHg, n = 0: for coronene,
CasH12, n = 1, etc. The number of C-H bonds is simply
6{(n + 1), and summation procedures show the total
number of C-C bands to be (9n2 + 15n + 6), made up
of (6n? + 12n + 6) bonds in the annular rings and (3n2
+ 3n) bonds joining the rings together. With n = 10, the
molecular formula is CrzeHes and the molecular weight
8778, yet one bond in 17 is a C-H bond. Even with n =
100, Ce1206Hs06, molecular weight 735,078, one bond in
152 is stili a C-H bond. The way the fraction varies with
n, from 0.5 for benzene to 0 for graphite, is shown in Fig-
ure 7a.

The other important structural parameter, the average
number of bonds per carbon atom, approaches the limit-
ing value of 1.5 characteristic of graphite rather more
rapidly, as can be seen from the plot in Figure 7b.

This analysis points up the need for new combustion
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Figure 7. Structural relationships for circumbenzenes. (a) The
fraction of the total bonds present as C-H. (b) The number of
C-C bonds per C atom. Note: the number of C atoms forn = 0,
1,2, 3,4,5, 7, and 10 is 6, 24, 54, 96, 150, 216, 384, and 726,
respectively. As n — =, j.e., the graphite structure, curve a ap-
proaches zero, and curve b approaches 1.5.

and sublimation studies on larger condensed aromatic
hydrocarbons so as to follow up the emergence of graph-
ite-like bonding properties. At the same time it suggests
very strongly that the porphine molecule is far too small
for its bonding characteristics to approach, let alone ex-
ceed, those of graphite, unless there is some difference
in kind that far outweighs the difference in degree.

C. Comparison of w-Electron Binding Energies
per Carbon Atom in Aliphatic and
Aromatic Structures

Far fewer w-electron binding energies can be calculat-
ed for aliphatic polyenes because so few data are avail-
able. Foliowing the same procedure as that used for the
aromatic hydrocarbons, the average values for the conju-
gated diene structure based on the AH,° data for 1,3-
butadiene, 1-trans-3-pentadiene, and 2-methyl-1,3-butadi-
ene are 96.7 £ 0.4 and 80.1 = 0.3 for the low and high
values of E(C-C),, respectively. Assuming that the four
carbon atoms in the conjugated diene structure partici-
pate equally in the w-bonding, Erp per carbon atom is
24.2 and 20.0, respectively.

These values are to be compared with Ery, for a simple
olefinic bond which is just [E(C==C) — E(C-C),] ie.,
43.88 and 38.34 for the low and high values of E(C-C),,
respectively, or 21.9 and 19.2 per carbon atom since the
m-bonding involves only two atoms.

These values, together with those for the aromatic hy-
drocarbons and graphite, are brought together in Table
XXV and are presented schematically in Figure 8. The
customary designation of the olefinic bond as a double
bond, and the attribution of the increased stability in con-
jugated polyenes, aromatic hydrocarbons, and graphite to
resonance effects, implies a difference in kind rather
than one of degree. No matter what subtle differences
there may be in the various w-electron interactions, from
a purely thermochemical point of view there is only a
progressive increase in binding energy per carbon atom
from the olefin to the polyene, to the aromatic hydrocar-
bon, and finally to graphite; and in the olefin at least half
the increase characteristic of graphite has already been
achieved.

D. w-Electron Binding Energies in Nitrogen
Heterocycles

Given the primary assignment of bond energy terms
there is only one additional assumption involved in evalu-
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TABLE XXV, A Comparison of r-Electron Binding Energies per
Carbon Atom in Aliphatic and Aromatic Structures, and the
Percentage Values with Respect to Graphite

Ex, per carbon atom

Structure E(C-C)e1 = 89.12 E(C-C)o11 = 94.66
Simple olefin 21.9 (61%) 19.2 (70%)
Aliphatic polyene® 24.2 (67%) 20.0 (73%)
Aromatic hydrocarbon? 30.9 (86%) 24.6 (90%)

Graphite 35.6 (100%) 27.3 (100%)

o Average of values for 1,3-butadiene, 1,trans-3-pentadiene, and
2-methyl-1,3-butadiene. ® Average value for the hydrocarbons listed
in Table XXII.

ating E;p for hydrocarbons, namely deciding upon a
value (or limiting values) for £(C-C),. Several extra as-
sumptions, however, have to be made in dealing with ni-
trogen heterocycles, and the values arrived at below are
included more by way of illustration to round out the
present treatment than provide numbers that are strictly
comparable to those for the hydrocarbons.

To calculate Eryn for the ring N atoms in pyridine and
its homologs, a value is needed for the bond energy term
E(C-N),. To use the same procedure as that employed in
evaluating £(C-C),, E(C=N) would be required. In princi-
ple this could be obtained by splitting the group energy
term E(C=N-C) obtained from the aldimine data, i.e.,
200.98, into its component parts, but to do this E(Ng-C)
has to be known, and at present there is no very satisfac-
tory resolution of this problem. Solely in the interest of
simplicity, therefore, limiting values for E{C-N), have
been estimated from the corresponding values for
E(C-C), by simple proportion, using the ratio E(C-N)/
E(C-C). Thus, E(C-N),; = 74.00/85.48, X89.12 =
77.15, and E(C-N), 11 = 74.00/85.48, X94.66 = 81.95.

With these values Exp per C-N bond in HC~-N-CH and
C-N-C, i.e., pyridine- and acridine-type structures, can
readily be calculated from the D and F group energies,
214.12 and 203.91, respectively; see Table XX. In the
former case the values are 29.91 and 25.11 compared
with 30.05 and 24.51 for the corresponding C-C bonds,
and in the latter case, 24.81 and 20.01 compared with
23.68 and 18.14; see Table XXIIl. Despite the uncertainty
in E(C-N),, values of this magnitude for Ery, for the C-N
bonds are to be expected since the resonance energies
for benzene and pyridine homologs are so very similar.

Assuming that the contribution to Er, per carbon atom
in pyridine is the same as that in benzene, the contribu-
tion to Erp by the nitrogen atom can be determined from
the expression

E_,/N = AH, °(pyridine) - 5E(C,-H) ~
4E(C-C), - 2E(C-N), - 5E,,/C

i.e., 29.87 and 25.71 for the low and high values, respec-
tively, for the o bonds. These are to be compared with
30.05 and 24.51 for the carbon atoms in benzene; again
the values are very close, as might be expected. Similar
calculations can be made for the N atom in quinoline and
acridine.

To extend the calculations to the pyrrole-type heterocy-
cles, a further assumption has to be made, namely, a
value for the N-H bond energy term. It could be argued
that by analogy with C-H bonds the value should be
somewhat greater than the secondary amine value, E(N-
H)1; but in the absence of any direct evidence this amine
value, 90.21, will be adopted. With the average value of
270.42 for the C-NH-C group energy term in pyrrole, in-
dole, and carbazole, Ezp, per C-N bond in these five-
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membered aromatic rings is thus 12.99 and 8.16 for the
low and high values, respectively, for the ¢ bonds. Exp’s
in toto for pyrrole are 117.23 and 91.07 which are less
than 4E,,/C using the benzene value. The five-mem-
bered aromatic N-heterocyclic ring thus has appreciably
less stabilization energy than benzene—a result which is
already obvious from a comparison of the empirical reso-
nance energies. A contributing factor to this lower value
may well be ring strain since the bond angles of about
108° are substantially less than the 120° characteristic of
sp2-hybridized carbon.

vili. AH®, AS°, and AG° Calculations for
Various Porphyrin Reactions

Despite the stability of the porphyrin ring, there are two
kinds of reaction that destroy its aromaticity: oxidative
fission in which the macrocyclic ring is actually broken,
e.g., biliverdin formation or combustion, and reduction to
either the phlorine (PH2) state, isomeric with the dihydro-
porphines, or the porphyrinogen (PHg) state, both of which
leave the ring intact but break the conjugation; see Fig-
ures 4c,d and 1b,d. Undoubtedly there are differences in
the ease, or otherwise, with which different porphyrins
undergo these reactions. In the following calculations
their gross feasibility is examined by making estimates of
the standard free energy changes. The calculations relate
to the porphyrin and its oxidized or reduced product in
the gas phase—an idealized situation—but the thermody-
namics of solvation are likely to be rather similar, and
since the difference is involved when considering the
reactions in solution, the present caiculations can be
taken as areliable guide to practical conditions.

For simplicity, porphine itself is chosen as the model
porphyrin, and three values are adopted for its RE as ex-
plained in section V.B.4 (a lower limit, a middle value,
and an upper limit) which give AHL° values of 4435.7,
4496.4, and 4838.0, respectively. For all the individual
rings in the oxidative fission product and in phiorine and
porphyrinogen, a compromise REp; valie of 25 is adopt-
ed (compare Table Xil), giving extra’ weight to the lower
values of 21.6 and 22.3 obtained for pyrrole and 2,5-di-
methylpyrrole which are the most reliable.

AH°® for the stepwise reduction of porphine to the dihy-
dro and tetrahydro states, P — PH, — PH,, has been
calculated according to the [18]annulene-type structure
whereby these first two steps would merely reduce the
bridging ~-CH=CH- groups at positions 9,11 and 18,2
without substantially affecting the aromaticity of the ma-
crocyclic ring. The major change in the formation of por-
phyrinogen, PHg, is thus identified with the last step, PHy
— PHg, in which the aromaticity of the porphine ring is fi-
nally lost, to be replaced by that of the true cyclic tetra-
pyrrole, porphyrinogen.

The evaluation of the standard entropy changes for
these reduction reactions is based on the assumption
that since the macrocyclic ring remains intact the only
difference in entropy between P, PH,, PH4, and PHg
arises from the saturation of double bonds, which, ac-
cording to Cobble's empirical treatment,”® can be taken
as 3.5 eu in each case, the reduced compound having
the higher entropy. It would seem unlikely that the result-
ing uncertainty in AS® would exceed 5 eu even for P —
PHg, i.e., 1.5 kcal/mol in the TAS® term.

The calculation of AS° for any reaction in which the
macrocyclic ring is broken is subject to much greater un-
certainty, since separate estimates have to be made for
the cyclic and the open-chain structures. A value for por-
phine has been estimated by plotting S° for the aromatic
hydrocarbons—benzene, naphthalene, azulene, anthra-
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Figure 8. Schematic diagram showing how the w-electron bind-
ing energy per carbon atom increases in going from the olefin
to the aliphatic conjugated polyenes, the aromatic hydrocar-
bons, and finaily to graphite.

cene, and phenanthrene—as a function of N, the number
of structurally bonded atoms (ignoring hydrogen); extrap-
olation to N = 24, for porphine, gives an S° value of
about 95 eu.’

Two independent approaches suggest that the value
for the corresponding open-chain compound, with the bi-
liverdin-type structure, is about 210 eu. First, Cobble's
empirical equation can be used

S° =26+ 3R InM+ 92N - 8° (24)

where M is the molecular weight, N the number of
structurally bonded atoms (ignoring hydrogen), and S°
structural correction terms to allow for the decrease in
entropy due to branched chains, multiple bonds, and
rings.’® For N = 14, Cobble suggested replacing the
9.2N term by (10.1N — 0.1N?). But later data for long
unbranched paraffins do not support this, e.g., S°(n-
CaoH4p) = 223.374 compared with calculated values of
226.8 using 9.2N and 204.8 using (10.1N — 0.1N?). The
simpler form of the equation is therefore to be preferred.
The structural correction term for the biliverdin-like mole-
cule can be computed as follows. A comparison of S° for
five cyclopentanes and their acyclic analogs’ give
values of S° ranging from 11.6 to 14.6, mean 12.8,
whereas for five cyclopentenes and their acyclic analogs
the values of S°g range from 10.6 to 13.4, mean 12.3, a
decrease of 0.5. On this basis the correction for a five-
membered ring containing two double bonds has been
put at 11.8. Hence for the biliverdin-like structure with
four such rings joined by three ~CH== groups, i.e., three
extra double bonds, the total correction factor works out
to be 4 X 11.8 plus 3 X 3.5, i.e., 57.7 eu. Using the
above equation, this ieads to an S° value of about 215.5.

Secondly, the increase in S° in going from benzene,
64.34, to biphenyl, 93.85, is 29.5, i.e., 46% of the ben-
zene value. Using this proportionality factor and 70 eu for
S°(pyrrole),5 a chain of four such rings linked together
with five additional structurally bonded atoms might be
expected to have an entropy value of about 70 + (3 X
0.46 X 70) + (5 X 9.2), i.e., 212.6. The three extra dou-
ble bonds would reduce this to about 202.1. it thus
seems very probable that the entropy for the biliverdin-
like structure is a little greater than 200 eu, and in the
calculations below a compromise value of 210 eu has
been adopted.

The uncertainty in this value and in that for porphine is
unlikely to be greater than *15 eu. Hence AS° for the
oxidation reaction will have an uncertainty of 30 eu,
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TABLE XXVI. AH°, AS°, and AG® at 25° for the Gas-Phase
Formation of the Porphine Analog of Biliverdin

porphine 4+ 3H; 4+ 30, —> biliverdin analog + CO + 3H:0

Using Three Values for the Porphine Resonance Energy (See
Section V.B.4)

AH®, kcal/mol AS°, eu AG®, keal/mol
—288¢ +57 —271
—228b +57 =211
+114¢ +57 +131

o Low values, RE1 = 180.0 and RE11 = 94.5, which give AH,°(por-
phine) = 4435.7. » Middle values, RE{ = 240.5 and RE11 = 155.2, which
give AH.°(porphine) = 4496.4. ¢ High values, RE; = 582.0 and RE11 =
496.7, which give AH,°(porphine) = 4838.

which is equivalent to almost £10 kcal/mol in the TAS®
term. Nevertheless, it will appear that an uncertainty
even of this magnitude in no way affects the conclusions
regarding permissible values for the porphine resonance
energy.

A. Oxidative Fission
1. Biliverdin Formation

This is the rather remarkable process in which the
heme of hemoglobin, ferrous protoporphyrin 1X, under-
goes enzymatic oxidative degradation, the macrocyclic
ring breaking between rings A and B with the elimination
of the a-methine C atom as carbon monoxide.”5 The pro-
cess involves many steps including the oxidation itself,
removal of the prosthetic group from the globin, and
ejection of the iron. At some stage the underlying fission
reaction occurs, which, taking porphine as the model,
can be represented

porphine + 3/,0, —> biliverdin analog + CO (25)

CooH1aNg C1gH14N4O;
However the actual mechanism is more complicat-
ed,’%77 a mixed function oxygenase being involved,

whereby NADPH is simuitaneously oxidized to NADPT,
Replacing this two equivalent coenzyme reducing agent
by H,, which is justified in the present context because
these redox couples have extremely similar thermody-
namic characteristics, the fission reaction becomes

porphine + 3H, + 30, —
biliverdin analog + CO + 3H,0 (26)

Taking RE;; = 25 for each ring in the biliverdin analog,
AH,° works out to be 4472.45, which gives for the heat
of the reaction the three values set out in the first column
of Table XXVI, according to whether porphine is assigned
the low, middle, or high value for its resonance energy.
The enol structure has been used for the biliverdin com-
pound, Figure 4c. However, the physicochemical proper-
ties of hydroxypyridines, hydroxypyrroles, and biliverdin
itself indicate that the carbonyl tautomer, the lactam, is
the more stable.”5 No very precise evaluation of AH,°
can as yet be made for this structure, but amide, a,8 un-
saturated aldehyde, and polyene data?® provide a rough
estimate of about 4490. This would have the effect of
making the heats of reaction in Table XXVI more favor-
able by about 18 kcal/mol, but the marked contrast be-
tween the first two, very favorable, and the third, very un-
favorable, value is unaltered.

With the S° values discussed above, AS° is +57 eu.
The AG® values listed in the third column are thus very
favorable for the low and middle porphine RE values, but
extremely unfavorable, owing to the adverse AH° of
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+114 (or +96) for the high value of the porphine RE. At
least in the case of protoporphine, therefore, these calcu-
lations would appear to rule out the high value complete-
ly.

It needs to be emphasized that the mixed function oxy-
genase reaction, which can be generalized

AH + Hy, + O, —> AOH + H,0
4

entails a prodigious expenditure of energy, since for each
mole of AH oxidized to AOH, one mole of H,0 is formed
for which AHr®°, ASt°, and AGr® are —57.8 kcal/mol,
—10.6 eu, and —54.64 kcal/mol, respectively.’* In the
above formation of biliverdin, AH°, AS°, and AG° thus
contain contributions amounting to —173.4 kcal, —31.8
eu, and —163.9 kcal, respectively, from this source. In
actuality the process squanders material substance too,
the precious reduced coenzyme NADPH. On purely ther-
modynamic grounds this mixed function reaction would
be unnecessary if the porphyrin had low or middle RE
values, because the fission reaction itself, reaction 25,
would still be a favored process with AH® and AG® —115
and —141, —54 and —81 kcal, respectively. Even so, de-
spite the additional driving force provided by the forma-
tion of water (or NADP*) in the mixed function reaction,
it is still far from sufficient to result in favorable AH® and
AG® values for any porphyrin with a high RE.

2. The Biliprotein Prosthetic Groups

Biliverdin formation from heme is essentially a degra-
dation reaction leading to the excretion of the elements
of the once useful iron porphyrin structure. Linear-chain
tetrapyrroles, phycocyanobilin, and phycoerythrobilin do,
however, play a more positive biological role as the pho-
toactive prosthetic groups of the biliproteins in blue and
red algae.””'78 Phytochrome, the pigment in higher plants
responsible for many of their photoresponses, has a simi-
lar prosthetic group.’? The details of the formation of
these particular open-chain derivatives are not yet fully
worked out, but there is evidence to suggest that a por-
phyrin ring is formed first, which is then opened to give
the linear tetrapyrrole.89 Whatever the mechanism may
be, the porphyrin resonance energy would again be an
important factor in determining the heat of the step in
which fission of the macrocyclic ring actually occurs.

3. Combustion

The macrocyclic ring must be broken at some stage in
the combustion reaction, and, although the nature of the
fission reaction is not yet established, the resonance en-
ergy is obviously an important factor again. The reaction
of dioxygen with an olefinic double bond to give a dial-

dehyde
~
H
I £0, — o0 (27)
_~CHO

H

which is known to occur in the conversion of 3-carotene
to retinal,®' will be employed to examine this feature, be-
cause it is both simple in principle and probably has a
more favorable heat of reaction than any actual interme-
diate step involving free radicals—and favorability is the
point at issue. The combustion, of course, is a high-tem-
perature process; nevertheless, heats of reaction do not
vary greatly with temperature, and values based on the
25°C data are reliable enough to demonstrate the critical
role of the resonance energy.
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TABLE XXVH, Values of RE;; for the [18]Annulene Structure
That Would Result in Thermoneutrality for Oxidative Fission by
Dioxygen Attack at the Double Bonds Giving Aldehyde Groups®

No. of O: RE;: No. of O: RE1:1
1 104.6 5 362.1
2 169.0 6 426.5
3 233.4 7 490.9
4 297.7 8 585.3

% The first reaction, n = 1, breaks the macrocyclic ring, and the
additional reactions for which n = 2, 3, etc., produce glyoxal.

Clearly the more stable the aromatic compound, i.e
the larger its resonance energy, the less favored the
reaction. Taking benzene as the example, with REj; =
32.03, AH® for reaction 28 is found to be —51.21 kcal/

CHO
Qo - =

mol, using E(C4q-Cco) = 100.84 from crotonaldehyde
data,?® and 3.56 for the RE|; associated with the central
Cq-Cq bond; see section IV.A. For [18]annulene, with
RE11 = 94.52, AH® for the corresponding fission reaction
is —10.08; or, put another way, if RE;; had the value
104.60, the fission reaction would be thermoneutral. Any
higher RE; value would make the reaction endothermic,
and therefore less acceptable as a key step in the com-
bustion process. Even with the middle value adopted for
RE11 of porphine, 155.20, the reaction would be endother-
mic to the extent of 50.6 kcai/mol, and with the high
value, as great as 392 kcal /mol.

Endothermicity of this primary fission reaction could be
offset by additional oxidation at the «,3 double bond con-
jugated to the aldehyde group with the concomitant for-
mation of glyoxal, i.e.

—CH=CH—CHO + 0, —>
—CHO + CHO—CHO (29)

i

Calculations show that for each such reaction AH°
—64.38. Hence thermoneutrality in the overall fission
reaction would be achieved with REj; values given by the
equation

RE, = 18460 + 64.38(n - 1) (30)

where n is the total number of O, molecules reacting si-
muitaneously with the [18]annuiene structure. REjp
values for n from 1to 8 are listed in Table XXVII.

Now although the combustion of a porphyrin is a far
more complicated process than that of the [18]annulene
structure, the above reaction(s) simulates oxidative at-
tack at double bonds in the 1,2 or 3,4 positions, etc. Por-
phyrins with substituents at these positions would give
ketones, not aldehydes, but the AH° values would be
quite similar. To break the macrocyclic ring the stabiliza-
tion due to the resonance energy has to be met. The res-
onance energy of any five-membered ring left in the oxi-
dation product would have a compensatory effect. But
with REj; values of about 25 kcal per ring this would lead
to a thermoneutral or exothermic fission reaction only if
the porphyrin had a low to middle RE;; value. These con-
siderations would clearly have to be taken into account in
arriving at a fully satisfactory mechanism for the fission
reaction.

B. Reduction to Porphyrinogen

In this reaction too the stabilization of the porphyrin
ring has to be overcome, and again high values for the
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TABLE XXVIII. aH°, AS°, and AG° at 25° for the Stepwise and
Overall Hydrogenation of Porphine (P) to Porphyrinogen (PH;)
in the Gas Phase, Using Three Values for the Porphine
Resonance Energy

AH°, AG®,
Reaction RE kcal/mol  AS°, eu  kcal/mol

P + H,— PH; —25 —28 =17
PH; + H: — PH, —25 —28 =1
PH, + H;— PH; Lowe —26 —28 —18
P + 3H; — PH; Lowe —75 —83 —51
PH; + H: — PHq Middie? +35 —28 +43
P 4+ 3H; — PHs Middle? —15 —83 +10
PH;+ H; — PH; High® +376 —28 +385
P 4+ 3H;— PHs Highe +327 —83 +352

@~ See corresponding footnotes in Table XXVI.

TABLE XXIX. AG° Values for the Reduction of Tetrahydro-
porphine (PH,) and Porphine (P) by Metallic Sodium and Water
at 25°, Using Three Values for the Porphine Resonance Energy
(a) PH, 4 2Na,, + 2H,0, — PH¢ + 2Na*,, + 20H—,,
(b) P 4+ 6Na, + 6H.0, — PH¢ 4 6Na*,, + 60H

AG®, kcal/mol
Reaction Low RE® Middle RE? High RE®
(a) PH,— PH; —105 —44 +298
(b) P — PHq —312 —251 +91

a-<See corresponding footnotes in Table XXVI,

porphine resonance energy would make the reaction very
unfavorable.

1. By Hydrogen

Using the data discussed at the beginning of this sec-
tion, AH®°, AS°, and hence AG® values have been calcu-
lated for the gas-phase hydrogenation of porphine to the
dihydro-, tetrahydro-, and porphyrinogen oxidation states;
see Table XXVIII. Even with the middle value for the res-
onance energy, REj; = 155.2, the final reduction stage,
PHs — PHe, and the overall reduction P — PHg would
appear to be somewhat unfavored. With the high value,
extremely positive values are obtained for AG®. Hence
for those porphyrins which are known to undergo reduc-
tion to the porphyrinogen state by hydrogen in the pres-
ence of catalysts,8? high values for the resonance energy
would appear to be ruied out.

2. By Sodium Plus Water

The same is true (see Table XXIX) for the reduction by
sodium and water, a reaction which is often carried out
using the mercury amalgam. A similar contrast between
the AG® values would be obtained for reduction by sodi-
um and an alcohol.

C. Thermal Decomposition of Porphyrinogen

The ease, or otherwise, of the hydrogenation of P to
PHs, and PH4 to PHg, has an interesting consequence in
connection with the stability of the porphyrinogen toward
thermal decomposition. In Table XXX, AH° values are
listed for the decomposition of various hydrocarbons,
several explosives, and porphyrinogen decomposing into
PH4 and P with the liberation of one and three molecules
of hydrogen, respectively. Although instability is a kinetic
as well as a thermodynamic phenomenon, it is very strik-
ing that porphyrinogen wouid rank with other ordinary
stable organic compounds provided the porphine reso-
nance energy had a iow to middle value, while with the
high value, in the neighborhood of 500 kcal/mol its ther-
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TABLE XXX. AH° for Various Thermal Decomposition
Reactions at 25°

AHC,
Reaction kcal/mol
A. Hydrocarbons
Acetylene CiHy g — 2C. 4+ Ha g —54
Benzene CeHg ¢ — 6C, + 3H2 ¢ —20
Naphthalene CioHs ¢ — 10C, + 4H; ¢ —36
Anthracene CisHio ¢ — 14C, + 5H2 ¢ —55
Chrysene CigHiz ¢ — 18C, + 6H: ¢ —63
9,10-Diphenyl- CasHis ¢ — 26C, + GH: ¢ —111
anthracene
5,6,11,12-Tetra- CuHas , — 42C, + 14H, ¢ —187
phenyltetracene
B. Explosives
Silver azide 2AgN; . — 2Ag. + 3N2 —134
Gunpowder 2KNO; . + 3C. + Sc. — —147
KeSe 4+ Nz ¢ + 3CO;
Mycomycin CisH1002 o — 11C, + —224
2H20; + CaoHs ¢
Glycerol trinitrate CsH3(NO3); , — —364
2.5H.0, + 3CO; ¢ +
1.5N; ¢ 4 0.250:
C. Porphyrinogen Dehydrogenation
PHﬁg—>PH4g+Hzg +26’1
_356
—376¢
PHs ¢ — Py + 3H: +75¢
+15¢ -
—327¢

a-¢ See corresponding footnotes, in Table XXVI.

modynamic instability would exceed that of several ex-
plosives and be very comparable to that of glycerol trini-
trate, which is readily detonated by mechanical means.

D. Summary and Data for a Porphine /Phlorine
Couple

All these calculations suggest that although differences
might be expected from one porphyrin to another, a low
to middle value for the resonance energy is more in
keeping with the known chemical properties in the major-
ity of cases. The importance of porphyrins, their dihydro
and tetrahydro derivatives, and porphyrinogen, in bioiogy,
geochemistry, and cosmic chemistry points up the need
for new experimental studies to establish beyond doubt
‘the thermodynamic relationships between the oxidation
states and the variation that could be brought about by
substitution around the porphine ring.

At present the only piece of quantitative data which
bears on these problems, other than the heats of com-
bustion, is the oxidation-reduction potential of —0.041 V
with respect to the silver|silver chloride electrode, ob-
tained by Wilson for the porphine/phlorine couple of
«,B,v,6-tetramethylpyridinium porphine.®3 The porphine
type of aromaticity is destroyed in this reduction process
(compare Figures 1a and 4d); hence, by making certain
assumptions, it is possible to arrive at a value of the por-
phyrin resonance energy.

The E° value was determined by cyclic voltametry
using very acidic solution in which, from the point of view
of the ring nitrogen atoms, the porphyrin was present as
the dication, and the phlorine, the monocation. The pK
for the ionization of the porphyrin giving its monocation
was estimated as about 3. Putting these data together
gives —12.35 kcal /mol for the reaction

porphyrin + H, —> phlorine (31)
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TABLE XXXI. Thermodynamic Data for Various Porphine
Reactions Based on RE;; = 103.15 Calculated from Wilson’s
Data®: on the Porphine/Phiorine Couple for
a,8,7,6,-Tetramethylpyridinium Porphine

AH°, AS®, AG®,
Reaction kcal/mol eu kcal/mol
Biliverdin analog —106 89 —133
formation
PH; + H; — PH; —-17 —28 —9
P+ 3H,— PHs —66 ~—83 —42
N
PH, —> PHs —9%
P 5 PH, —303

with both species present as monocations. Assuming that
the entropy change for the reduction is determined solely
by the saturation of the double bond and loss of the hy-
drogen molecule, AS° = —27.7, ie., TAS® = —8.26.
With these values it follows that —12.35 = AH° + 8.26,
i.e., AH®° = —20.61. Assuming the solvation heats to be
the same for porphyrin and phlorine, which is a reason-
able approximation since the charge is the same, this
value for AH® can be identified with the gas-phase value.
AH,° for the unsubstituted phlorine structure correspond-
ing to porphine is calculated to be 4569.17; hence, using
the data for porphine from section V.B.4

434122 + RE,(porphyrin) + 104.20 - 4569.17 = -20.61

i.e., REr(porphyrin) = 103.14.

it is interesting that this value is “low,” much nearer
the [18]annulene value even than those based on the
combustion data of Stern and Klebs.'S In fact, a value 50
kcal/mol greater than this would alter E° by more than 2
V, and as a consequence the reaction wouid be very dif-
ficult to study electrometrically.

Using this RE;j; value, thermodynamic data for the var-
ious reactions discussed in this section have been recal-
culated; see Table XXXI. It is to be noted that in all cases
where, from observation, the reaction is in general known
to occur, the AG® values are appropriately negative; and,
conversely, porphyrinogen is stable with respect to ther-
mal decomposition, the AG® values for PHg — PH4 and
PHe¢ — P being +9 and +42 kcal/mol, respectively. Fur-
thermore, with this low value, fission of the macrocyclic
ring in the combustion reaction would present no prob-
lem.
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Although this finding is at variance with some traditional values in
the literature, for example, 36.0 for benzene and 23.0 for pyri-
dine,?2 this is by no means always the case as can be seen by re-
terring to Schofield’s tabulation.2* Pauling’s values,'® which date
back to the original paper of Pauling and Sherman*¢ in 1933, are
39 and 43 respectively. Overall, the values Schofield lists for ben-
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