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The traditional and widespread rationale behind the stability trend
of alkyl-substituted carbocations is incomplete. Through state-of-
the-art quantum chemical analyses, we quantitatively established a
generally overlooked driving force behind the stability of carbocations,
namely, that the parent substrates are substantially destabilized by the
introduction of substituents, often playing a dominant role in solution.
This stems from the repulsion between the substituents and the
C-X bond.

Carbocations are ubiquitous reactive intermediates in synthetic
chemistry and are involved in many fundamental organic
transformations."” These reactive intermediates generally form
through a heterolytic C-X bond dissociation, yielding a carbo-
cation C" and an anionic X". The heterolytic bond dissociation
energy (BDE), for simple alkyl halides Me,,,H;_,,C-X, decreases
upon increasing methyl substitution along the series of H;C-X
(methyl, 0°), MeH,C-X (primary, 1°), Me,HC-X (secondary, 2°),
Me;C-X (tertiary, 3°).> In other words, it is easier to form more
substituted carbocations, making them more likely to partici-
pate as an intermediate in a chemical reaction.

Currently, the reduced heterolytic bond dissociation energy
of the C-X bond is often ascribed to the stabilization of the
carbocation, which increases along methyl, primary, secondary,
and tertiary substituted carbocations.® This stability trend
stems from the stabilizing interactions (hyperconjugation and
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inductive effects)'®® between the electron-depleted carbon
center and the methyl groups. The true definition of structural
stability is less straightforward than stated above since, strictly
speaking, one cannot directly compare the structural stabilities
of non-isomeric species.”” Furthermore, this trend also has
been attributed to the relief of steric repulsion, going from the
substrate to the carbocation, between the substituents of the
C-X bond for more substituted systems (also known as B-strain;
back-strain).®

Typically, the thermodynamic stability of organic molecules
is quantified using hypothetical reactions (e.g., isodesmic or
homodesmotic), which are specifically designed to isolate a
desired effect.” Recently, in contrast to common textbook
knowledge, we found using isodesmic reactions that methyl
substitution destabilizes simple organic radicals.'® In our present
study, we partition the energy of the system using the isodesmic
reaction shown in eqn (1), which allows us to investigate the effect
of the number of methyl groups on the thermodynamic stability
of the system. We use the non-substituted H;C-X as our reference
compound. This approach has proven useful for quantifying the
stability of organic molecules, however, it does not directly permit
one to uncover the true origin of the stability trend.

H;C-X + Me,,H;_,,C" — H;C" + Me,,H;_,,C-X €))

Herein, we reveal the exact source of the stability trend of
carbocations by using partial reactions in a thermodynamic
cycle quantitatively decomposing the effect of methyl groups on
the carbocation species and the parent substrate, as shown in
Scheme 1 (purple bonds). We have chosen to study the archetypal
Me,,H;_,,C-X model systems with m =0, 1, 2, 3 and X = F, Cl, Br, I,
H, CH;. The activation strain model (ASM)"' was employed to
provide quantitative insight into the driving processes for the
carbocation stability.

Here, we focus on the Me,,H;_,,C-I systems as a represen-
tative example. However, all model systems we have studied,
that is, Me,,H;_,,C-X (m = 0-3; X = F, Cl, Br, H, CHj), possess
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aC—X —> C7 + X
R N
R R
Scheme 1 Computationally studied heterolytic bond dissociation of the
C-Xbond (R =H or Me; X = F, Cl, Br, I, H, CHx).

similar trends and can be found in Table S1 and Fig. S1 (ESI¥).
Table 1 presents our computed Me,,H; ,,C-1 bond lengths
(r (C-1)) and heterolytic bond dissociation enthalpies (AHEHE )
The dissociation of the leaving-group atom, X, from the tetra-
hedral substrate leads to a Me,,H;_,,C" carbocation. The latter
adopts a trigonal planar geometry to optimize the C'**°-
substituent bonding overlap between the singly-occupied 2p
atomic orbitals of C" and the E-symmetric SOMO of the sub-
stituents R;*** (where a dot * represents an unpaired electron;
see Fig. S2 for structures, ESIT). The trigonal planar geometry
also minimizes steric (Pauli) repulsion between the substituents.
Note that, as reported earlier, the ethyl cation adopts a “non-
classical” bridged carbocation structure in which the positive
charge is delocalized over both carbons (see Fig. S2, ESI{)."?

As expected, the C-I bond, indeed, significantly weakens
as the degree of methyl substitution increases, going from
AHEEE™ = 210.7 to 170.1 to 152.5 to 137.2 kecal mol ™%, along
m=0, 1, 2, and 3 (see Table 1). At the same time, the C-I bond
also becomes longer along this series from 2.132 to 2.150 to
2.170 to 2.194 A. Our computed bond dissociation energies at
ZORA-MO06-2X/QZAP are in good agreement with experiments
(see Table S2, ESIT).> Moreover, the same general conclusions

Table 1 Rs;C-X (R = H or Me; X = I) bond lengths (in A) and heterolytic
bond dissociation energies (AHB?}E’O), which are decomposed using a
thermochemical cycle in AHparentX, M), AHBSE(C***=X), and AHcaton(m)
(kcal mol™4?

R R
hetero
\ AHgpe |@ o
R..uC—X —>» C  + X
Fl/ R =Hor Me §
RR
R ;
Y : @
.--C—X
R —AHpgrent(X,m) AHggtion(m) A
R R ‘R
AHgpg"®*"(C™"™=X) ® o

3R +:C—X ——————» 3R +C +X
349.9 kcal mol™’
(176.5 kcal mol™")

System r (C_X) AH}];(SErO AHParent(Xi m) AHCation(m)

H,C-1  2.132(2.136) 210.7 (66.7) -321.5 (-320.8) -453.0 (-440.2)
MeH,C-T 2.150 (2.157) 170.1 (40.1) -311.5 (-310.3) -483.5 (-456.3)
Me,HC-T 2.170 (2.181) 152.5 (29.8) -302.7 (-301.1) -492.4 (-457.7)
Me,C-1  2.194 (2.209) 137.2 (19.2) -294.5 (-292.4) -499.5 (-459.4)

“ Computed at ZORA-(U)M06-2X/QZ4P and values in parentheses at
COSMO(H,0)-ZORA-(U)M06-2X/QZAP, at 298.15 K and 1 atm.
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are obtained at ZORA-BLYP-D3(B])/QZ4P and ZORA-BP86-
D3(BJ)/QZ4P, see Fig. S3, S4 and Tables S3, S4 (ESIt).

To analyze how the heterolytic Me,,H;_,,C-X bond dissociation
enthalpy depends on both the bonding of the substituents in the
carbocation Me,,;H;_,,C" and in its parent substrate Me,,,H;_,,,C-X,
we have decomposed the heterolytic bond dissociation enthalpy of
the system into three terms: AHparendX, m), AHEeDtEm(C’“—X), and
AHcaiion(m) (eqn (2)), associated with the three partial reactions of
the thermochemical cycle shown in Table 1. The AHpyendX, m)
is the overall bond enthalpy as the three separate substituents, i.e.,
Me,H;_,,*** combine with C***-X to form the parent substrate
Me,H;_,,C-X. The AHRGE (C***-X) is the heterolytic C-X bond
dissociation enthalpy of the completely unsubstituted C*®**-X
species into C™*** and X~. The AHcqon() is the overall bond
enthalpy as the three separate substituents Me,,H;_,,"** combine
with C™** to form the carbocation Me,,,H;_,,C". Thus, we have the
following relationship of eqn (2):

hetero _
AH BDE -

geDt}%m(C“._X) + AI'ICation(r”) - AI'IPaLrent(X1 m) (2)
Consequently, the trend in isodesmic dissociation energy
(AAHBSE™) upon increasing methyl substitution is determined
not only by AAHcaton(m) but by the difference between
AAHcation(m) and AAHparend X, m) (eqn (3)-(5)). In other words,
a less stable parent molecule is more prone to dissociate the
leaving-group and hence form a carbocation.

AAI_ICatir;m(n'l) = AHCation(m) - AI_ICation(rn = 0) (3)
AAI_IParent(X) m) = AHParent(X) m) - AHParent(Xy m= 0) (4)
AAngDtEm = AAHCation(m) - AAHParent(X; m) (5)

Several trends emerge from our decomposition of
AHRES™ using the thermochemical cycle in Table 1 (Fig. 1).
As discussed previously, the Me,H; ,,C-I bonds become
weaker by increasing the number of methyl groups, which is
illustrated by the increasingly more negative isodesmic disso-
ciation energy (AAHRe™) in Fig. 1a (black line). We find that the
parent substrate Me,,,H;_,,C-1 is systematically destabilized by
the substituents, as seen in Fig. 1a (blue line) by the positive
AAHprendX, m) going from +10.0 to +18.8 to +27.0 kcal mol ™"
along m =1, 2, 3. In contrast, the carbocation is stabilized by the
substituents (red line), through, among others, hyperconjuga-
tion, as evidenced by the more stabilizing AAHc,ion() going
from —30.5 to —39.5 to —46.5 kcal mol " along the same series.

To assess the role of solvation, we have also studied the
decomposition of AHBEE™ i solution with COSMO. For this
purpose, we selected dichloromethane (¢ = 9), DMSO (& = 47),
and water (¢ = 78), spanning realistic extremes of polarity used in
experiments.™ For our discussion, we focus on water solvation
and note that in all solvents, the same general trends emerge,
see Tables S5, S6 and Fig. S5 (ESIY).

Solvation significantly reduces the stabilizing effects of the
methyl groups on the carbocation (Fig. 1c, red line) with
AAHcaion(m)(aq) of only —16.1, —17.2, —19.2 keal mol ™" going
from m =1 to 2 to 3, respectively. This stems from the fact that
the less substituted carbocation, with its more localized and
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Fig. 1 Effect of methyl groups on AAHASE®, AAHparendX, M), AAHCaton(M),
and the corresponding activation strain analysis (in kcal mol™) for RsC—X
(R = H or Me; X = I). Computed at ZORA-(U)M06-2X/QZ4P (a and b) and
COSMO(H,0)-ZORA-(U)M06-2X/QZ4P (c and d).
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less shielded positive charge, enters into a more stabilizing
interaction with the solvent. In sharp contrast, the observed
systematic destabilization of the parent substrate Me,,H;_,,,C-1
by the substituents is entirely maintained if we go from the gas
phase to solution, as reflected by AAHp,.endX, m)(aq), which
still steeply increases from +10.1, +19.7, +28.4 kcal mol™~ " along
the same series.

Note that, in solution, the magnitude of stabilization of
the carbocation levels off after the addition of more than
one methyl group. This saturation effect finds its origin in the
aforementioned interaction between the solvated cation and
the substituents. Introducing the first substituent stabilizes the
cation, reducing the electron depletion on the carbocation.
Intuitively, the next substituent can interact less strongly with
the less depleted pertinent carbon center. This effect is also
observed in the gas phase, although less apparent.

Next, to further understand the effect of the methyl groups
on the carbocation stability, we employ our activation strain
model (see ESIt for Computational methods; Fig. 1b and d).°
Note that the computed trends are the same for both AH and
AE (Table S1, ESIt). We continue with the analysis of AE.
As discussed, the parent substrate is systematically destabilized
by adding methyl groups, which can be traced back to both the
destabilizing strain (AAEgqain > 0) and less stabilizing interaction
energy (AAEy,, > 0; Fig. 1b). The less stabilizing interaction energy
stems from the substituents that engage in steric (Pauli) repulsive
interactions (see Fig. S6 and S7, ESIt). The larger methyl groups
have more repulsion with the C***-X bond and have more mutual
repulsion than the smaller hydrogen atoms. This type of repulsion
is also known as F-strain (front-strain).'* The destabilizing strain
mainly results from the need of the methyl group(s) to deform
from their planar methyl radical equilibrium geometry to a
pyramidal geometry in the substrate.'®

In contrast, the carbocation becomes more stabilized by the
introduction of substituents, which stems from the stabilizing
interactions between the substituents and the cationic carbon
center (Fig. 1b). Our quantitative MO analyses show that this,
indeed, finds its origin in, among others, the stabilizing
hyperconjugation (Fig. S8 and S9, ESIf). For the carbocations,
a systematically slightly more destabilizing strain compared to
the parent substrate is found (Fig. 1b; red versus blue dashed
line). This can be traced back to the intrinsically shorter carbon-
substituent bonds for the carbocations, which require the
methyl groups to deform more. The shorter carbon-substituent
bonds of the trigonal planar carbocations are a result of the relief
of steric repulsion between the substituents.

Note that the jump in both the interaction and strain energy
by going from the methyl to the ethyl cation is the direct effect
of the “non-classical” bridged carbocation (see Fig. S6 and S7,
ESIt). As discussed above, solvation stabilizes the carboca-
tion and thus reduces the electron-accepting capabilities of
this species (attenuates hyperconjugative effects), which
leads to a substantial reduction of the substituent-cation
interaction going from the gas phase to solution (Fig. 1d).
While the destabilizing steric repulsive effects in the systems
are maintained.

This journal is © The Royal Society of Chemistry 2022
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In conclusion, we find that the heterolytic bond strength of

C-X bonds decreases as the degree of alkyl substitution
increases. We quantitatively established a commonly overlooked
driving force behind this trend, namely, the parent substrate is
increasingly destabilized by introducing alkyl substituents. This is
the result of destabilizing steric repulsion between the alkyl
substituents and the C-X bond (also known as F-strain). This
trend is reinforced by the stabilization of the carbocation by the
alkyl substituents through, among others, hyperconjugation. We
found that the destabilization of the parent substrate often plays a
dominant role if the species are in solution.
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