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ABSTRACT: The vertical ionization potentials for three tetra-�-branched-alkyl-substituted alkenes (13–15) are
reported, compared with literature data for other tetralkylalkenes, and the values discussed with reference to AM1
semiempirical and B3LYP density functional calculations. Copyright  2001 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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The groups of Houk1 and of Brown2 measured vertical
ionization potentials (vIP) for tetraalkylalkenes 1–12 and
16 (Scheme 1) using photoelectron spectroscopy and
considered the origin of the differences in vIP that were
observed.
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In this work, we measured the vIP values for three tetra-
�-branched-alkyl-substituted alkenes, 13–15. The
McMurray reaction3 was used to prepare 14 and 15 from
the related ketones. All four stereoisomers of 2,2�-
binorbornylidene and both the cis and trans isomers of
2,2�-bibicyclooctene were obtained. The major product of
the latter reaction was the more stable trans isomer4 15,
which had a lower Rf value in chromatographic
separation, both bridgehead hydrogens upfield and the
allylic methylene downfield of the cis isomer. That 15 is
trans was proved both by NOE effects in the NMR
spectrum and by obtaining an x-ray crystal structure. The
major isomer obtained in the former reaction was 14,
which had the same Rf and chemical shift patterns
relative to its other isomers as 15, and was demonstrated
to have syn methylene bridges by giving an epoxide upon
reaction with m-chloroperbenzoic acid that has seven
carbon signals. The vIP values for 13–15 appear along
with the previously reported compounds in Table 1. Our
group previously re-ran the PE spectrum of 165 (we note

that using the Ref. 1 vIP for 16 (0.08 eV larger than ours)
makes its point in Fig. 1 fall much nearer the correlation
line), obtaining a 0.08 V lower vIP than did Houk and
co-workers, and the entries in Table 1 use our value,
which was obtained and analyzed in the same way as for
13–15.

Brown et al.2 discussed the data considering a plot of
vIP versus the number of carbons. We pointed out later
that although changes in vIP for the pure p-hybridized
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lone pairs of halogen-containing compounds are quite
regular as the number of carbons in the alkyl substituents
is increased, vIP does not correlate linearly with the
number of carbon atoms, but also depends upon their
connectivity6 (the increments summed to produce neff

are � = 1.00, �1 = 1.00, �2 = 0.87, �3 = 0.77, �1 = 0.48,
�2 = 0.46, �1 = 0.25, �2 = 0.17, �1 = 0.06; the subscripts
refer to first, second, etc., carbon of the given type).
Linear decreases in vIP are found for plots versus the
‘effective number of carbons,’ neff, for saturated alkyl
substituents attached to a more easily ionized center
bearing p-orbital electrons. The neff values are obtained
from changes in p-lone pair vIP for alkyl iodides and
bromides, and expressed as increments for carbons �, �,
�, etc. to the center, with slightly decreasing increments
for a second or third such carbon.4 Studies of ethers
showed that cyclic and bicyclic alkyl groups can also be
included (we break rings as symmetrically as possible in
calculating neff).

6
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Figure 1 shows a plot of vIP versus neff for the
compounds in Table 1. The lines drawn show a linear
correlation, vIP(regr.) = 8.70 � 0.06neff, that is excellent
for several of these compounds, along with dashed lines
0.03 eV above and below this line so that compounds
that deviate significantly may be more easily seen (the
reproducibility of vIP values measured by photoelectron

spectroscopy appears typically to be about 0.03 eV). The
higher neff compounds deviate the most from the line,
with 9 lying above it and 11 and 13–16 lying below it.

The double-headed arrow in Fig. 1 highlights the most
surprising result,2 the 0.22 eV difference in vIP for the
two diastereomers of sesquinorbornene, the anti isomer
11 (a21/21), and syn isomer 12 (s21/21), which is
strikingly large for compounds of the same connectivity
and has been much discussed. Brown and co-workers
attributed the low vIP for 11 to exceptionally large �,�
interactions destabilizing the � orbital of this nearly
planar alkene relative to the pyramidalized 12.2 The
double bond of 12 is pyramidalized in the direction
making its two-carbon bridges approach instead of its
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Compound Structure No. of Cs (neff) vIP (�vIP)a vIP [AM1] (obs. � calc.) vIP [DFT]b (obs. � calc.)

Acyclic and monocyclic alkyl groups—
1 Me2C=CMe2 6 (4.00) 8.46c (0.00) 8.45 (�0.01)
2 r5=CMe2 8 (6.00) 8.34d (0.00) 8.46 (�0.12)
3 7/5 10 (7.48) 8.25d (0.00) 8.27 (�0.02)
4 iPr2CCMe2 10 (7.74) 8.28c (0.04) 8.40 (�0.12)
5 c-iPrMeC)2 10 (7.74) 8.27c (0.03) 8.38 (�0.11)
6 t-iPrMeC)2 10 (7.74) 8.24c (0.00) 8.38 (�0.14) 7.96 (�0.28)
7 r6=r6 12 (8.96) 8.16d (0.00) 8.37 (�0.21)
8 nPr2C)2 14 (9.92) 8.11d (0.01) 8.39 (�0.28)
9 iPr2C)2 16 (11.48) 8.13c (0.13) 8.38 (�0.25)

Bi- and polycyclic alkyl groups—
10 21/6 (�-Me) 12 (9.74) 8.15d (0.3) 8.17 (�0.02)
11 a-21/21 12 (9.74) 7.90d (�0.22) 7.96 (�0.06) 7.52 (�0.38)
12 s-21/21 12 (9.74) 8.12d (0.00) 8.07 (�0.05) 7.74 (�0.38)
13 21/22 13 (10.61) 7.88e (�0.18) 8.14 (�0.30) 7.44 (�0.44)
14 221)2 14 (9.74) 7.96e (�0.16) 8.36 (�0.40) 7.67 (�0.29)
15 222)2 16 (11.48) 7.95e (�0.06) 8.20 (�0.25) 7.52 (�0.43)
16 AdAd 20 (13.90) 7.76f (�0.11) 8.21 (�0.45) 7.49 (�0.27)

a �vIP = vIP � vPI(regr.), where vIP(regr.) = 8.70 � 0.06neff.
b (U)B3LYP/6–31 � G* calculation.
c From Ref. 1.
d From Ref. 2.
e This work.
f From Ref. 4 Allinger MM2 calculations4 get the trans isomer to be 0.90 kcal/mol more stable than the cis isomer, while AM1 calculates get it to be
0.26 kcal/mol more stable. Houk’s group obtained 7.84 eV.1
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one-carbon bridges. The latter would lead to less �-
carbon non-bonded interaction because the one-carbon
bridge is bent further away from the CbC=CCb plane than
are the two carbon bridges. To allow consideration of
both directions of bend, we call the angle between the two
CbC=CCb planes (Cb refers to a bridgehead carbon) of
bis(C,C�-bicyclic) alkenes �, and use � �180° when the
substituents on norbornyl systems are pyramidalized
toward the one-carbon bridge and ��180° when they are
pyramidalized toward the two-carbon bridge (Scheme 2).
Using this nomenclature, derivatives of 11 have � values
near 180°, but those for 12 derivatives are 196–198°,7 and
this large difference in pyramidalization is clearly
important in causing their vIP values to be so different.
Houk and co-workers give the most detailed analysis of
the reasons for � not being 180° for 12.8 Both the unusual
bond angles about the double bond (the small Cb—C=C
angles make the CbCvCb bond angle very large) and the
unusually electron rich � orbital (because of the four �-
branched substituents) in sesquinorbornenes lower the
out-of-plane bending force constants. As indicated in
structures A and B, the large �-branched substituents on
each norbornene ring are nearly eclipsed with the
bridgehead CH bonds when � = 180°. The syn compound
12 stabilizes itself by bending substantially to stagger the
substituents, as indicated in C (Houk and co-workers
showed the slightly less familiar ‘two-membered ring’
cartoons of the � bonds in the projections B and C; we
show � bond representations, which lead to the same
conclusions and are more familiar to most of us). The anti
compound 11 does not get any eclipsing relief upon
pyramidalization because what stabilizes one ring
destabilizes the other by the same amount, so it remains
at � = 0 despite having a small bending force constant.
The present work demonstrates that the 21/22 system 13
has a vIP close to that for 11. However, derivatives of 11
are nearly planar and the one derivative of 13 studied by
crystallography has a � of 198°, which is as pyramida-
lized, and also is pyramidalized in the same direction as
12.9 If 12 has a higher vIP than 11 because it is
pyramidalized, why does 13 have a vIP close to that of
11, and not that of 12?

We carried out quantum mechanical calculations to try
to understand these results. We calculated vIP by
subtracting the enthalpy calculated for the geometry
optimized neutral compound (n0) from that obtained by a
single point calculation of the cation using the geometry

of the neutral compound (n�). The second to last column
of Table 1 shows vIP values calculated by AM1.10 (our
AM1 calculations were carried out using various versions
of Clark’s program VAMP)11. AM1 calculations give
larger vIP than the observed value in all cases but 1, and
the amount usually increases with neff. We note that the
effect of �-branching on lowering vIP appears to be
underestimated by AM1 calculations. AM1 calculations
are very rapid (�25 s of CPU time were required for
geometry optimization of each compound discussed here)
and have proven especially useful for understanding the
effects of ring size changes on the properties of bis(N,N�-
bicyclic) hydrazines.12 Although errors in vIP as large as
0.45 eV occur for some of the higher neff compounds in
Table 1, when the geometry is changed for a molecule, or
when diasteromers are compared, such errors tend to
cancel, and greater accuracy is expected for such changes
than for comparing molecules that differ more in
structure. Employing these rapid calculations allows the
investigation of effects of changing geometry that would
take too long to be worthwhile by more sophisticated
calculation methods, because such calculations would
take months instead of hours of CPU time to carry out.
For example, it took us 3.7 � 103 times as much CPU
time to optimize 15 using B3LYP/6–31G�* calculations
as using AM1 (that is, over 25 h versus 24 s), and
2.4 � 104 times as long to do the single point on the
cation at UB3LYP/6–31G�* (that is, over 10 h versus
1.5 s), even though a more powerful machine was used
for the Gaussian calculations. The last column of Table 1
contains results of density functional theory (DFT)
calculations of vIP carried out at the (U)B3LYP/6–
31G�* level using Gaussian 98.13 The � angles obtained
are 11 180.0°, 12 195.5° and 13 191.2°, so the
pyramidalities of these sesquibicyclic alkenes obtained
using B3LYP/6–31G�* optimizations are certainly
better than those from AM1 calculations, which gave �
far too close to 180° for 12 (183°) and 13 (181.4°). Both
methods of calculation show the 2,2-bicyclic compounds
14 and 15 to be untwisted at their double bonds, as
expected. However, surprisingly to us, the DFT vIP
values are often significantly further from experiment
than are the AM1 values (see Table 1). There are no spin
contamination problems; the �S2� values for the n�

structures are �0.754 in all cases. The difference
between the DFT vIP values for the anti and syn 21/21
systems is the experimental value, much better perfor-
mance than AM1, as expected because the AM1
pyramidalities were wrong. It seems that this DFT
method substantially overestimates the effect of �-
branching lowering vIP. It does not appear to us to be
reasonable to state that DFT calculations are likely to
help one understand the ionization potentials any better
than the AM1 calculations, and we use values calculated
by AM1 in this discussion. The DFT calculations are too
slow to make carrying out the calculations discussed
below reasonable.
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Figure 2 shows the changes in vIP as a function of �
and also its ��Hf(n

�) and ��Hf(n
0) components for 11–

13. Vertical ionization potentials are often discussed in
terms of stabilization or destabilization of the � orbital
from which ionization occurs, because Koopmans’
theorem works so well for ionization potentials. How-
ever, vIP is the difference in enthalpy between the
vertical cation (n�) and the neutral ground state (n0).
Effects that stabilize both the cationic and neutral
oxidation states will affect vIP, and effects on the two
oxidation states are calculated to be different. These plots
rationalize nicely why vIP is larger for 12 than for 11, yet
similar for 11 and 13. Changing � in either direction from
180° increases s hybridization, which alone would cause
an increase in vIP. However, pyramidalization also
changes the overlap between the � and � framework
orbitals in a rather complex fashion. The sum of all
effects results in a very small decrease in vIP as �
deviates further from 180° for 11 [a21/21, see Fig. 2(a)].
In contrast, for 12 [s21/21, Fig. 2(b)] vIP increases
significantly as � increases on either side of 180°,
because ��Hf(n

�) increases relative to ��Hf(n
0) as the

alignment of the p-orbital axes with the 1-bridge �-bonds
becomes poorer and poorer (see structure C). This
suggests that radical cation C1-bridge/�,�� interaction

dominates the pyramidality change effect. Pyramidaliz-
ing 13 (21/22) to more positive � raises vIP in the 160–
170° region almost as much as it does for 12, but the
effect levels out in the more positive � region, as the
interactions with the single one-carbon bridge become
small. Thus pyramidalization is not predicted to raise vIP
for 13. Although AM1 gives a significantly larger error in
vIP for 13 than for either 11 or 12, we suggest that the
trends upon pyramidalization of these compounds help in
understanding the vIP pattern observed.

The next most striking thing about Table 1 and Fig. 1 is
the similarity of vIP for 8 and 9, which is not expected
because �-branching significantly decreases vIP, so that
the observed oxidation potential for 9 is actually about
0.13 eV higher than expected by comparing its vIP with
those of other tetraalkylalkenes. This caused us to
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consider how large the effect is for having isopropyl
groups oriented staggered with respect to a C=C bond
versus having them eclipsed, as shown in cartoon form in
Scheme 3 using the ‘two-membered ring’ cartoon for a �
bond used by Houk et al.8a It is known that 9 assumes a
conformation with each isopropyl group �-hydrogen
tucked between the methyls of an adjacent isopropyl
group, the conformation labeled ESES (for alternating
eclipsed and staggered substitutents),14 and that AM1 as
well as molecular mechanics calculations do a reasonable
job of describing the energy surface for twisting.14d,e The
vIP calculated for ESES 9 is indeed substantially higher
than that for the SSSS and EEEE rotamers (see Table 2),
but this may well occur because the latter are so crowded
that they are calculated to have significant twisting about
the C=C bond (SSSS 9 has 14° twist and EEEE 9 has 24°
twist).

Although a significant decrease in vIP occurs as
staggered isopropyl groups are rotated to become
eclipsed in the least hindered system examined, the
dialkyl t-iPrHC=)2, such an effect was not calculated for
the tetraalkyl cases 4–6, and an increase is found for 6
using DFT. It seems clear that calculations at a level that
predicts vIP better than those examined would have to be
carried out to consider whether there is a significant E
versus S effect on vIP in acyclic compounds. We note
that neither DFT nor AM1 calculations predict the similar
�vIP observed for the SSSS bis(bicyclic) compounds 14
and 15, and do not appear to us to give insight as to why

14 and 16 fall well below the correlation line but 15 falls
rather near it.

�����������

The vIP values for 11–13 provide excellent examples of
the fact that deforming from an equilibrium geometry can
have different effects upon the neutral form and the
vertical cation, and that both oxidation states need to be
considered in analyzing vertical ionization potentials.
The rather poor absolute performance of B3LYP
calculations for calculating the vIP values of these
alkenes was not expected, and it suggests that despite
their good performance for geometries,15 DFT calcula-
tions may not be the best to use for estimating internal
reorganization energies (Marcus’s �inner), which is
calculated from the energies of n0, n� and both oxidation
states at the relaxed cation geometry.16 According to
AM1 calculations, pyramidalizing to � �180° for 12
(s21/21) is calculated to lower vIP because the vertical
cation is less destabilized than the neutral form due to
overlap with the 1-carbon bridges improving, whereas
pyramidalizing to � �180° raises vIP because it
destabilizes the vertical cation more than the neutral
form owing to overlap with the 1-carbon bridges
becoming less favorable, combined with the increase in
s-hybridization that occurs for both directions of bend.
The behavior of 13 (21/22) shows that it is principally
overlap with the 1-carbon bridges that matters, because
the shape is similar to 12 at � �180°, but for � �180°,
where overlap with the 1-carbon bridge is poor, neutral
and cation are destabilized by nearly the same amount,
and vIP no longer varies as � is increased. For 11 (a21/
21), where changing � from 180° in either direction
improves overlap with one 1-carbon bridge but makes it
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Compound iPr ��Hf(n
0) (kcal mol�1) ��Hf(n

�) (kcal mol�1) �vIP (eV)

iPr2C=)2 (9) ESES 0 0 0
SSSS 2.98 �0.21 �0.12
EEEE 17.60 12.00 �0.24

t-iPrHC=)2 SS 0 0 0
ES 1.37 �2.09 �0.15
EE 2.72 �0.97 �0.16

iPr2C=CMe2 (4) ES 0 0 0
SS 1.03 0.83 �0.01
EE 2.67 2.98 �0.01

c-iPrMeC=)2 (5) SS 0 0 0
ES 2.13 2.85 �0.03
EE 8.62 9.10 �0.02

t-iPrMeC=)2 (6)a SS 0 (0) 0 (0) 0 (0)
ES 2.05 (2.71) 2.05 (3.40) 0.00 (�0.03)
EE 4.33 (5.13) 4.34 (6.20) 0.00 (�0.05)

a The numbers in parentheses are from (U)B3LYP/6–31�G* calculations.
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poorer with the other, vIP is nearly unaffected by the size
of � in the range studied because destabilization of both
oxidation states is the same.

 '( ��) ����

.�������"	4�)*)*)����)�*��5��
����*������ 1"&2) This was
prepared by the literature method.17

����������*�'
���"	4*)*)�5�����*��"
����$
���"	4*)*)�5�
������� 1"*2) A solution of TiCl3 (22 g, 0.145 mol) in
anhydrous THF (200 ml) was stirred at room tempera-
ture. Li wire (3 g, 0.44 mol), cut into small pieces, was
added and the mixture refluxed for 1 h. After cooling,
bicyclo[2.2.1]heptan-2-one18 (4 g, 0.036 mol) in anhy-
drous THF (50 ml) was added dropwise via a canula. The
reaction mixture was refluxed for 10 h. After cooling, the
reaction mixture was diluted with pentane (100 ml) and
carefully filtered through a pad of Fluorosil in a sintered-
glass funnel. Rotary evaporation of the solvent gave 1.4 g
(20%) of a colorless liquid. 1H NMR showed a mixture of
the four possible isomers. Purification was accomplished
by preparative TIC on silica plates (Merck) impregnated
with AgNO3 using hexane–diethyl ether (99:1) as eluent.
The trans configuration for 14 was inferred by analogy
with 15, as it had a larger yield, smaller Rf (0.23) and
bridgehead hydrogens upfield of, and allylic methylene
downfield of the other isomers. The one-carbon bridges
being syn was established by epoxidation with m-CPBA,
which produced a compound having seven 13C reso-
nances as the major product. 1H NMR (CDCl3): � 2.53 (br
s, 2H), 2.30 (br s, 2H), 2.11 (d, J = 15 Hz, 2H), 1.69 (d,
J = 15 Hz, 2H), 1.6–1.5 (series of m, 4 H), 1.36–1.11
(series of m, 8 H). 13C NMR (CDCl3): � 131.51 (Cq), 41.0
(CH), 39.03 (CH2), 37.17 (CH2), 36.77 (CH), 29.08
(CH2), 28.59 (CH2). HRMS: m/z 188.1574 (M, 51%)
observed, 188.1565 calculated for C14H20.

������*�'
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���"	4*)*)*5	�����
1"+2) A solution of TiCl3 (5 g, 0.033 mol) in anhydrous
THF (30 ml) was stirred at room temperature. Li wire
(0.067g, 0.1 mol), cut into small pieces, was added
and the mixture refluxed for 1 h. After cooling,
bicyclo[2.2.2]octan-2-one19 (1 g, 0.008 mol) in anhy-
drous THF (20 ml) was added dropwise via a canula. The
reaction mixture was refluxed for 20 h. After cooling, the
reaction mixture was diluted with pentane (30 ml) and
carefully filtered through a pad of Fluorosil in a sintered-
glass funnel. Rotary evaporation of the solvent gave
0.43 g (25%) of a white solid. 1H NMR showed the ratio
of trans to cis olefins was 2:1. Fractional sublimation
provided a pure sample of the trans compound; m.p. 126–
127°C. 1H NMR (CDCl3): � 2.3 (br s, 2H), 2.13 (d, 4H),
1.66 (br s, 2H), 1.51–1.45 (series of m, 16 H). 13C NMR
(CDCl3): � 129.65 (Cq), 33.46 (CH2), 27.86 (CH), 26.37
(CH), 25.93 (CH2), 25.91 (CH2). HRMS: m/z 216.1884

(M, 100%) observed, 216.1878 calculated for C16H24.
Double bond configuration was demonstrated by NOE:
for 15 irradiation at either � 2.3 (allylic) or 1.66 (non-
allylic) bridgehead hydrogens led to �4% NOE of the
allylic CH2 protons at � 2.13. For the minor isomer,
irradiation of the non-allylic bridgehead (� 1.76) led to
�3.5% NOE of the allyic CH2 proton signal, but
irradiation of the allylic bridgehead signal (� 2.46) signal
led to �1% NOE. Therefore, 15 is the trans double bond
isomer. A later crystal structure determination verified
this conclusion (shown in detail in the PhD Thesis of
L.A.R).

-�	�	�"����	� �������) Spectra were run on a Varian
IEE-15 spectrometer, modified with a rebuilt analyzer,
and flowing He I lamp ionization source. Peak potentials
were estimated by superimposing sums of Gaussian
curves of adjustable position, width and intensity over the
unsmoothed data points on the screen of an IBM-PC-XT,
using software written by P. A. Petillo. The spectra and
fitted curves are illustrated in the PhD Thesis of L.A.R.
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