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Detailed thermodynamic data for species containing the [Ph;C] group are reported. The values were
obtained by critical evaluation of literature data, combined with analysis and estimation of unavail-
able parameters. The resulting set of values includes stable molecules and intermediates such as
Ph,CH’, Ph,C"”, Ph,C'OH, Ph,COO, Ph,CH*, Ph,CH*, Ph,CH™ and Ph;CH™, and should provide a
solid base for the estimation of thermochemical changes and redox potentials in reactions involving

these species.
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1. INTRODUCTION

The diphenylmethyl moiety is one of the most common
groups in molecules used in mechanistic studies of reaction
intermediates and in photochemistry. Thus, diphenyl carbene,
diphenylmethyl radical, diphenylmethyl cations, benzophenone
oxide and the triplet state of benzophenone figure prominently
in reports on organic reaction mechanisms.

During the last decade there have been several reports that
considerably improve our understanding of the kinetics,
mechanisms and thermochemical parameters of these species.
These, combined with long established parameters (e.g. some
enthalpies of formation, energies of phophorescent states, etc.)
should allow one to construct a thermodynamic cycle provid-
ing a solid basis for thermochemical calculations. In principle
one should be able to estimate the enthalpies/free energies of
formation of all the molecules and reaction intermediates in-
volved. While available in the literature, many parameters are
widely scattered in many reports and it is frequently difficult
to establish which values form part of a consistent set, in terms
of both the assumptions involved, as well as the experimental
conditions used.

Recent work!-? describes how thermodynamic properties of
ions and radicals can be related in a thermodynamical cycle if
a certain number of bond dissociation energies and electrode
potentials are known. In an approach similar to that used in
the review by Wayner and Parker! we can represent the rela-
tionship between the various thermodynamic properties of the
ions and radicals containing the diphenylmethyl moiety by the
thermochemical mnemonic shown in Scheme I. Horizontal
arrows represent redox processes, with reduction always from
left to right, the vertical lines represent bond dissociations,
the diagonal lines to the left represent the addition of H- and
the diagonal lines to the right represent H* dissociation. The
latter processes can be related to pK (dissociation of H-) and
pKa values, respectively. The continuous arrows represent re-
actions for which we will select values from the experimental
data. This is the minimum set of processes for which thermo-
chemical data are needed to calculate the thermochemical
parameters for all the remaining reactions (dashed arrows).
Besides compiling and calculating thermochemical data for the
reactions shown in Scheme I, we also include reactions in-
volving benzophenone, diphenyldiazomethane, and related in-
termediates (Scheme II).
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Scheme I. Thermochemical mnemonic describing heterolytic and
homolytic reactions of molecules involving the diphenylmethyl moiety.

To produce a consistent data base one needs a set of ex-
perimental conditions which will be useful for potential users
of the data, and for which the literature provides sufficient
information. Our set of “standard” conditions corresponds to
dry acetonitrile at 298 K. This is a solvent frequently used in
electrochemical studies of charged intermediates and for which
it is not unreasonable to assume that data relating to uncharged
intermediates [e.g. bond dissociation energy in Ph,C(H)—H]
will not be largely influenced by polarity. All electrode po-
tentials employed throughout this analysis are quoted with
reference to the normal hydrogen electrode, (NHE),,. How-
ever, most electrochemical data was reported for SCE as the
reference electrode. The standard conversion of + 0.24 V of
SCE vs. (NHE), was used throughout.
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Scheme II. Reactions involving compounds with the benzophenone
moiety.

The main difficulty in compiling these data derives from
the fact that thermochemical measurements normally lead to
enthalpy changes, while electrochemical studies lead to free
energies. Combining these data requires some knowledge of
entropies for reaction intermediates; some of these, such as
solubilization entropies or free energies for some short lived
intermediates (e.g. hydrogen or oxygen atoms) are not avail-
able from experiments.

Clearly, some of the values will be subject to future revi-
sion. While data from different original reports quote differ-
ent error limits, we feel that their combined result should be
consistent to within £ 2 kcal mol'l. Values derived directly
from these probably have comparable error limits, but when
multiple steps are involved it is easy to see that errors may
tend to accumulate. In Table I we provide the detailed formu-
lae employed in each calculation, which should enable the
reader to judge the validity of each approximation. Further, it
should be straightforward to update the estimates as new data
become available or as older measurements are further refined.

2. TECHNIQUES EMPLOYED TO OBTAIN
THERMOCHEMICAL AND ELECTROCHEMICAL
DATA

The two principal parameters needed to describe thermo-
dynamic cycles involving intermediates such as radicals, radi-
cal ions, cations and anions are bond dissociation energies
(BDE) and electrode potentials for the reduction and oxida-
tion processes. In addition, entropic parameters are needed to
relate thermochemical (AH) and electrochemical (AG) values.

Obtaining reliable data for bond dissociation energies is
not a trivial enterprise, specially when dealing with short lived
reaction intermediates. Several classical methods are employed
to measure BDE in the gas phase, such as shock tube meth-
ods, iodination reactions and very low pressure pyrolysis; these
rely on kinetic measurements which are then related to the
heat of formation of the free radical and BDE values of stable
compounds. All these methods require a keen awareness of
the underlying assumptions. For example, the iodination reac-
tion method assumes that hydrogen abstraction by the alkyl

Table 1. Calculations leading to the thermodynamic values in Table II and corresponding to the steps in Schemes I and II. The
numeric sequence has been modified slightly to emphasize a convenient order for the calculations.

Step Source
1 AH; experimental ; AG; = AH; - S (H")cor
2 AH; = AH¢(Ph,Cee) + AH((H") - AH¢(Ph,CH+); AG; = AH; - S (H")cor
3 Ep estimated as similar to toluene
4 Eo experimental
5 Ey experimental
6 Eo experimental
9 AGg = AG¢ - AG; - AG(H/H-)
7 AG7 = AG4 - AGy - AG(H'/H)
8 AGg = AG4 + AG; - AG(H*/H*)
10 AGyp = AG; + AGs - AG(H*/H")
11 AGy; = AGs - AG, - AG(H'/H-)
12 AGj; = AGyg - AGs + AG(HY/H")
13 AGy3 = AGg + AG; + AG;s - AG(HYH?)
14 AGs = -AG; - AGj5 + AGs - AG(H'/H")
15 AH;s estimated (see text); AGs = AHj;s + RTIn(3)
17 AH;7 = AH«{Ph;0) + AH(H») - AH{Ph,OH-); AG;7 = AH,7 - 4.8 kcal/mol
16 AH;¢ = 0.5[AH23 + BDE(Oy)], or AH;s = AH{Ph,CO) - AH{Ph,COO) + AH(O)
AGi6 = AHjs — T(S%as(0) + ASeonn(0);  see text for discussion of AHje.
20 AHyg experimental, AGgo = AHyg ~ T(S%as(N2) + ASsoiw(N2))
19 AHj9 = AHy - AHj4, AHj4 = -48.1 (experimental)
AG1g = AHjg — T(8%as(02) + ASsop(02))
18 AHis = AHjo - AHj6 + BDE(O;), AG;s = AHj5 - T(Sogas(()) + ASsoun(0))
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radicals from HI is a non activated process; in the shock tube
approach data collected at very high temperatures are extrapo-
lated to 300K; the very low pressure pyrolysis technique is
only reliable if care is taken to carefully coat the surface of
the vessels to avoid reaction with the walls. The most critical
drawback of these techniques is that the data relate to the gas
phase and our purpose is to establish a thermodynamical cycle
for transients in solution.

Several techniques have been employed to measure heats
of formation in solution. Electron paramagnetic resonance
(EPR) was used to follow radical concentrations in the ex-
change reaction between alkyl radicals and alkyl iodides (radi-
cal buffer measurement). The heat of formation of the radical
is obtained from equilibrium concentrations and literature
values for the alkyl halides thermodynamic parameters. This
method has been employed to establish the heats of formation
of simple alkyl radicals. Its application is limited to highly
reactive radicals.3-

Laser Induced Optoacoustic (or Photoacoustic) Calorimetry
(LIOAC) makes it possible to determine enthalpic changes
associated with rapid processes. In particular it allows the
determination of parameters for short lived reaction interme-
diates. Excitation of a sample by a short laser pulse results in
rapid local deposition of heat. This release of energy gener-
ates an acoustic wave that can be monitored with a suitable
pressure sensitive detector. Since the heat released is a func-
tion of energy uptake or release by the reaction (i.e. of AH),
enthalpic terms can be obtained by quantitative analysis of
LIOAC data. The technique has been recently reviewed.5-8

The determination of electrochemical parameters for tran-
sient intermediates, such as radicals in solution requires spe-
cial considerations. The gas phase parameters, electron affin-
ity and ionization potentials are not directly applicable to re-
actions in solution. Oxidation and reduction potentials of radi-
cals can be measured from the electrochemistry of the corre-
sponding cations or anions, but only few of these ions can be
sufficiently stabilized for electrochemical measurements. In
some cases the conditions to stabilize the ions, e.g. highly
acidic solutions for cations, make the resulting potentials of
limited value for studies in more common solvents, such as
acetonitrile. Electrochemical potentials have been obtained by
studying the radicals with photomodulation voltammetry. The
radicals are photochemically generated by a modulated light
source. The output of the potentiostat is fed into a lock-in
amplifier that is referenced to the chopping frequency of the
light source. Thus, the electrochemical response due to the
radical is enhanced in relation to noise’

3. DISCUSSION OF THE SELECTION CRITERIA FOR
LITERATURE VALUES AND RATIONALE FOR
THE CALCULATION OF ESTIMATED
THERMOCHEMICAL PARAMETERS

To calculate the thermodynamical parameters for the pro-
cesses in Scheme I we need to know the heat and free energy
of formation of H* and the values for E°(H*/H*) and E°(H*/H")
in acetonitrile. An analysis in which the free energies of sol-
vation of noble gases is correlated to the free energy of solva-
tion of H* has shown that one cannot assume that the free
energy of formation of the hydrogen atom is the same in the
gas phase and in different solvents.®1® The values reported
are: AG(H*)acn = 54.3 kcal/mol, E°(H*/H*)acn vs. (NHE),q =
-1.77 V and E°(H'/H )acn vs. (NHE)yq = -0.60 V. We note
that the E°(H*/H*)acn value used corresponds to that recently
reported in a correction by Parkeri® and not that appearing in
earlier reports.®!1 Free energies for hydrogen atom solvation
have been estimated by Parker!! on the basis of a comparison
with the noble gases. In our case we find that enthalpic cor-
rections are small enough that within the £ 2 kcal/mol error
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limits they can probably be ignored. Thus, for the enthalpy of
formation of H* we use the gas phase value of 52.1 kcal/mol.
For X-H bond energies in acetonitrile we introduce the cor-
rection proposed by Wayner and Parker! related to the free
energy of solvation and entropy change due to H* formation;
i.e. bond dissociation energies involving H exceed AG values
by 4.8 kcal/mol.

The reduction and oxidation of the diphenylmethyl radical
was studied by photomodulation voltammetry!2. The values
are: E°(Ph,CH/Ph,CH-) = -0.90 V vs. (NHE)qq [original value:
-1.47 V vs. Ag/AgNO;3 (0.1 M in ACN) which was in turn
reported to have a potential of 0.334 V vs. SCE] and
E°(Ph,CH*/Ph,CH") = 0.59 vs. (NHE),q [original data:
+ 0.02 V in Ag/AgNO; (0.1 M in ACN)] (Table II).

The oxidation potential of diphenylmethane (E°(Ph,CH;™*/
Ph;CH;)) was determined to be 2.25 V vs. (NHE),q (original
determination vs. SCE).!? Since we could not find a value for
the reduction of diphenylmethane we assume a value of -3.1
V vs. (NHE),q that is close to the value for toluene (Table II).

The heat of formation of diphenylmethane is 33.2 kcal/mol
(Table III).}4 The heat of formation of diphenyldiazomethane,
that is necessary for the calculation of the heat of formation
of the diphenyl carbene was evaluated from step # 21 (Note
that reactions with step # greater that 20 are given in the text,
not the tables).

PhoCN; + Et(OH) — Ph,CHOEt + Nj Step # 21

AH for reaction 21 was measured by LIOAC calorimetry
and corresponds to -53.6 kcal/mol.14 The heat of formation of
Ph,CHOEt (-10.6 kcal/mol) was estimated from group addi-
tivity contributions!5 and the value for AH of ethanol is -56.2
kcal/mol.16 From these values a heat of formation of 99.2 kcal/
mol was calculated for diphenyldiazomethane.

Thermochemical data for diphenyl carbene correspond to
the triplet state and are based on photoacoustic studies of the
following reaction:

Ph,CN; — 3PhyCee + N, Step # 20

AHjyg values of ~0 and -1 kcal/mol have been reported.\”.18
An earlier report giving AHjg = -12 kcal/moll® has now been
established to be incorrect!? and the reason for the original
problems discussed in detail;? these difficulties illustrate well
the experimental requirements of the technique. Based on the
AHg value for Ph,CN; determined above a value of 98.2 kcal/
mol was established for the enthalpy of formation of triplet
diphenyl carbene. A short discussion on the relevance of the
multiplicity of the carbene involved in the thermochemical
cycle is in order. The decay of the singlet carbene formed in
the photolysis of diphenyldiazomethane is very fast (subnano-
second)?®2! and occurs within the time window for which heat
release is being measured in the optoacoustic experiment. On
the other hand, the triplet carbene is long lived compared to
the detection time and is considered to be the “end product”
of the reaction. However, the proton dissociation and H- asso-
ciation processes that can lead to carbene formation (processes
13 and 14 in Scheme I} will yield initially the singlet carbene.
For this reason thermochemical calculations must take into
account the energy corresponding to the triplet-singlet split-
ting. Although the energy splitting between singlet and triplet
carbenes has been a subject of considerable controversy, it is
clear that models suggesting gaps of up to 5 kcal/mol fail to
explain the temperature dependence of carbene reactions.??
The experimental data is consistent with a somewhat larger
gap. The value of 7.0 kcal/mol is assumed, since at the same
time it is reasonable to expect that the gap in diphenyl carbene
will be smaller than in the parent CH;. The difference be-
tween AH,5 and AGjs is based on the assumption that the only
entropic difference between singlet and triplet carbenes re-
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Table II. Thermodynamic parameters for each process in Schemes I and II at 298 K, in acetonitrile whenever possible.

# From To AH (kcal/mol) AG(kcal/mol) Eo (V)
1 Ph,CH, Ph,CH* + H* 814 76.6
2 Ph,CH" 3PhoC: + H° 87.8 83.0
3 Ph,CH; + e Ph,CH;,~ 71.5 (-3.1)
4 Ph,CH* + e Ph,CH, -51.9 2.25
5 Ph,CH® + e Ph,CH- +20.8 -0.90
6 Ph,CH* + ¢ Ph,CH* -13.6 0.59
7 Ph,CH,* Ph,CH* + H’ 383
8 Ph,CH,* Ph,CH' + H* -16.1 pKa-11.8
9 Ph,CH* + H- Ph,CH; -104  pKji 76.2
10 Ph,CH; Ph,CH- + H* 56.6 pKa 41.5
11 Ph,CH* + H- Ph,CH,~* -189 pK;i 139
12 Ph,CH;~ PhCH- + H 25.9
13 Ph,CH* tPh,C: + H* 36.3
14 IPhyC: + H- Ph,CH- -83.7 pKy 614
15 3PhyC: 1Ph,C: (7.0 ()
16 Ph,COO Ph,CO + O 21.5 (3.2 11.6 (-6.2)2
17 Ph,COH* Ph,CO + H* 35 30.2
18 Ph,CO 3PhoC: + O 144.6 (162.9)2 135.6 (153.9)2
19 Ph,COO 3Ph,C: + O, 47.1 373
20 Ph,CN, 3PheC: + N, -1 9.9

a See text for a discussion of these values.

Table III. Basic thermodynamic parameters for the species involved in the thermodynamic calculations for the reactions in

Schemes I and II.

Species or Couple AHg , kcal/mol So, cal/K mol AGg, kcal/mol RO.o/NHE
H+/He 40.8 -1.77V
He/H-— +13.8 -0.60 V
He 52.1 54.3

N; 0 45.8 (gas) -13.6 (gas)

0, 0 49.0 (gas) -14.6 (gas)

(0] 59.5 38.5 (gas) 48.0 (gas)

Ph,CH, 33.2

Ph,CH* 62.5

3(PhyC:) 98.2

Ph,CN, 99.2

Ph,COO 51.2

flects their relative multiplicity, thus, its contribution to the
free energy difference is: AAG ~ RT In(3).

A value of 81.4 kcal/mol has been established for the bond
dissociation energy of diphenylmethane in very low pressure
pyrolysis experiments.2? This experimental value is very close
to a recently calculated one (80.6 kcal/mol).2* The bond dis-
sociation energy value leads to a AH; value for the diphe-
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nylmethyl radical of 62.5 kcal/mol [AH{(Ph,CH') = BDE(Ph,CH,) -
AHH+) + AH¢ (Ph,CH>)].

The BDE for the diphenylmethyl radical is calculated from
the reaction:

Ph,CH* — Ph,C* + H* Step # 2
where the BDE is given by BDE(Ph,CH*) = AH{(Ph,C*) +
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AH(H") - AH(Ph,CH*) and has a value of 87.8 kcal/mol.

As expected the value for the dissociation of the second
hydrogen of diphenylmethane to form the carbene is energeti-
cally less favorable than the dissociation that leads to the for-
mation of the radical.

Two values have been reported for the O-H bond in the
ketyl radical Ph,C*OH. These are 110 kcal/mol?5 and 95 kcal/
mol?6. The latter is probably based on too low a bond disso-
ciation energy for ethanol;27.28 an appropriate correction leads
to a bond energy of 97 kcal/mol in the ketyl radical. Not being
sure which value to select, we tentatively take the average, or
~104 kcal/mol for:

OH o*

e Y o s

leading to a AH of 35 kcal/mol for step # 17, which corre-
sponds to the BDE given above for step # 22 corrected to take
into account the triplet excitation energy of benzophenone
(Table IV).

Table IV. Excited state energies for selected reaction inter-
mediates from Schemes I and II

Species Type Excitation Energy
(kcal/mol)
Ph,CO triplet 69.0
Ph;Cee triplet 56.7
Ph,CHe doublet 54.3
Ph,C*OH doublet 51y

2 0,0 band not resolved.

We could not locate an enthalpy of formation for benzo-
phenone in acetonitrile, although a value of -5.2 kcal/mol has
been reported in benzene.25 This value is based on the heat of
formation of crystalline benzophenone corrected to account
for the solubilization heat.2S If this value is used, one obtains
the values in parenthesis for steps # 16 and 18 (Table II). An
alternate approach to those steps is provided by the enthalpy
for step # 23 (AHy3 = -76.0 * 4.0 kcal/mol) reported by
Hartstock et al.14

2 Ph,COO —— 2 Ph,CO + O, Step # 23

from step # 23 one can derive: AH;g = 0.5 [AH,3 + BDE(O3)],
which yields AHijs = +21.5 kcal/mol. This in turn leads to
AHjg3 = 144.6 kcal/mol. While we cannot pinpoint the origin
of the discrepancy, we suspect that its origin resides in the
enthalpies of formation for benzophenone. If this is the case,
further refinement of the numbers should be possible. Given
that carbonyl oxides are very long lived,?® we tentatively pre-
fer AHj)s = +21.5 kcal/mol. In the case of step # 18 the pro-
cess is so unfavorable that either value could predict the sta-
bility of benzophenone.

The change in enthalpy for reaction 24 was determined by
LIOAC to be -48.0 kcal/mol.!4 The value for the heat of for-
mation of the benzophenone oxide can be derived from this
experimental result (AHg(Ph,COOQ) = AH»4 - AH{(Ph,CN3)) and
corresponds to 51.2 kcal/mol
Ph,CN; + O3 — PhCOO + Ny Step # 24

Entropic parameters for O, and Nj in the gas phase are
readily available. The values at 298 K were taken as $%as(O2) =
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49.0 e.u. and for N3, §%,(N2) = 45.8 e.u.3? Entropies of solu-
bilization for oxygen are available in a number of solvents,?!
but not in acetonitrile. Examination of the literature shows
that for polar solvents of dielectric constants comparable to
acetonitrile typical values are around —16 e.u. We have as-
sumed that this value is applicable to both, molecular oxygen
and nitrogen. Typical enthalpies of solubilization for oxygen
are around -0.3 kcal/mol and have been ignored in our calcu-
lations.3! The situation is more complex in the case of atomic
oxygen where parameters such as solubilization entropies are
not available, and are not likely to become available in the
near future. Here again we make some approximations based
on the compilation from Battino.3! While values are not avail-
able for the solubilization of atomic oxygen, sufficient data
are available on oxygen and ozone that their entropies can be
calculated.* We further assume that the entropic variations in
the O, O, and Oj series will occur at even intervals, which
allows the extrapolation for O from the two available param-
eters. An analysis of the available data suggests then that the
solubilization entropy for O will be 40-45% of the value for
O3, corresponding to ASgup(O) ~ -7 e.u. for acetonitrile.
While we realize that this is only a rough approximation, at
the same time, we note that 7 e.u. corresponds to about
2 kcal/mol contribution to the free energy at 298 K. Even
50% error will not affect our estimates dramatically.

4. EXAMPLES OF DETAILED CALCULATIONS

Most processes in Scheme I indicated by dashed arrows are
calculated from the thermodynamic data for the processes indi-
cated by full arrows. The elementary processes necessary to de-
scribe the reactions of interest are added or subtracted as required.
The expression for each step in Schemes [ and II are shown in
Table I. We will show detailed examples for steps 7 and 13.

The elementary processes required to describe step 7 are
shown in Scheme III.

Ph,CH,"" + &€ ——» Ph,CH, AG,
Ph,CH, ——» Ph,CH* + H” ~AG,

H ———— H® + ¢ -AG(H* /H)
Sum: Ph,CH,** —— PhCH* + H' AG,

Scheme III

The value for the free energy of step 7 corresponds to:
AG7 = AGy4 - AGy - AG(H'/H-).

The elementary steps required to describe step 13 are shown
in Scheme IV,

PhCH' + ¢ —» PhCH® AG,
PhCH' -——— 3PhCee + H' AG,
PhyCes  ———  Ipp,Ces AGg

H —— H'+¢€ -AG(H*/H")

Sum:  PhCH* ——— !PhCes +H" AGyy

Scheme IV

* Where the values are not available, the entropies can be deter-
mined from the temperature dependence of Henry’s coefficient,3!
from a plot of -RT /n(x) against T, where x is Henry’s coefficient,
ie.

AHsolub - TASsolub = RT ln(_);)

QUIMICA NOVA, 16(4) (1993)



Similarly, AGi3 = AGs + AG2 + AGy5 - AG(H*/H*). The
pK. value for this reaction is equal to AG13/(2.303RT).

5. CONCLUSION

Tables I-1V provide a solid basis for the estimation of ther-
mochemical and electrochemical parameters for a wide range
of reaction intermediates containing the [Ph,C] group. For
example, the higher reactivity of the triplet carbene with re-
spect to the radical in hydrogen abstraction processes3? be-
comes a natural consequence of the differences in bond ener-
gies (See steps # 1 and # 2 in Table II). Similarly, photo-
chemical cleavage of Ph,C"OH to yield hydrogen atoms33 re-
flects the fact that only 35 kcal/mol are required to induce
this process. Even in the case of our most uncertain values
(steps # 16 and # 18), one would expect carbonyl oxides to be
very photolabile (step # 16). Benzophenone is unlikely to give
up its oxygen atom, but triplet carbenes are known to abstract
oxygen readily from nitroxides;34 step # 18 explains this quite
readily.
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