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Abstract: The hydride transfer equilibria 1-CsHo* + RH = R* + j-C4H;o where RY = 2-methylpentyl ion (2-MP*), 3-
MP+*, 2,3-DMB*, and 2,4-DMP* have been investigated by pulsed electron beam high pressure mass spectrometry. The
equilibrium constants for the reactions and the temperature coefficients of the equilibrium constants over the range 334-
610°K have been used to establish a network of thermodynamic quantities for the reactions. The ionic enthalpies determined
(relative to AH® (tert-butyl) = 169.1 kcal/mol as standard) are believed to be accurate to 0.2 keal/mol with AH{°(2-MP*)
= 155.6, AH{°(3-MP*) = 155.3, AH;°(2,3-DMB*) = 153.2, and AH{°(2,4-DMP*) = 134.9 kcal/mol. Trends in stability
have been related to structural and ionic factors. The entropies for the reactions of tert-butyl ion with the three isomeric ter-
tiary hexanes (2-MP, 3-MP, and 2,3-DMB) vary between O and +2 eu. The entropy change of —29.4 eu for the reaction
of tert-butyl ion with 2,4-DMP suggests that the C;H|s* ion formed in this reaction is a highly constrained species.

We recently! reported an investigation of hydride trans-
fer equilibrium in the t-C4Hg+ (i-C5H12, i-C4Hip) ¢-
CsHi\* system using the technique of pulsed electron beam
high pressure mass spectrometry. Equilibrium constants,
free energies, enthalpies, and entropies were determined for
the reaction

t-C,Hy* + i-CsHyy === t-CsHy* + i-C{Hyq (1)

In the present study we report the results of our investi-
gations of the hydride transfer reactions of tert-butyl ions
with the three isomeric tertiary hexanes, namely

t-CHg* + 2-MP? == 2-MP* + i-C/Hy, (2)
t-C4Hy* + 3-MP == 3-MP* + {-C4Hy, (3)
t-C,Hy* + 2,3-DMB == 2,3-DMB* + i-C,H,, (4)

and our investigation of the hydride transfer equilibrium
occurring between tert-butyl ions and a tertiary heptane

t'C4H9‘ + 2,4'DMP b C7H15‘ + i'C4H10 (5)

These investigations are being undertaken to establish a
network of relative thermodynamic quantities for gaseous
carbonium ions. Obtaining accurate thermochemical values
will permit the evaluation of the effects of structural varia-
tions upon intrinsic carbonium ion stabilities.

Experimental Section

These measurements were made on the Rockefeller Chemical
Physics mass spectrometer operated in the pulsed electron beam
mode of ionization. The apparatus and experimental technique
were identical with those described previously,!:3# except that here
the instrument was operated under field-free conditions with the
repeller maintained at ion chamber potential. Gas from a mixture
of known composition {i-CsHo/tert-alkane) was admitted into
the ion source. The ion intensities of the tert-butyl ion (m/e 57)
and the tertiary alkyl ions were monitored at variable reaction
times at constant temperatures and pressures. The source pressure

was adjusted at each temperature to keep the total number density
constant (N1 = 4.0 X 10!% molecules/cm?). A typical pulsing se-
quence consisted of the 600 eV electron beam pulsing on for 100
usec initiating ion production. Ions leaving the source are defo-
cused except for the duration of the ion focus pulse, typically 100
usec, which occurred at variable delay times (200-800 usec) after
the electron beam “on” pulse.

The reagents used were Matheson Instrument grade (99.5%)
isobutane, Matheson Coleman and Bell Chromatoquality grade
(99+ mol %) 2-MP, 3-MP, and 2,4-DMP, and K & K 2,3-DMB.
Purities were checked by gas chromatography and found to be bet-
ter than 99%.

Results and Discussion

The equilibrium constant for a general hydride transfer
reaction Ri* + RyH == R,* + R H is given by

* Ip +
x - B2l [RH] [(Fe
R [R,H] Ip "
We can examine the approach to equilibrium by measuring
the ion intensity ratio (/r,+/Ir;+) as a function of reaction
time, In Figure 1 we show a sample plot of the apparent
equilibrium constant, X, = (I99/I57)(P;-c4H,0/ P2,4-DMP) V8.
reaction time for reaction 5. K, initially rises and begins to
level off above 300 usec. Equilibrium has been achieved in
the time independent region of K,. Analogous plots were
obtained for reactions 2-4 at several temperatures. van't
Hoff plots were constructed from the values of the equilibri-
um constants in the plateau regions of the plots of K, vs.
reaction time. A typical van't Hoff plot obtained in this
manner for one of the (zerz-butyl, tert-hexyl) equilibria is
shown in Figure 2 (upper). The temperature and pressure
regimes employed for the (Cs, Cg) equilibria studies are
334-610°K and 1.4-2.5 Torr, respectively.
In our previous' experiments with the pulsed ionization
high pressure technique we found that thermodynamic pa-
rameters obtained for reaction 1 by the continuous ioniza-

PP.1H

(6)

P
RyH
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Figure 1. The apparent equilibrium constant vs. reaction time for reac-
tion 5: T = 521°K, P = 2.2 Torr, {-C4H,0/2,4-DMP = 21.87.
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Figure 2. Comparison of van't Hoff plots for reaction 4: pulse tech-
nique (upper), continuous technique (lower).

tion method and by the pulse ionization method were in ex-
cellent agreement. However, when we compare continuous
ionization and pulse ionization van’t Hoff plots in the (Cs,
Ce) reaction systems, we observe large discrepancies. In
Figure 2 we show such a discrepancy for the t-C4Hg* (2,3-
DMB, i-C4Hjo) 2,3-DMB* reaction system. The upper
portion shows the pulsed ionization van’t Hoff plot as was
mentioned above. The continuous experiment shown in the
bottom portion was done at 2 Torr source pressure at an
E/P of 5 V/(cm Torr) for a mixture of 5.05% 2,3-DMB in
isobutane over the temperature range 345-592°K. We cal-
culate using the complete Langevin treatment® that under
the continuous ionization experimental conditions (at T =
470°K, N1 = 4.1 X 10'6 mol/cm?) tert-butyl ions in isobu-
tane have a residence time of ~30 usec. Our pulse experi-
ments on this system, which were done at a comparable
number density, indicate that an ionic residence time of
400-600 pusec is required for the establishment of equilibri-
um. Therefore, linear van’t Hoff plots obtained in the con-
tinuous ionization mode do not necessarily indicate that
equilibrium has been established. Accordingly, all thermo-
dynamic parameters reported in this paper have been ob-
tained from the least-squares lines of the van’t Hoff plots
obtained by the pulsed ionization technique. The experi-
mental thermodynamic values deduced from the van’t Hoff

Table I. Experimental Thermodynamic Values for
t-CHY + t-CHy, == t-CHy* + i-CH,
AG® 400, AR,
~CH,, kcal/mol kcal/mol AS°, eu
2-MP -4.3 -3.8 +1.6
3-MP -4.9 -4.8 -0.3
2,3-DMB -5.4 -54 -0.1
103 C
i
i 1=CqHg* + )\/k == CyH' +i=CqHpg
2,4-DMP
102 g
K F
0 -
; A o5 - 9.3 keal/mol
r AW =-18.1 keal/mol
r AS® =-294 ey
L
| 1 . 1 1 A — —|
1.6 1.7 1.8 1.9 20 2.1 2.2 2.3

103/ 1
Figure 3. van’t Hoff plot for reaction 5.

plots for the reactions of ters-butyl ions with the three iso-
meric tertiary hexanes are given in Table 1.

The thermodynamic quantities AG°3o0 and AH° ob-
tained using this procedure are believed to be accurate to at
least 0.2 kcal/mol. There is little difference between the ex-
perimental AG°300 and AH° values obtained for each of
the (Cs, C¢) equilibria, with the largest difference of 0.5
kcal/mol occurring in the t-C4Hot (2-MP, i-CsH0)
2-MP* reaction system. This small difference (AG°® =~
AH®) implies that AS® is small, as would be expected for
hydride transfer between very similar ionic species (tertiary
alkyl carbonium ions). The experimental AS® values vary
between 0 and 2 eu with an estimated error of + 1 eu.

In Figure 3 we show the van’t Hoff plot obtained for
reaction 5. The thermodynamic results obtained for this
system, t-C4Hg* (2,4-DMP, i-C4H o) C;H ;5% are: AH® =
—18.1 kcal/mol, AG°300 = —9.3 kcal/mol, and AS® =
—29.4 eu. These results are very different from the thermo-
dynamic quantities obtained in either the (C4, Cs) or (Cq,
Co¢) equilibria. We were initially concerned with the unex-
pectedly large negative AS° and AH® values, and conse-
quently many experimental points were taken over the tem-
perature range 443-589°K. The thermodynamic parame-
ters we obtained strongly suggest that a very stable, highly
constrained C7H,s* ionic species is formed in this reaction.
The appreciable negative entropy change for this reaction
leads to the possibility that the CsH;s* ion is cyclic. Possi-
ble cyclic structures for this constrained species include the
formation of the 2,4 C-C bond which would produce pro-
tonated 1,1,2,2-tetramethylcyclopropane or alternatively
1,5 C-C bond formation resulting in the formation of pro-
tonated 1,3-dimethylcyclopentane. Other cyclic structures
can result from the formation of intramolecular hydrogen
bonds or the existence of a nonclassical carbonium ion. We
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Table II. Heats of Formation of Tertiary Alkyl Carbonium Ions
and Parent Hydrocarbons
RH AHF (RH) R* AHP (RY)

C,H,, -32.07 A 169.15
CH,, -36.73 A 161.1
3-MP —41.11 Ao 155.3
2-MP -41.75 A~ 155.6
2,3-DMB -42.59 )Y 153.2
2,4-DMP -48.20 CH,/ 134.9

@ Heats of formation of neutrals are taken from D. W. Scott, J.
Chem. Phys., 60, 3144 (1974), and are accurate to 0.14-0.29
kcal/mol. b Arbitrary standard. Nonequilibrium value obtained from
IP of C_H,, radical, ref 7.

have tested for the possibility that the CsH;s* ion is proton-
ated tetramethylcyclopropane. To do this we have obtained
some 1,1,2,2-tetramethylcyclopropane and have conducted
proton affinity experiments. We have established that 195
= PA(/-C4Hz) < PA(tetramethylcyclopropane) <
PA(NHj3) = 207 kcal/mol. Based on these measurements,
the heat of formation of protonated tetramethylcyclopro-
pane is 145 + 6 kcal/mol® which does not correspond well
to the C;H;s* ion (AH® = 134.9 kcal/mol, see Table II)
formed in reaction 3.

In Table II we list the heats of formation of tertiary alkyl
carbonium ions and their parent hydrocarbons. The tert-
butyl ion is our starting reference point, and we have taken
for it a heat of formation of 169.1 kcal/mol.” Using tert-
butyl ion as standard and the known heats of formation of
the neutrals, we have calculated the heats of formation of
the various carbonium ions from the experimentally deter-
mined enthalpies of reactions 1-5. The relative ionic heats
of formation are believed to be accurate to 0.2 kcal/mol ne-
glecting any uncertainty associated with the neutral heats
of formation. The difference of only 0.3 kcal/mol in our ex-
perimental heats of formation for 2-MP* and 3-MP? is
within experimental error, and thus the two hexyl isomers
appear to have effectively identical stabilities. However,
there is an experimentally significant difference between
the heats of formation of the ion formed from 2,3-DMB and
those from 2-MP and 3-MP. This constitutes evidence that
the ions formed from isomeric hexanes have different struc-
tures, i.e., isomerization to a common structure does not
occur.

NMR solution experiments of Olah® and Brouwer® on
tert-hexyl cations prepared in highly acidic media demon-
strate that tert-hexyl cations rearrange rapidly to equilibri-
um mixtures of the isomeric ions. It was deduced from the
NMR spectra (—20°) that the equilibrium mixture con-
tained approximately equal amounts of the three ions, and
it was concluded that not much difference exists in the sta-
bilities of the isomeric tert-hexyl ions. Our experimental
finding is that there is a difference of ~2 kcal/mol in the
heats of formation of the ion formed from 2,3-DMB and the
heats of formation of the ions formed from either 2-MP or
3-MP. Making the reasonable assumption that A(AH°) =
A(AG¢®), this energy difference would correspond to an
equilibrium mixture (—20°) wherein the 2,3-DMB would
be present at about 50 times the concentration of the ions
formed from 2-MP or 3-MP. A possible explanation for the
difference between the gas phase and the NMR solution re-
sults is that the solvation of ions in condensed phase pro-
vides a leveling effect on the ion energies.

In order to compare properly the stabilities of the carbo-
nium ions listed in Table II we must first compare the sta-
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TERTIARY ALKYL CARBONIUM ION STABILITIES
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Figure 4. Tertiary alkyl carbonium ion stabilities broken down into
skeletal and ionic (underlined) factors.

bilities of the neutral alkanes. The difference in stability of
homologous alkanes which differ by one CH; group is ~5
kcal/mol. We shall refer to this stabilization as the skeletal
stabilization. The addition of a CH; group in alkyl ions has
a larger stabilizing effect than in neutrals. For example, in-
troduction of a methylene group into tert-butyl ion to form
tert-pentyl ion involves a greater lowering (8.0 kcal/mol)
than the lowering of the heat of formation when a methy-
lene group is added to isobutane to give isopentane (skeletal
stabilization = 4.7 kcal/mol). This extra ionic stabilization
(3.3 kcal/mol) can be accounted for by a charge stabiliza-
tion mechanism based on the polarizability of the alkyl sub-
stituent. In Figure 4 we show the difference in the heats of
formation of the ions we have investigated. Here we have
separated the skeletal and ionic (underlined) contributions
to the heats of formation of the ions.

In comparing the stabilities of Cs and Cg ionic species we
note that the addition of a methylene group « to the
charged carbon is more effective in stabilizing the charge
(2.0 and 1.4 kcal/mol ionic stabilization in 2,3-DMB* and
3-MP*, respectively) than the addition of a methylene
group A to the charged carbon (only 0.5 kcal/mol ionic sta-
bilization in 2-MP*). We also find that for a-(CHj,) ionic
stabilization, the first CHy group added is the most effec-
tive, with the next one more effective when added to the
same carbon atom as the first. (For example, compare the
ionic contributions to the heats of formation of t-C4Hg", ¢-
C5H11+, 2,3-DMB+, and 3-MP+.)

The above considerations apply to the C4-Cg ionic
species. Our thermodynamic data on the :-C4Hg* (2,4-
DMP, i-C4H o) C7H;s* system show that there is a sharp
discontinuity in energy and entropy between this system
and the (C4, Cs) and (C4, Co) reaction systems. As a result
we find that in comparing the stability of 2-MP* and 2,4-
DMP* the addition of the CH; group § to the charge in
2-MP? results in a 14.2 kcal/mol ionic stabilization. This
may be looked upon as another manifestation of the fact
that the C;H,s* species formed in reaction 5 does not have
the properties associated with conventional branched terti-
ary alkyl carbonium ions.
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Abstract: A method is presented for the calculation of proton dihedral angles from vicinal coupling constants and electrone-
gativities of substituents. Results for several examples of conformationally mobile systems are compared to results obtained
by the R-value method of calculating dihedral angles. Other examples of compounds to which the R-value method cannot be
applied are given and the values of dihedral angles obtained from this method are compared to those obtained by empirical

valence-force minimization calculations.

Dihedral angles have frequently been estimated from vic-
inal proton coupling constants by means of a Karplus! rela-
tionship, in spite of the problems inherent in this type of
calculation.? In a Karplus equation, (1) for example, the

J=Acos’¢p —Bcoso + C (1)

constants 4, B, and C may vary considerably from com-
pound to compound and difficulties arise in the selection of
appropriate values of these constants.

One of the major factors which can alter the values of
these constants is the electronegativity of the substituents
on the atoms to which the coupled protons are bonded. Al-
teration of the constants in order to take into account the
effect of the electronegativity of substituents does not ap-
pear to be completely satisfactory since the effect of an
electronegative substituent is also angle dependent, being
greatest when the substituent is antiperiplanar to a coupled
proton.’

Buys* has developed a method of calculating dihedral an-
gles, which attempts to compensate for other factors in-
fluencing the coupling constant, by quantification of Lam-
bert’s’ R-value method of detecting distortion in cyclic sys-
tems. In this method the ratio, R, of Jirans to Jgs is deter-
mined and the dihedral angle, ¢,, is calculated from eq 2.

cos ¢q, = [3/(4R + 2)}1/2 (2)

The R value may be obtained only for compounds having
one of the specific structural types listed by Lambert:® (i) a
CH,CH; or CH,CHR group in a molecule with two rapidly
equilibrating equivalent conformers, (ii) a CH>CH; group
in a completely rigid molecule, or (iii) a CHRCH,CHR’
group in a completely rigid molecule with R and R’ trans to
each other.

In this paper we wish to report a method of calculating
dihedral angles which may be applied to these systems as
well as other ring systems which cannot be analyzed by the
R-value method. In the present study we have used a meth-
od’ for estimating gauche coupling constants in ethane
fragments, based on a correlation between coupling con-
stants and electronegativity of substituents as well as their
orientation relative to the coupled protons. The expected

value of a gauche coupling constant of two protons with a
dihedral angle of 60° is calculated from eq 3, where AX is

J = (4.1 + 0.63TAX)(1 — 0.4624aX)(1 — 0.462AX,)
(3)

the electronegativity® difference between the substituent
and hydrogen, ZAX is the sum of AX’s of all substituents
on the ethane framework, and AX; and AX, are the AX’s
of the two substituents antiperiplanar to the coupled pro-
tons.

The calculated coupling constant is then compared to the
observed coupling constant and the difference taken to indi-
cate a divergence of the dihedral angle from normal. The
method of calculation of the dihedral angle is illustrated
below for the example 1,4-dioxane. The expected value of
Jae is calculated from eq 3 to be 2.06 Hz, whereas the ob-
served® value, J, is 2.78 Hz. From the calculated value of
Jae and eq 4, a value for 4 is determined.

Jeateg = A cos? 60 — 0.3 (4)

This calculated value of the constant 4 (10.4 in this case) is
then used with the observed coupling constant (eq 5) to cal-

COS ¢a = [(Jopeq + 0.3)/A)1/2 (5)

culate a value for the dihedral angle ¢ge.

The calculated values of ¢, for a series of conformation-
ally mobile compounds are given in Table I and are com-
pared with the values of ¢ calculated by the ratio method
of Buys.? It can readily be seen that the two methods are
compatible, the results obtained in each case being remark-
ably close.

For those compounds in Table I where X and Y (Figure
1) are different, the observed J¢;s will be the average of two
different gauche coupling constants, J2a3e and Jzaze. In
order to calculate ¢g. in these cases the two dihedral angles,
¢2a3¢ and ¢3aze, are assumed to be the same (as was as-
sumed in the calculations by the ratio method?) and the av-
erage of J2a3e and J3,2, is used to calculate a value for 4.

Having obtained good agreement of the results from this
method with those of the ratio method, dihedral angles
which could not be determined by the ratio method were
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