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Preface

This is the third edition of an advanced textbook about the structures of
organic compounds and the mechanisms of their reactions. The word Perspec-
tives in the title suggests an approach to understanding physical organic
chemistry in terms of complementary conceptual and mathematical models.
All of the chapters in this edition have been updated, and new topics have
been added. In addition, chapters are now arranged for better concept flow.
For example, discussing theoretical chemistry in Chapter 2 provides back-
ground information for additional topics in the chapters on stereochemistry
and molecular geometry. The discussion of elimination reactions now follows
the chapter on substitutions, and the discussion of addition reactions now pre-
cedes the chapter on pericyclic reactions.

It is essential for an advanced textbook to provide complete references.
Citations ranging in date from 1851 to 2022 direct readers to further discussion
of the topics and acknowledge the researchers whose work produced the
information. A teaching text must also provide problems of varying difficulty.
The 438 problems in this edition encourage readers to actively engage the
chemical literature and to develop and defend their own ideas. Some pro-
blems involve straightforward applications of material in the text, while other
problems can best be answered by consulting primary and secondary sources
for background information before attempting a solution. Still other problems
are open ended and are designed to stimulate independent thinking and
discussion.

As discussed in the Preface to the second edition, my thinking about
physical organic chemistry was influenced by George Hammond and the
works of Jakob Bronowski. Hammond’s name is well known to organic
chemists, but Bronowski is less familiar. In the film Knowledge or Certainty,
Bronowski showed different portraits of the same human face and observed
that “We are aware that these pictures do not so much fix the face as explore
it... and that each line that is added strengthens the picture but never makes it
final.”* In many ways, a textbook is a portrait of a particular field of study.

1 The quotation is from Bronowski, J. The Ascent of Man; Little, Brown and Company: Boston, 1973,
p- 353.
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I hope the lines added to the third edition of this book will help readers
develop an even deeper and more complete understanding of physical
organic chemistry.

FELIX A. CARROLL

Professor Emeritus
Davidson College



CHAPTER 1

Fundamental Models
of Organic Chemistry

1.1 ATOMS AND MOLECULES

Basic Concepts

Organic chemists think of atoms and molecules as basic units of matter. We
work with mental pictures of atoms and molecules, and we rotate, twist, dis-
connect, and reassemble physical models in our hands."? Where do these
mental images and physical models come from? It is useful to begin thinking
about the fundamental models of organic chemistry by asking a simple ques-
tion: What do we know about atoms and molecules, and how do we know it?
As Kuhn pointed out,

Though many scientists talk easily and well about the particular individual
hypotheses that underlie a concrete piece of current research, they are little
better than laymen at characterizing the established bases of their field, its
legitimate problems and methods.’

Much of what we know in organic chemistry consists of what we were
taught. Underlying that teaching are observations that someone has made
and someone has interpreted. The most fundamental observations are those
that can be made directly with human senses. We note the physical state of
a substance—solid, liquid, or gas. We see its color or lack of color. We observe
whether it dissolves in a given solvent and whether it evaporates if exposed to
the atmosphere. We might get some sense of its density by seeing it float or
sink when added to an immiscible liquid. These are qualitative observations,
but they provide an important foundation for further experimentation.

It is only a modest extension of direct observation to the use of some
simple experimental apparatus for quantitative measurements. A heat source
and a thermometer allow determination of melting and boiling ranges. Other

! For a detailed discussion of physical models in chemistry, see Walton, A. Molecular and Crystal
Structure Models; Ellis Horwood: Chichester, England, 1978.

2 For applications of physical models to infer molecular properties, see Teets, D. E.; Andrews,
D. H. J. Chem. Phys. 1935, 3, 175.

3 Kuhn, T. S. The Structure of Scientific Revolutions, 2nd ed.; The University of Chicago Press:
Chicago, 1970; p. 47.

Perspectives on Structure and Mechanism in Organic Chemistry, Third Edition. Felix A. Carroll.
© 2023 John Wiley & Sons, Inc. Published 2023 by John Wiley & Sons, Inc.



1 FUNDAMENTAL MODELS OF ORGANIC CHEMISTRY

equipment allows measurement of indices of refraction, densities, surface
tensions, viscosities, and heats of reaction. Classical elemental analysis indi-
cates the elements present in a sample and their mass ratios. In all of these
experiments, the experimenter uses some equipment but still makes the actual
experimental observations by eyes. These simple techniques can provide essential
data, nonetheless. For example, finding that 159.8 grams of bromine will
always be decolorized by 82.15 grams of cyclohexene leads to the law of def-
inite proportions. In turn, that suggests a model of matter in which submicro-
scopic particles combine with each other in characteristic patterns, just as the
macroscopic samples do. It is then only a matter of definition to call the sub-
microscopic particles: atoms or molecules. It is essential, however, to remem-
ber that laboratory experiments are conducted with materials. The chemist
may talk about the addition of bromine to cyclohexene in terms of individual
molecules, but that can only be inferred from experimental data collected with
macroscopic samples of the reactants.

Electronic instrumentation opened the door to a variety of investigations
that expand the range of observations beyond those of the human senses.
These instruments extend our eyes from seeing only a limited portion of
the electromagnetic spectrum to detecting practically the entire spectrum,
from X-rays to radio waves, and they let us “see” light in other ways (e.g.
in polarimetry). They allow us to use entirely new tools, such as electron or
neutron beams, magnetic fields, and electrical potential or current. They
extend the range of conditions for studying matter from near atmospheric
pressure to high vacuum or high pressure. They effectively expand and com-
press the time scale of the observations, allowing study of events that require
eons or that occur in zeptoseconds.*>°

The unifying characteristic of modern instrumentation is that we no
longer observe the chemical or physical change directly. Instead, it is detected
only indirectly, such as through changes in pixels on a computer display. With
such instruments, it is essential to recognize the difficulty in freeing the obser-
vations from constraints imposed by expectations. To a layperson, a UV-vis
spectrum may not seem very different from an upside-down infrared spec-
trum, and a capillary gas chromatogram of a complex mixture may appear
to resemble a mass spectrum. But the chemist sees these images not as lines
on a paper or a computer display but as vibrating or rotating molecules, as
electrons moving from one place to another, as substances separated from a
mixture, or as fragments produced in a mass spectrometer. Thus, implicit
assumptions about the origins of experimental data both make the observa-
tions interpretable and influence the interpretation of the data.”

With that caveat, what do we know about molecules and how do we
know it? The first assumption is that all substances are composed of

4 A picosecond (ps) is 107*%s. A femtosecond (fs) is 107'* s. An attosecond (as) is 107*% s. A zepto-
second (zs) is 107" s. For a table of metric prefixes for values ranging from 10°° to 107, see Adam,
A. Science, 2019, 363, 681. Rosker, M. J.; Dantus, M.; Zewail, A. H. Science 1988, 241, 1200 reported
that the photodissociation of ICN to I and CN occurs in ca. 100 femtoseconds. See also Dantus, M.;
Zewail, A. Chem. Rev. 2004, 104, 1717; Nisoli, M.; Decleva, P.; Calegari, F.; et al. Chem. Rev. 2017,
117, 10760.

5 Baker, S.; Robinson, J. S.; Haworth, C. A.; et al. Science 2006, 312, 424; Osborne, I.; Yeston, J.
Science 2007, 317, 765; Drescher, L.; Galbraith, M. C. E.; Reitsma, G. et al. . Chem. Phys. 2016,
145, 011101.

¢ Grundmann, S.; Trabert, D.; Fehre, K. et al. Science 2020, 370, 6514 found the time for a photo-
ionized electron to transverse a molecule to be 247 zs.

7 “Innocent, unbiased observation is a myth.” P. Medawar, quoted in Science 1985, 227, 1188.



1.1 ATOMS AND MOLECULES

atoms—indivisible particles that are the smallest units of that particular kind
of matter that still retain all its properties.® As noted, it is convenient to cor-
relate observations that substances combine only in certain proportions with
the notion that these submicroscopic entities called atoms combine with each
other only in certain ways.

Much fundamental information about molecules has been obtained
from spectroscopy.’ For example, a 4000 V electron beam has a wavelength
of 0.06 A, so it is diffracted by objects larger than that size.'” Interaction of
the electron beam with gaseous molecules produces characteristic circular pat-
terns that can be interpreted in terms of molecular dimensions.!" We can
determine internuclear distance through infrared spectroscopy of diatomic
molecules and can use X-ray or neutron scattering to calculate distances of
atoms in crystals.

“Pictures” of atoms and molecules may be obtained through atomic force
microscopy (AFM) and scanning tunneling microscopy (STM).'*' For exam-
ple, investigators reported images of pentacene that displayed individual
atoms,'* polycyclic aromatic hydrocarbons that allowed determination of
bond order,” products of single-molecule chemical reactions,'® molecule-
gears,'” and a video of a single fullerene molecular shuttling in a vibrating
carbon nanotube.'® Investigators also reported visualizing atomic orbitals,"
imaging the lateral profiles of individual sp® hybrid orbitals, and determining
the electronegativity of individual surface atoms.**' AFM was used to char-
acterize the strength of intermolecular hydrogen bonds.”> Some investigators
reported imaging single organic molecules in motion with transmission elec-
tron microscopy,* and others reported studying electron transfer to single
polymer molecules with single-molecule spectroelectrochemistry.**

8 This idea can be traced to ancient Greek philosophers. Cf. Asimov, I. A Short History of Chemistry;
Anchor Books: Garden City, NY, 1965; pp. 8-14.

9 For a review of structure determination methods, see Gillespie, R. J.; Hargittai, I. The VSEPR
Model of Molecular Geometry; Allyn and Bacon: Boston, 1991; pp. 25-39.

10 Moore, W. J. Physical Chemistry, 3rd ed.; Prentice-Hall: Englewood Cliffs, NJ, 1962; p. 575 ff.

! For discussions of structure determination with gas phase electron diffraction, see Karle, J. in
Maksié, Z. B.; Eckert-Maksié, M., Eds. Molecules in Natural Science and Medicine; Ellis Horwood:
Chichester, England, 1991; pp. 17-27; Hedberg, K. ibid.; pp. 29-42.

2 Hou, J. G; Wang, K. Pure Appl. Chem. 2006, 78, 905.

13 Gee Ottensmeyer, F. P.; Schmidt, E. E.; Olbrecht, A. J. Science 1973, 179, 175 and references
therein; Robinson, A. L. Science 1985, 230, 304; Chem. Eng. News 1986 (Sept. 1), 4, Hansma, P.
K.; Elings, V. B.; Marti, O.; et al. Science 1988, 242, 209; Parkinson, B. A. J. Am. Chem. Soc. 1990,
112, 1030; Frommer, J. Angew. Chem. Int. Ed. Engl. 1992, 31, 1298.

4 Gross, L.; Mohn, F.; Moll, N.; et al. Science 2009, 325, 1110.

1% Gross, L.; Mohn, F.; Moll, N.; et al. Science 2012, 337, 1326.

16 de Oteyza, D. G.; Gorman, P.; Chen, Y.-C.; et al. Science 2013, 340, 1434. Albrecht, F.; Fatayer, S.;
Pozo, L. et al. Science 2022, 377, 298 reported switching among three different structures with volt-
age applied by an STM tip.

7 Soe, W.-H.; Srivastava, S.; Joachim, C. J. Phys. Chem. Lett. 2019, 10, 6462.

18 Shimizu, T.; Lungerich, D.; Stuckner, J.; et al. Bull. Chem. Soc. Jpn. 2020, 93, 1079.

19 Pardini, L.; Loffler, S.; Biddau, G.; et al. Phys. Rev. Lett. 2016, 117, 036801.

20 Chen, J. C. Nanotechnology 2006, 17, S195.

21 Onoda, J.; Ondracek, M.; Jelinek, P.; et al. Nature Commun. 2016, 8, 15155.

2 Zhang, J.; Chen, P.; Yuan, B.; etal. Science 2013, 342, 611; Monig, H.; Amirjalayer, S.; Timmer, A.;
et al. Nature Nanotech. 2018, 13, 371.

2 Koshino, M.; Tanaka, T.; Solin, N.; et al. Science 2007, 316, 853.

24 Palacios, R. E.; Fan, F.-R. F.; Bard, A.J.; et al. ]. Am. Chem. Soc. 2006, 128, 9028.



1 FUNDAMENTAL MODELS OF ORGANIC CHEMISTRY

Even though “seeing is believing,” it is important to remember that these
experiments do not really show molecules—just computer graphics. Some
examples illustrate this point: STM features that had been associated
with DNA molecules were later assigned to the surface used to support
the DNA.® An STM image of benzene molecules was reinterpreted as
possibly showing groups of acetylene molecules instead.”® AFM images sug-
gesting the visualization of intermolecular hydrogen bonds were questioned
when it was shown that similar images could be observed when such hydro-
gen bonding should not be possible.””*®

Organic chemists also reach conclusions about molecular structure on
the basis of logic. For example, the fact that one and only one substance
has been found to have the molecular formula CH;Cl is consistent with a
structure in which three hydrogen atoms and one chlorine atom are attached
to a carbon atom in a tetrahedral arrangement. If methane were a trigonal
pyramid, then two different compounds with the formula CH;Cl might be
possible—one with chlorine at the apex of the pyramid and another with
chlorine in the base of the pyramid. The existence of only one isomer of
CH;Cl does not require a tetrahedral arrangement; however, since there
could also be only one isomer if the four substituents to the carbon atom were
arranged in a square pyramid with a carbon atom at the apex or in a square
planar structure with a carbon atom at the center. Since no one has identified
more than one CH,Cl, molecule, the latter two geometries seem unlikely.
Therefore, the parent compound, methane, may be tetrahedral as well.
This view is reinforced by the existence of two different structures (enantio-
mers) with the formula CHCIBrF. Similarly, we infer the flat, aromatic struc-
ture for benzene by noting that there are three and only three isomers of
dibromobenzene.*

Organic chemists do not think of molecules only in terms of atoms, how-
ever. We often envision molecules as collections of nuclei and electrons and
consider the electrons to be constrained to certain regions of space (orbitals)
around the nuclei. Thus, we interpret UV-vis absorption and emission spec-
troscopy in terms of movement of electrons from one orbital to another. These
concepts resulted from the development of quantum mechanics. The Bohr
model of the atom, the Heisenberg uncertainty principle, and the Schrédinger
equation laid the foundation for current ways of thinking about chemistry.
Although there may be some truth in the statement that

The why? and how? as related to chemical bonding were in principle
answered in 1927; the details have been worked out since that time.*°

there are still uncharted frontiers of those details to explore in organic
chemistry.

% Clemmer, C. R.; Beebe, T. P, Jr. Science 1991, 251, 640.
% Moler, J. L.; McCoy, J. R. Chem. Eng. News 1988 (Oct. 24), 2.

27 Hamaldinen, S. L; van der Heijden, N.; van der Lit, J.; et al. Phys. Rev. Lett. 2014, 113, 186102;
Guo, C.-S;; Xin, X.; Van Hove, M. A; et al. J. Phys. Chem. C 2015, 119, 14195.

28 Reports that orbitals can be imaged were challenged because molecular orbitals “are not unique
and are not observable.” Pham, B. Q.; Gordon, M. S. ]. Phys. Chem. A 2017, 121, 4851. See also
Autschbach, J. ]. Chem. Educ. 2012, 89, 1032.

% These examples were discussed in an analysis of “topological thinking” in organic chemistry by
Turro, N. J. Angew. Chem. Int. Ed. Engl. 1986, 25, 882.

% Ballhausen, C. J. J. Chem. Educ. 1979, 56, 357.
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Molecular Dimensions

Data from spectroscopy or from X-ray, electron, or neutron diffraction mea-
surements allow us to determine the distance between atomic centers as well
as to measure the angles between sets of atoms in covalently bonded mole-
cules.’! The most detailed information comes from microwave spectroscopy,
although that technique is more useful for lower molecular weight than higher
molecular weight molecules because the sample must be in the gas phase.*
Diffraction methods locate a center of electron density instead of a nucleus,
but center of electron density is close to the nucleus for atoms that have elec-
trons below the valence shell. For hydrogen, however, the electron density is
shifted toward the atom to which it is bonded, and bonds to hydrogen are
determined by diffraction methods to be shorter than bond lengths deter-
mined with spectroscopy.” With solid samples, the possible effect of crys-
tal-packing forces must also be considered. Therefore, the various
techniques give slightly different measures of molecular dimensions.

Table 1.1 shows data for the interatomic distances and angles of the
methyl halides.>** These distances and angles only provide geometric infor-
mation about the location of nuclei (or local centers of electron density) as
points in space. Chemists infer that those points are connected by chemical
bonds, so the distance rc_yy is the length of a C-H bond and the angle
Z51c-p is the angle between two C-H bonds on the same carbon atom.

We may also define atomic dimensions, including the ionic radius (#;), the
covalent radius (r.), and the van der Waals radius (ryqw) of an atom.>® The
ionic radius is the apparent size of the electron cloud around an ion as
deduced from the packing of ions into a crystal lattice.>” As might be expected,
this value varies with the charge on the ion. The ionic radius for a C** ion is

TABLE 1.1 Bond Lengths and Bond Angles for Methyl Halides

Molecule rc-H (A) r'c-x (A) ZH-C-H ZH-C-X
CH3F 1.105 1.385 109°54 109°2'
CH,5Cl1 1.096 1.781 110°52 108°0’
CH;3Br 1.10 1.939 111°38 107°14'
CHsl 1.096 2.139 111°50' 106°58’

Source: Adapted from reference 34.

31 A tabulation of common bond length values was provided by Allen, F. H.; Kennard, O.;
Watson, D. G.; et al. |. Chem. Soc. Perkin Trans. 2 1987, S1.

32 Wilson, E. B. Chem. Soc. Rev. 1972, 1, 293 and references therein; see also Harmony, M. D. Acc.
Chem. Res. 1992, 25, 321.

33 Clark, T. A Handbook of Computational Chemistry; John Wiley & Sons: New York, 1985; chapter 2.
3 (a) Tabulations of bond length and bond angle measurements for specific molecules are avail-
able in Tables of Interatomic Distances and Configuration in Molecules and Ions; compiled by Bowen, H.
J.M.; Donohue, J.; Jenkin, D. G.; et al. Special Publication No. 11, Chemical Society (London): Bur-
lington House, W1, London, 1958. (b) See also the 1965 Supplement.

% See Johnson, R. D., I, Ed. NIST Computational Chemistry Comparison and Benchmark Database.
NIST Standard Reference Database Number 101, Release 21, August 2020, http:/ /cccbdb.nist.
gov/.

% Pauling, L. Nature of the Chemical Bond, 3rd ed.; Cornell University Press: Ithaca, N'Y, 1960.

37 For an extensive discussion of ionic radii, see Marcus, Y. lon Properties; Marcel Dekker: New
York, 1997.


http://webbook.nist.gov
http://webbook.nist.gov

FIGURE 1.1
Radii values for chlorine.
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0.15 A, while that for a C* ion is 2.60 A.%° The van der Waals radius is the
effective size of the electron cloud around a covalently bonded atom as per-
ceived by another atom to which it is not bonded, and it also is determined
from interatomic distances found in crystals. Note that the van der Waals
radius is not the distance at which the repulsive interactions of the electrons
on the two atoms outweigh the attractive forces between them, as is often
assumed. Rather, it is a crystal packing measurement that gives a smaller
value.?®*?? The term van der Waals radius implies a spherical electron density
distribution, but calculations indicate that many electron density distributions
are spheroidal.****> The covalent radius of an atom indicates the size of an
atom when it is part of a covalent bond, and this distance is much less than
the van der Waals radius.*® Figure 1.1 illustrates these radii for chlorine.
The computer-drawn plots of electron density surfaces represent Figure 1.1(a)
r; for chloride ion; Figure 1.1(b) 7. and ryqw for chlorine in Cl,

Table 1.2 lists ionic and covalent radii values for several atoms.** Note that
the covalent radius for an atom depends on its bonding pattern. A carbon
atom with four single bonds has a covalent radius of 0.76 A. The value is
0.73 A for a carbon atom with one double bond, while the covalent radius
for a triple-bonded carbon atom is 0.69 A. We can also assign an ryqw to a
group of atoms. The value for a CH; or CH, group is 2.0 A, while the van
der Waals thickness of half the electron cloud in an aromatic ring is 1.85 A3
Knowledge of van der Waals radii is important in calculations of molecular
structure and reactivity, particularly with regard to proteins.*®

Atomic radii may be used to calculate the volume and the surface area of
an atom. Such calculations were described by Bondi, and a selected set of
atomic volume and surface areas is given in Table 1.3. The principle of addi-
tivity then allows calculation of the volumes and surface areas of molecules.*”
For example, the molecular volume of propane is estimated by counting
2 x13.67 cm®/mol for the two methyl groups plus 10.23 cm?®/mol for the
methylene group, giving a total volume of 37.57 cm®/mol. Similarly, we

3 Bondi, A. ]. Phys. Chem. 1964, 68, 441.

% The difference is that distances between atoms in a crystal are determined by all of the forces
acting on the molecules containing those atoms, not just the forces between those two atoms alone.

0 Badenhoop, J. K.; Weinhold, F. J. Chen. Phys. 1997, 107, 5422.

4! Eramian, H.; Tian, Y.-H.; Fox, Z.; et al. J. Phys. Chem. A 2013, 117, 14184.
% Grumman, A. S.; Carroll, F. A. J. Chem. Educ. 2019, 96, 1157.

43 Cordero, B.; Gémez, V.; Platero-Prats, A. E.; et al. Dalton Trans. 2008, 2832.
4 The images were produced with Spartan "20.

%5 Many sets of van der Waals radii are available in the literature. The data shown are values
reported by Chauvin, R. ]. Phys. Chem. 1992, 96, 9194. These values correlate well with—but
are sometimes slightly different from—values given by Pauling (reference 36), Bondi (reference
38), and O’Keefe, M.; Brese, N. E. . Am. Chem. Soc. 1991, 113, 3226. A set of van der Waals radii
of atoms found in proteins was reported by Li, A.-J.; Nussinov, R. Proteins 1998, 32, 111.

6 For example, see Proserpio, D. M.; Hoffmann, R.; Levine, R. D. J. An. Chem. Soc. 1991, 113, 3217.

47 Additivity means predicting a quantity by summing the contributions of its component parts.
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TABLE 1.2 Comparison of van der Waals, lonic, and Covalent Radii for
Selected Atoms (A)

Ionic Radius (r;) Covalent Radii (r.)

van der Waals Single Double Triple
Atom Radius (rvdw)45 Ton Ti Bonded*® Bonded Bonded
H 1.11A H- 2.08 A 0.31A
C 1.68 Ccr 2.60 0.76 0.73% 0.69*
N 1.53 N°- 1.71 0.71
0 1.50 o* 1.40 0.66
F 1.51 F 1.36 0.57
Cl 1.84 Cl- 1.81 1.02 0.89
Br 1.96 Br~ 1.95 1.20 1.04
I 2.13 I~ 2.16 1.39 1.23
P 1.85 P 2.12 1.07 1.00 0.93
S 1.82 §* 1.64 1.05 0.94 0.87
Si 2.04 Sit 2.71 1.11 1.07 1.00

Source: Reference 36 except as noted/Cornell University Press.

TABLE 1.3 Group Contributions to van der Waals Atomic Volume (V,qw)
and Surface Area (Ayqw)

Vvdw Avdw
Group (cm®/mol) (cm2 /mol x 109)
Alkane, C bonded to four other carbon atoms 3.33 0
Alkane, CH bonded to three other carbon atoms 6.78 0.57
Alkane, CH, bonded to two other carbon atoms 10.23 1.35
Alkane, CH; bonded to one other carbon atom 13.67 2.12
CH,4 17.12 2.90
F, bonded to a 1° carbon atom 5.72 1.10
F, bonded to a 2° or 3° carbon atom 6.20 1.18
Cl, bonded to a 1° carbon atom 11.62 1.80
Cl, bonded to a 2° or 3° carbon atom 12.24 1.82
Br, bonded to a 1° carbon atom 14.40 2.08
Br, bonded to a 2° or 3° carbon atom 14.60 2.09
I, bonded to a 1° carbon atom 19.18 2.48
I, bonded to a 2° or 3° carbon atom 20.35 2.54

Source: Adapted with permission from reference 38. © 1964 American Chemical Society.

calculate that the volume of the atoms in hexane is 2 x 13.67 cm®/mol for the
two methyl groups plus 4 x 10.23 cm®/mol for the four methylene groups,
making a total volume of 68.26 cm®/mol. The volume of one mole of liquid
hexane at 20° is 130.5 mL, which means that much of the volume occupied
by liquid hexane corresponds to space that is outside the boundaries of the
carbon and hydrogen atoms as defined above.*®

Values for atomic and molecular volume are increasingly available from
theoretical calculations. The calculated values vary somewhat, depending on

48 Wong, M. W.; Wiberg, K. B.; Frisch, M. ]. ]. Comp. Chem. 1995, 16, 385 calculated that the volume of
a mole of hexane molecules corresponds to about 71% of the volume of a mole of liquid hexane.



FIGURE 1.2

Contour maps and van der Waals
radii arcs for methane (left) and
propane (right). (Reprinted with
permission from reference 49. ©
1987 American Chemical Society.)
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the definition of the surface of the atom or molecule. Usually the boundary of
an atom is defined as a certain minimum value of electron density in units of
au, where 1.00 au = 6.748 ¢/ A>. Bader and co-workers determined that the
0.001 au volumes of methane and ethane are 25.53 and 39.54 cm®/mol, respec-
tively, while the corresponding 0.002 au volumes are 19.58 and 31.10 cm®/mol.*
Thus, it appears that the 0.002 au values are closer to, but still somewhat larger
than, those calculated empirically using the values in Table 1.3. The relationships
between atomic volumes and van der Waals radii are illustrated for cross sec-
tions through methane and propane in Figure 1.2. The contour lines represent
the electron density contours and the intersecting arcs represent the van der
Waals radii of the atoms.

1.2 HEATS OF FORMATION AND REACTION

Experimental Determination of Heats of Formation

Thermochemical measurements provide valuable insights into organic reac-
tions. The heat of formation (AH;) of a compound is defined as the difference
in enthalpy between the compound and the starting elements in their stand-
ard states.”® For a hydrocarbon with molecular formula (C,,H,,), AH; is the
heat of reaction for the reaction

mc(graphite) + (n/Z)Hz(gaS) — CHy (1.1)

The heat of formation of an organic compound can be found indirectly
by determining the heat of reaction of the compound to form other

49 Bader, R. F. W.; Carroll, M. T.; Cheeseman, J. R.; et al. J. Am. Chem. Soc. 1987, 109, 7968. See the
discussion of the theory of atoms in molecules in Chapter 2.

50 Mortimer, C. T. Reaction Heats and Bond Strengths; Pergamon Press: New York, 1962; Clark, T.;
McKervey, M. A. in Stoddart, J. F., Ed. Comprehensive Organic Chemistry, Vol. 1; Pergamon Press:
Oxford, England, 1979; p. 66 ff. For a discussion of the experimental techniques involved in cal-
orimetry experiments, see (a) Wiberg, K. in Liebman, J. F.; Greenberg, A., Eds. Molecular Structure
and Energetics, Vol. 2; VCH Publishers: New York, 1987; p. 151; (b) Sturtevant, J. M. in Weissberger,
A.; Rossiter, B. W., Eds. Physical Methods of Chemistry, Vol. I, Part V; Wiley-Interscience: New York,
1971; p. 347. For a discussion of experimental and theoretical methods, see Rogers, D. W.;
Zavitsas, A. A.; Matsunaga, N. WIREs Comput. Mol. Sci. 2013, 3, 21.
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substances for which the heats of formation are known. The heat of com-
bustion (AH_, . ustion) Of @ substance is often used for this purpose. Consider
the combustion of a compound with the formula C,H,. The balanced
chemical equation is

C,H, + (m+ n/4)0y — mCO, + (n/2)H,O 1.2)

We know the heats of formation of CO, and H,O:

For the reaction C( graphite) 0, (gas) CO, (gas) (1.3)
AH, = AH{(CO,) (1.4)
And for the reaction H, (gas) * %Oz (gas) — HzOtiquig) (1.5)
AH, = AH;(H,0) (1.6)

Combining the above equations leads to
AH; (CmHn) = H’ZAH; (COZ) + (H/Z)AH; (HQO) - AI_IC()combustion) (CmHl’l) (1.7)

As an example, the heat of combustion of 1,3-cyclohexanedione was found
to be —=735.9 kcal/mol.>*? Taking —94.05 kcal /mol and —68.32 kcal/mol as the
standard heats of formation of CO, and H,O, respectively, gives a standard
heat of formation for crystalline 1,3-cyclohexanedione of 6(-94.05)+
4(-68.32) — (-735.9) = —101.68 kcal/mol. It is sometimes necessary to correct
heats of reaction for the heats associated with phase changes in the reactants
or products. To convert from a condensed phase to the gas phase (e.g. for com-
parison with values calculated theoretically), the relevant terms are the heat of
vaporization (AH;) of a liquid or heat of sublimation (AH;) of a solid.***>°
Correcting for the standard heat of sublimation of 1,3-cyclohexanedione,
+21.46 kcal/mol, gives its standard heat of formation in the gas phase
as —80.22 kcal /mol.

The relative enthalpies of two compounds can be determined more accu-
rately by measuring AH values of a reaction in which the two different reac-
tants combine with identical reagents to give the same product(s). Figure 1.3
illustrates how the difference in enthalpy of reactants A and B can
be calculated in this manner. If the reaction of A and C to give D has a AH,

5 Pilcher, G.; Parchment, O. G.; Hillier, I. H.; et al. J. Phys. Chem. 1993, 97, 243.

52 The reported value (converted from kJ/mol) was —735.9 + 0.2 kcal/mol. Experimental uncer-
tainties will not be carried through this discussion because the emphasis is on the calculation pro-
cedure and not the precision of the experimental method.

53 Determination of heats of sublimation was discussed by Chickos, J. S. in Liebman, J. F.; Green-
berg, A., Eds. Molecular Structure and Energetics, Vol. 2; VCH Publishers: New York, 1987; p. 67.
5 The enthalpy associated with transformation of a solid to a liquid is the heat of fusion. For a
discussion, see Chickos, J. S.; Braton, C. M.; Hesse, D. G.; et al. J. Org. Chem. 1991, 56, 927.

%5 Data for heat capacity can be used to correct AH values measured at one temperature to another
temperature. See Orchin, M.; Kaplan, F.; Macomber, R. S.; et al. The Vocabulary of Organic Chem-
istry; Wiley-Interscience: New York, 1980; pp. 255-256.

O
5 (x —y) kecal/mol
B+C—--A----‘:---
i s
D —.Y _.Y_.
FIGURE 1.3

Calculation of the enthalpy dif-
ference of isomers.
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of —x kcal/mol, and if the reaction of B and C to give D hasa AH, of —y kcal /mol,
then the difference in energy between A and B must be (x - y) kcal/mol. For
example, AH, values for the reaction of trifluoroacetic acid with 2-methyl-1-
butene and with 2-methyl-2-butene were —10.93 and —9.11 kcal/mol, respec-
tively.”® Therefore, the 2-alkene is judged to be 1.82kcal/mol lower in
energy than the 1-alkene. Heats of hydrogenation are also used to determine
the difference in heats of formation of alkenes even though heats of combustion
may be measured much more precisely than heats of hydrogenation. Heats of
hydrogenation are smaller in magnitude than are heats of combustion, so small
enthalpy differences between isomers may be determined more accurately by
hydrogenation.””

Bond Increment Calculation of Heats of Formation

Table 1.4 shows experimental AH, values for some linear alkanes.’® There is a
general trend in the data, with each homolog higher than ethane having a AH;
value about 5 kcal/mol more negative than the previous alkane. This obser-
vation suggests that it should be possible to use the principle of additivity
to predict the heat of formation of an organic compound by summing the con-
tribution each component makes to AH..”” Benson published extensive tables
of bond increment contributions to heats of formation and other thermody-
namic properties.””%¢162635% A portion of one such table is reproduced as
Table 1.5.

The heats of formation of some linear alkanes calculated by the bond incre-
ment method are shown in Table 1.4. Consider the calculation of AH; values
for methane and ethane. Methane has four C—H bonds, each contributing
-3.83 kcal /mol, so the AH, value is —15.32 kcal/ mol. For ethane, the AH, value
is 6 x —3.83 for the six C—H bonds plus 1 x 2.73 for the one C-C bond, and the
total is —20.25 kcal/mol. As the chain is extended, each additional CH, group
contributes 2 x (-3.83) + 1 x (2.73) = —4.93 kcal/mol to the AH; value.

There is a problem with the AH; values obtained from the bond increment
data in Table 1.5. The five isomers of hexane listed in Table 1.6 all have five
C—C bonds and fourteen C—H bonds. The bond increment values in
Table 1.5 thus predict each of them to have the same heat of formation
(=39.97 kcal/mol). As shown in Table 1.6, however, the experimental heats
of formation become more negative as the branching increases. The structure
with a quaternary carbon atom is more stable than an isomeric structure with
two tertiary carbon atoms, and it is more stable than structures with only one

% Wiberg, K. B.; Hao, S. J. Org. Chem. 1991, 56, 5108.
% Davis, H. E.; Allinger, N. L.; Rogers, D. W. . Org. Chem. 1985, 50, 3601.

58 Experimental data for AH; at 298 K are from tabulations in Stull, D. R.; Westrum, E. F., Jr.; Sinke,
G. C. The Thermodynamics of Organic Compounds; John Wiley & Sons: New York, 1969; pp. 243-245.

5 Benson, S. W. Thermochemical Kinetics, 2nd ed.; Wiley-Interscience: New York, 1976; p. 24.

%0 Benson, S. W.; Buss, J. H. J. Chem. Phys. 1959, 29, 546.

61 Benson, S. W.; Cruickshank, F. R.; Golden, D. M.; et al. Chem. Rev. 1969, 69, 279.

%2 For a discussion of the development of bond increment and group increment calculations, see
Schleyer, P. v. R.; Williams, J. E.; Blanchard, K. R. . Am. Chem. Soc. 1970, 92, 2377.

63 Calculation of group increments to heats of formation of linear hydrocarbons was reported by
Pitzer, K. S. ]. Chem. Phys. 1940, 8, 711 and to nonlinear hydrocarbons by Franklin, J. L. Ind. Eng.
Chem. 1949, 41, 1070.

64 Cohen, N.; Benson, S. W. Chem. Rev. 1993, 93, 2419.
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TABLE 1.4 Experimental and Calculated Heats of Formation of Linear

Alkanes at 298 K

Compound AH; (kcal/mol) obs. AH; (kcal/mol) calc.”
Methane -17.89 -15.32
Ethane -20.24 -20.25
Propane -24.82 -25.18
Butane -30.15 -30.11

“Calculations are based on bond increment values in Table 1.5.

TABLE 1.5 Bond Increment Contributions to AH;

Bond AH; (kcal/mol) Bond AH; (kcal/mol)
C-H -3.83 N-H -2.6
C-D -4.73 S-H -0.8
c-C 2.73 S-S -6.0
C-F -52.5 C-S 6.7
c-Cl1 -74 Cq—C 6.7
C-Br 22 Cq—H 3.2
C-1I 14.1 C4—F -39.0
c-O -12.0 CqCl -5.0
O-H -27.0 C4q-Br 9.7
O-D -27.9 Cy-1 21.7
0-0 21.5 Cq—Cq 7.5

Source: Reference 59/John Wiley & Sons.

TABLE 1.6 Heats of Formation (kcal/mol) of Isomeric CgHq4 Structures

Compound AH;, obs.” AH, calc.b AH;, corr.
Hexane -39.96 -39.96 -39.96
2-Methylpentane —-41.66 —42.04 —41.24
3-Methylpentane —-41.02 —42.04 -41.24
2,2-Dimethylbutane —44.35 -44.77 -43.16
2,3-Dimethylbutane -42.49 -44.12 -42.52

“Experimental data for AH; at 298 K are from reference 58/John Wiley & Sons.

bCalculated from group increments in Table 1.7 without correcting for gauche interactions.

“Data from the previous column corrected for gauche interactions. See Table 1.7 and Figure 1.4.

tertiary carbon atom. This leads to the conclusion that the heat of formation of
a compound depends not only on the number of carbon—carbon bonds but

also on the pattern of carbon—carbon bonding.

Group Increment Calculation of Heats of Formation

An alternative to the bond increment method is the group increment
approach, which allows calculation of enthalpy differences that result from
different arrangements of bonds within molecules.®® That means considering

% Holmes, J. L.; Aubry, C. J. Phys. Chem. A 2011, 115, 10576 reported updated group additivity

values.
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TABLE 1.7 Group Increment Contributions to Heats of Formation

Group AH; 594 (kcal/mol) Group AH; 594 (kcal/mol)
C~(H);3(C) -10.08 Ca—(Cp)(Q) 8.64
C~(H)»(C), -4.95 C—~(Cp)(O)(H)> -4.86
C—~(H)(C); -1.90 C—~(Cp)(C)a(H) -0.98
C—~(C), 0.50 C—(H) 26.93
Ca—(H), 6.26 C—(C) 27.55
Ca—~(H)(©) 8.59 C—(Cq) 29.20
Ca—~(C)2 10.34 Cp—~(H) 3.30
Ca—~(Ca)(H) 6.78 Cp—~(C) 5.51
Ca—~(Ca)(©) 8.88 Cp—~(Cq) 5.68
[Ca—~(Cp)(H)] 6.78

Source: Adapted from reference 61.

not only the bonds holding atoms together but also the groups that result from
these bonds. Table 1.7 lists the group increment values for a series of organic
functional groups.®! These data lead to a close approximation of the heats of
formation of the isomeric hexanes. Consider 2-methylpentane. Three methyl
groups [C—(H)3(C) in the table] contribute —10.08 kcal /mol each to the heat of
formation; two methylene units [C-C(H),(C),] contribute —4.95 kcal/mol
each; and one methine unit [C—(H)(C)3] contributes —1.90 kcal/mol. Thus,
the estimated heat of formation is

AH; =3 x (- 10.08) + 2 x (- 4.95) + 1 x (- 1.90) = — 42.04 kcal/mol (1.8)

The experimental value is —41.66 kcal/ mol.>®

The heats of formation calculated in this way assign the same contri-
bution to each group without regard to its position in the molecule and
without regard to strain. In branched acyclic alkanes, the major form of
strain is van der Waals repulsion due to unavoidable butane gauche inter-
actions, which may be assigned 0.8 kcal/mol each.®® Figure 1.4 shows a
Newman projection and gives the minimum number of gauche interac-
tions for each hexane. Correcting the initial AH; of 2-methylpentane for
one such interaction gives —41.24 kcal/mol, which is closer to the experimen-
tal value. Angle strain corrections must be applied for ring compounds. For
example, cyclopropane, cyclobutane, and cyclopentane rings add 27.6, 26.2,
and 6.3 kcal/mol, respectively, to a heat of formation calculated from the data
in Table 1.7.°"%7

% Deviations from staggered dihedral angles may also contribute somewhat to steric energy.
Energies of different conformations will be discussed in Chapter 4.

%7 These examples only hint at the analysis of heats of formation of organic compounds that is
possible. Benson and co-workers summarized the methods and data for calculations for the major
functional groups in organic chemistry.***! In addition, the data allow calculation of heat capa-
cities and entropies of these compounds in the same manner in which heats of formation are deter-
mined. Heats of formation are valuable reference points in discussing the stabilities of various
isomers or products of reactions, whether they are calculated by bond increments or group incre-
ments or are derived as part of a theoretical calculation.
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CHs CHs CHs CHs
H CHs H H H CHs H H
H H CHg H CHg H CHg CHs
CHoCHs CHoCHs CHa CHs
3-methylpentane 2-methylpentane 2,3-dimethylbutane 2,2-dimethylbutane
1 gauche interaction 1 gauche interaction 2 gauche interactions 2 gauche interactions

Heats of Formation and the Concept of Protobranching

The origin of the increased stability of branched alkanes relative to non-
branched isomers has been the subject of some debate. Benson and Luria pro-
posed that alkanes have polarized C*"—H®" bonds and that the sum of the
electrostatic interactions of a branched compound is lower in energy than
the sum of electrostatic interactions in a linear structure.®® Laidig calculated
that branched hydrocarbons have overall smaller distances between atoms
than do linear isomers and that the resulting increase in nucleus—electron
attraction in a branched compound outweighs the increase in nuclear—nuclear
and electron—electron repulsion.®” Schreiner attributed the stabilization of
branched alkanes to attractive interactions involving alkyl groups bonded
to the same carbon atom.”

Gronert proposed a different explanation based on the observation that
van der Waals interactions between nonbonded groups that are closer than
the sum of their van der Waals radii, such as C1 and C4 in the gauche con-
formation of butane, are known to be repulsive.”’ Since C1 and C3 in neo-
pentane are even closer to each other than are Cl1 and C4 in gauche
butane, he suggested that their interaction should be repulsive as well. More-
over, the interactions between two hydrogen atoms bonded to the same car-
bon as well as those between hydrogen and carbon atoms bonded to the
same carbon were also suggested to be repulsive. The effect of branching
(e.g. conversion of butane to isobutane) is to reduce the number of H-C-C
interactions while increasing the number of H-C-H and C-C—C interactions.
Gronert proposed that the steric energy of an H-C—C interaction is less than
the average of those for the H-C-H and C—-C—C interactions, so the effect of
the branching is to decrease overall intramolecular repulsion and produce a
more stable isomer. Using equations 1.9 and 1.10, along with the interaction
values (E) for C—H and C—C bonding and specific values for repulsive 1,3 inter-
actions shown in Table 1.8, Gronert was able to reproduce the observed gas
phase AH; values of a series of alkanes quite well. For example, the AH; of
n-pentane in kcal/mol is calculated as shown in equation 1.11.

AHf=nc_cEc-c + nc-gEc-u + nc-c-cEc-c-c + nc-c-uEc-c-u

1.9
+nu-c-uEu-c-u + f(C, H) 42

%8 Benson, S. W.; Luria, M. J. Am. Chem. Soc. 1975, 97, 704.
% Laidig, K. E. J. Phys. Chem. 1991, 95, 7709.
70 Schreiner, P. R. Angew. Chem. Int. Ed. 2007, 46, 4217.

7! Gronert, S. J. Org. Chem. 2006, 71, 1209; 9560. The literature values in Table 1.8 are from this
source. The values of the E parameters at the bottom of the table are shown to two decimal places,
while those in the sources cited here were reported to one decimal place.

13

FIGURE 1.4

Gauche interactions in branched
hexane isomers.
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TABLE 1.8 Calculated Gas Phase AH;of Alkanes Assuming Repulsive Geminal Interactions?

Compound nc_c nc-H NH-Cc-H ny-c-c Nnc—c-c nc ny AHf (calc‘) AHf (llt)
Methane 0 4 6 0 0 1 4 -17.2 -17.9
Ethane 1 6 6 6 0 2 6 -20.4 -20.0
Propane 2 8 7 10 1 3 8 -25.3 -25.0
Butane 3 10 8 14 2 4 10 -30.2 -30.4
2-Methylpropane 3 10 9 12 3 4 10 -31.9 -32.1
n-Pentane 4 12 9 18 3 5 12 -35.1 -35.1
2-Methylbutane 4 12 10 16 4 5 12 -36.8 -36.7
2,2-Dimethylpropane 4 12 12 12 6 5 12 -40.3 -40.1
Hexane 5 14 10 22 4 6 14 -40.0 -40.0
Cyclohexane 6 12 6 24 6 6 12 -294 -294
Ec.c Ec_u Eucu Eamcc Eccc Ec %
—146.00 -124.20 6.64 9.29 10.20 60.70  52.10
“Energies are in kcal/mol.
Source: Adapted with permission from reference 71. © 2006 American Chemical Society.
where f(C, H) is given by equation 1.10.
f(C, H) = (170.6 + Ec)nc + 52.1ny (1.10)

AHy = 4(-146) + 12( - 124.2) + 9(6.64) + 18(9.29) + 3(10.2)

1.11
+5(231.3) + 12(52.1) = —35.1 keal/mol 1)

Gronert’s explanation for the stability of branched alkanes was supported
by some investigators but questioned by others.”>”> Wodrich and Schleyer
pointed out that comparable results could be obtained by assuming that
the interactions of geminal methyl groups are stabilizing, an interaction which
was termed protobranching (equation 1.12).”*”>7° Here ncp, is the number of
methylene units conceptually added to methane to form the alkane, 7, imary
branches 18 the number of C-CH>~C units, ftertiary branches 1S the number of
3° carbon units, and #quaternary branches 1S the number of 4° carbons in the struc-
ture. Some results obtained with this approach are shown in Table 1.9, and a

calculation of AH; for n-pentane is shown in equation 1.13.

AHf = — 1789 - 2.157’1CH2 - 2.83nprimary branches — 7~74ntertiary branches (1 12)
- 13-49nquartenary branches ‘

AH; = —17.89 + 4(~2.15) + 3(~2.83) + 0(~ 7.74)

1.13
+ 0(-13.49) = —34.98 kcal/mol (1.13)

72 Mitoraj, M.; Zhu, H.; Michalak, A.; et al. . Org. Chem. 2006, 71, 9208.

73 Bartell, L. S. J. Phys. Chem. A 2012, 116, 10460 argued that the Gronert explanation makes the
incorrect assumption that C—H interactions are more repulsive than the average of C-C and C-H
interactions.

" Wodrich, M. D.; Schleyer, P. v. R. Org. Lett. 2006, 8, 2135.
75 Wodrich, M. D.; Wannere, C. S.; Mo, Y.; et al. Chem. Eur. . 2007, 13, 7731.
76 Schleyer, P. v. R.; McKee W. C. J. Phys. Chem. A 2010, 114, 3737.



1.2 HEATS OF FORMATION AND REACTION

TABLE 1.9 Calculation of Gas Phase AH; Values of Alkanes Assuming
Geminal Methyl Interactions Are Stabilizing®

n n n

primary tertiary quaternary AH f AH, f

Alkane NcHe branches branches branches (calc.) (Lit)
Methane 0 0 0 0 -17.89 -17.89
Ethane 1 0 0 0 -20.04 -20.04
Propane 2 1 0 0 -25.02 -25.02
Butane 3 2 0 0 -30.00 -30.04
Isobutane 3 0 1 0 -32.08 -32.07
Pentane 4 3 0 0 -3498 -35.08
Isopentane 4 1 1 0 -37.06 -36.73
Neopentane 4 0 0 1 -39.98 -40.14
Hexane 5 4 0 0 -39.96 -39.96

“Energies are in kcal/mol.
Source: Adapted from reference 74.

The two explanations produced a spirited discussion for several years.”” It
is sufficient here to note that sometimes opposite models can be used to
predict the same experimental values. Even when only one model seems
applicable, therefore, it is important to remember that a good correlation does
not establish a cause-and-effect relationship.

Homolytic and Heterolytic Bond Dissociation Energies

Heats of reaction are important values for processes that involve reactive
intermediates. For example, the standard homolytic bond dissociation
enthalpy of compound A-B, denoted AH®° (A-B) or AHyeg (A-B), is the
heat of reaction (AH,) at 298K for the gas phase dissociation reaction in
equation 1.14.

A - B( ) — A.(g) + B’(g) (114)

g

AH°(A-B) values can be calculated from the 1re1ationship78’79

AH°(A-B) = AH, ) = AH((A®) + AH;(Be) - AH;(A-B) (1.15)

equationl.14

Here AH,(A®) is the heat of formation of radical Ae, and AH;(B®) is the heat
of formation of radical Be. Table 1.10 gives a list of standard bond dissociation
enthalpies for bonds involving hydrogen atoms, and Table 1.11 gives a list of

77 Gronert, S. Chem. Eur. J. 2009, 15, 5372; Kemnitz, C. R.; Mackey, J. L.; Loewen, M. J.; et al.
Chem. Eur. ]. 2010, 16, 6942; reference 73; Kemnitz, C. R. Chem. Eur. J. 2013, 19, 11093; McKee,
W. C,; Schleyer, P. v. R. J. Am. Chem. Soc. 2013, 135, 13008; Silva, A. F.; Duarte, L. J.; Popelier,
P. L. A. Struct. Chem. 2020, 31, 507; Joyce, J. P.; Shores, M. P.; Rappe, A. K. Phys. Chem. Chem. Phys.
2020, 22, 16998.

78 Benson, S. W. J. Chem. Educ. 1965, 42, 502.

7 A standard bond dissociation energy is different from an average bond dissociation energy. The
latter is just the value obtained by calculating the heat of atomization of a compound (the enthalpy
change on converting the molecule to individual atoms) divided by the number of bonds from one
atom to another in the molecule. For more details on this distinction, see reference 78.
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TABLE 1.10 AH° Values (kcal/mol) for Bonds to Hydrogen

AH° AH°

Compound (kcal/mol) Compound (kcal/mol)
H-H 104.2 H-F 136.3
H-CN 126.3 H-CI 103.2
H-NH, 107.6 H-Br 87.5
HO-H 118.8 H-I 71.3
H-CH,OH 96.1 HS-H 91.2
CH;0-H 104.6 H-ONO;, 101.7
CH;S-H 87.4 CH;CH,O-H 104.7
H-CH,SH 94 (CH;),CHO-H 105.7
HOO-H 87.8 (CH;);CO-H 106.3
CH;00-H 88 C¢Hs0-H 90
H-CHO 88.1 CH;CH,O0-H 85
CH;C(O)-H 89.4 (CH;);CO0O-H 84
HCOO-H 112 CH;COO-H 112
H-COOH >96 CeHsCOO-H 111

Source: Adapted with permission from reference 80. © 2003 American Chemical Society.

TABLE 1.11 AH° Values (kcal/mol) for Selected Bonds to Alkyl Groups

HC CH;CH

Subst.\R CH; CH;CH, (CHj3),CH (CHs;);C CH,=CH CH,=CHCH, C¢Hs C¢HsCH, CH;O (O) (O)
H 1049 101.1 98.6 96.5 110.7 88.8 1129 89.7 1046 88.1 89.4
F 115 — 110.6 — 123.3 — 127.2 98.7 — — 122.2
Cl 83.7 84.8 85.2 84.9 91.2 — 97.1 74 — — 84.7
Br 72.1 724 739 72.6 80.8 59 84 63 — — 71.7
I 57.6 56.9 57 55.6 — 45.6 67 51 — — 53.8
HO 92.1 94.0 95.5 95.8 — 80.1 1124 82.6 — 109.5 109.9
CH;0 83.2 85 85.8 84 — — 101 — 38 99.6 100
NH, 85.2 84.8 86.0 85.7 — — 104.2 71.7 — — 99.1
CN 1224 121.6 120.9 117.8 133 108.7 134 — — — —
NO, 61.0 61.6 62.9 62.8 — — 725 50.5 42 — —
CH; 90.1 89.0 88.6 87.5 101.4 76.5 103.5 77.6 * 84.8 84.5
CH;CH, * 87.9 87.1 85.6 100.0 75.4 102.2 76.7 * 83.3 83.5
(CH;),CH * * 85.6 82.7 99.2 75.2 101.0 76.4 * 83.1 81.9
(CH53)5C * * * 78.6 97.8 73.2 98.3 — * — 79.4
CH,=CH * * * * 116 87.3 116 — — — 41
CH,CHCH, * * * * * 62.7 — — — — _
HC=C 126.5 125.1 124.5 122.3 — — — — — — —
HC=CCH, 78 77 — — — — - S
Ce¢Hs * * * * * — 118 * * 99.3 98.8
C¢HsCH,» * * * — — — 97 65.2 — — 714

Note: * Indicates a redundant entry. — Indicates not available.
Source: Adapted with permission from reference 80. © 2003 American Chemical Society.



