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55 Origin of the a-Effect in S\2 Reactions
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\"&‘" Thomas Hansen", Pascal Vermeeren®, F. Matthias Bickelhaupt, and Trevor A. Hamlin*

Abstract: The a-effect is a term used to explain the dramat-
ically enhanced reactivity of a-nucleophiles (R=Y—X:") com-
pared to their parent normal nucleophile (R—X:") by deviating
from the classical Brgnsted-type reactivity-basicity relation-
ship. The exact origin of this effect is, however, still heavily
under debate. In this work, we have quantum chemically
analyzed the a-effect of a set of anionic nucleophiles, including
O-, N- and S-based normal and a-nucleophiles, participating in
an Sy2 reaction with ethyl chloride using relativistic density
functional theory at ZORA-OLYP/QZ4P. Our activation
strain and Kohn—-Sham molecular orbital analyses identified
two criteria an a-nucleophile needs to fulfill in order to show a-
effect: (i) a small HOMO lobe on the nucleophilic center,
pointing towards the substrate, to reduce the repulsive occu-
pied—-occupied orbital overlap and hence (steric) Pauli repul-
sion with the substrate; and (ii) a sufficiently high energy
HOMO to overcome the loss of favorable HOMO-LUMO
orbital overlap with the substrate, as a consequence of the first
criterion, by reducing the HOMO—-LUMO orbital energy gap.
If one of these two criteria is not fulfilled, one can expect no a-
effect or inverse a-effect.

Introduction

The a-effect is a fundamental phenomenon in organic
chemistry that refers to the dramatically enhanced reactivity
of a nucleophile featuring a lone pair-bearing heteroatom
adjacent to the nucleophilic center (i.e., the a-position)."! In
1962, Pearson and Edwards introduced the term a-effect!™™ to
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denote a downward deviation from the Brgnsted-type corre-
lation (reaction barrier versus proton affinity, see Figure 1)
found for normal nucleophiles.”’ The a-effect has been found
in a myriad of reactions in which the magnitude of this effect
is highly dependent on both the studied class of reaction and
type of a-nucleophiles.®!

Despite extensive experimental and computational stud-
ies, the origin of the a-effect remains elusive and under
debate.”! Based on the intrinsic properties of the a-nucleo-
phile several theories on the origin of the a-effect have been
proposed, such as ground state destabilization, transition state
stabilization, or thermodynamic product stability.*™ Next
to that, the a-effect is also ascribed to external factors, like
solvent-induced effects.”! The ground state destabilization
theory proposes that the electron-electron repulsion between
the lone pair electrons of the nucleophilic center and the -
atom result in a higher HOMO energy of the a-nucleophile,
making it more reactive. This explains the higher reactivity of
the a-nucleophile; however, this electronic mechanism should
also increase the basicity and, therefore, cannot fully explain
the a-effect. Several explanations, which fall in the class of the
transition state stabilization, have been proposed, e.g.,
secondary orbital interactions, electron transfer contribution,
tighter transition state, and polarizability of a-nucleophiles.

a)
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Figure 1. a) Normal and a-nucleophiles; b) overview of the Brgnsted-
type correlation between the reactivity and basicity (black dotted line),
in which a-nucleophiles with a-effect have a downward deviation from
this trend (teal arrow), showing greater reactivity than would be
expected based on their basicity (i.e., a-effect).
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The secondary orbital interactions theory argues that the
second lone-pair-bearing heteroatom of a-nucleophiles can
engage in an additional orbital interaction with the substrate
and thereby stabilizing the TS.*™® The electron transfer
contribution model suggests that a-nucleophiles exhibit some
single electron transfer character in the Sy2 transition state,
which can be stabilized by the adjacent lone-pair bearing
atom.’*¢l Many also ascribe the a-effect to a tighter transition
state of the a-nucleophiles.¥!! Lastly, the higher polarizability
of a-nucleophiles also has been proposed as the driving force
behind the a-effect.” Although these theories share the
requirements, rendering the system to be more reactive than
one would expect based on their basicity, only a limited
amount of quantitative data is available on these explana-
tions, which ultimately hampers pinpointing the exact under-
lying mechanism which is responsible for the a-effect.

With the aim of providing a unified framework with which
to understand the a-effect in terms of the intrinsic properties
of the a-nucleophile, we disentangled the physical mecha-
nisms and identified causal structure-reactivity relationships
controlling Sy2 reactions involving normal and o-nucleo-
philes. We have explored and analyzed the potential energy
surface of Nu:™ + C,H;Cl, with Nu:™ being a set of anionic
nucleophiles including O-, N- and S-based normal and a-
nucleophiles, by using relativistic density functional theory
(DFT) at ZORA-OLYP/QZA4P (Scheme 1). The nucleophile
(Nu:") is, for the parent normal nucleophiles, defined by

I products

Isubstrate I nucleophile

B | Lo ) Sx2 G M
“70—(5\/ + Nuo — 5 \; —C(,'. + Cl
H H Cl H H i
o
o for normal nucleophiles = R-X: X/Y= O,HN, S

Nu: =
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for a-nucleophiles = R-Y-X: R = H,CH,

Scheme 1. Schematic overview of the computationally analyzed S2
reactions of normal and a-nucleophiles with C,H;Cl.

R—X:" while for a-nucleophiles by R—=Y—X:", in which X,
Y=0, HN, S and R=H, CHj;. The activation strain model
(ASM)! of reactivity in combination with Kohn-Sham
molecular orbital (KS-MO) theory”™ and the matching
energy decomposition analysis (EDA)" were employed to
provide quantitative insight into the factors that are respon-
sible for the a-effect. This methodological approach enables
the analysis of the potential energy surface and, more
importantly, the reaction barrier, by decomposing the total
energy of the system into physically meaningful and chemi-
cally intuitive terms, and has shown to be valuable for
understanding the reactivity of, amongst others, nucleophilic
substitution reactions.”
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Results and Discussion
Main Trends in Reactivity

The first step was to quantify which of the a-nucleophiles
exhibit a-effect in the Sy2 reaction with C,HsCl. Figure 2
shows the Brgnsted-type correlation diagram of the analyzed
S\2 reactions, in which the reaction barrier (ie., AH") is
plotted as a function of the basicity (i.e., AHp,). See SI
Tables S1 and S2 for all complete reaction profiles. In line
with previous studies, ™" a good correlation emerges between
the reaction barrier and the basicity of the six normal
nucleophiles (R—X:"=HO~, CH;O~, H,N~, CH;HN-,
CH,S™, HS"), which are indicated by black dots (Figure 2).
For the a-nucleophiles (R—Y—X:7), the introduction of the
electron-withdrawing heteroatom Y (i.e., O, HN, S) adjacent
to the nucleophilic center (i.e., X:7) leads in most cases to
a less basic and reactive nucleophile. In order words, most a-
nucleophiles shift left-upwards, following the Brgnsted-type
correlation diagram of the normal nucleophiles (Figure 1,
black arrow on the dotted correlation line). However, some of
these a-nucleophiles also deviate in a downward trend from
the Brgnsted-type correlation, making them more reactive
than one would expect based on their basicity (Figure 1, teal
arrow below the dotted correlation line). These o-nucleo-
philes, therefore, exhibit a-effect.

By analyzing the computed reaction barriers and basic-
ity’s, three distinct classes of a-nucleophiles (i.e., R—=Y—X:")
can be discerned from the Brgnsted-type correlation diagram
(Figure 2): (i) a-nucleophiles with an apparent downward
deviation from the Brgnsted-type correlation and hence
exhibiting a-effect, such as HOO~, CH;00 , H,NO",
CH;HNO™, HOHN" (teal dots); (ii) a-nucleophiles, mainly
S-, N-based, but also O-based with an adjacent sulfur atom,
showing a minor degree or no a-effect and thus behaving like

10

CH;00- ®

340 350 360 370 380 390 400 410
AHpa(kcal mol)

Figure 2. Bronsted-type correlation between the reaction barrier (i.e.,
AH7; kinetics) and the basicity (i.e., AHps; thermodynamics) for the
Sn2 reaction of Nu:™ + C,H;Cl. The normal nucleophiles (i.e., R—Y:7)
are indicated in black. The a-nucleophiles (i.e., R=X—Y:7) have three
distinct classes: class |, exhibiting o-effect, teal dots; class I, having
a minor degree or no a-effect, grey dots; class IIl, showing inverse a-
effect, red dots, where X, Y=0, HN, S and R=H, CH,. The linear
trend line (black dotted line; R?=0.93) is fitted to the normal
nucleophile data set. Computed at ZORA-OLYP/QZ4P.
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their parent normal analog (grey dots); (iii) a-nucleophiles
featuring a degree of inverse a-effect, making them less
reactive than would be expected based on their basicity and
show an upward deviation from the Brgnsted-type correla-
tion, such as HSHN~ and CH,;SHN™ (red dots).”) In addition,
we have computed the Brgnsted-type correlation diagrams of
the S\2 reactions between the herein studied normal and a-
nucleophiles with substrates (i.e., electrophiles) varying in
size and leaving group: R—Y, where R =Me, Et, i-Pr; Y=F,
Cl (SI Figures S1-S3 and S9, and Tables S3 and S11). We are
able to derive the same conclusions as for ethyl chloride,
which shows that the origin of the a-effect in Sy2 reactions is
independent of the studied substrate (see below). Notably, we
found, like Ren and Yamataka,” that the o-effect becomes
more apparent as the size of the substrate increases.

Origin of Reactivity

In order to gain quantitative insight into the physical
factors behind the a-effect, we turn to the activation strain
model (ASM) of reactivity.”! The ASM decomposes the
electronic energy (AE) into two distinct energy terms, namely,
the strain energy (AEg..;,) and the interaction energy (AE;,,).
The strain energy results from the deformation of the
individual reactants and the interaction energy consists of
all mutual interactions between the deformed reactants along
the reaction coordinate, defined in this case as the IRC
projection onto the C%-Cl distance.®!”! Figure 3a shows the
activation strain diagrams (ASDs) of HO™ and HOO™ +
C,H;Cl, which are the most representative and well-known
models for a normal and a-nucleophile that exhibits strong a-
effect. We found that all other a-nucleophiles that show a-
effect are governed by the same underlying physical mech-
anism (see below). The ASDs of all other S\2 reactions
involving O-nucleophiles are provided in the Supporting
Information (see SI Figures S7 and S8). As already shown in
Figure 2, HO™ and HOO™ have similar reactivity (i.e.,

a)

HO~ (AHp, = 394 kcal mol-T)
HOO- (AHp = 380 kcal mol-1)
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reaction barriers), but have vastly differing basicity (AHp, =
394 and 380 kcalmol ™ for HO~ and HOO™, respectively),
which was also experimentally found by Bierbaum and co-
workers."*® Thus, HOO~ exhibits a strong a-effect by having
a significantly lower basicity while being equally reactive
compared to the corresponding parent normal nucleophile
HO™ and hence having a downward deviation from the
Brgnsted-type correlation. The origin of the similarity in
reaction barriers, in terms of electronic energy (trends in AE™
and AH" are identical), can be traced back, by using the
ASM, to a nearly identical AE,, and AE,, for both
nucleophiles. Thus, despite the significantly lower basicity of
the a-nucleophile HOO™, the interaction with the substrate
(i.e., AE},) is maintained equivalent to that of the normal
nucleophile HO™."

To understand why both nucleophiles interact with the
substrate with equal interaction energy, we employ the
canonical energy decomposition analysis (EDA).! Our
canonical EDA decomposes the AE;, between the reactants
into the following three physically meaningful energy terms:
electrostatic interactions (AV,.), (steric) Pauli repulsion
(AEp,), and orbital interaction (AE,;). Herein, AV, is the
classical electrostatic interaction between the unperturbed
charge distributions of the (deformed) reactants. The (steric)
Pauli repulsion, AEp,;, includes the destabilizing interaction
between the occupied orbitals of both fragments, due to the
Pauli’s exclusion principle, and is a measure for steric
repulsion. The orbital interaction energy, AE,;, accounts for,
amongst others, charge transfer between the fragments, such
as HOMO-LUMO interactions. We found that, despite the
nearly equivalent AE;, for both nucleophiles, the individual
energy terms (i.e., AV, and AEp,,;) are vastly different, in
which the (steric) Pauli repulsion is significantly less desta-
bilizing for the a-nucleophile compared to the parent normal
nucleophile (Figure 3b; see SI Tables S8-S9 and S14 for the
ASM/EDA data on consistent geometries, which render
identical trends as our initial ASM/EDA data). In contrast,
the orbital interactions of the normal nucleophile are almost

50.0 -
AEpaui

[\

o

o
1

-25.0 1
AE;
A Velstal - fnt

-50.0
0.00

0.25 0.50

r Cuee+Cl stretch / A

Figure 3. a) Activation strain analysis; and b) energy decomposition analysis of the S\2 reactions between HO™ (black; normal nucleophile) and
HOO™ (red; a-nucleophile) + C,H;Cl, along the IRC projected on the C*-Cl bond stretch. Computed at ZORA-OLYP/QZA4P.
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identical to those of the a-nucleophile, while the electrostatic
interaction is significantly more stabilizing for the normal
nucleophile. Thus, it can be concluded that the significant
reduction in destabilizing (steric) Pauli repulsion effectively
offsets the loss of stabilizing electrostatic interactions and
equips the a-nucleophiles with the a-effect. In all, the above-
mentioned features compose an a-nucleophile with a strong
a-effect. Later, we will discuss how this gives rise to a down-
ward deviation from the classical Brgnsted-type reactivity-
basicity relationship.”!

In order to find the origin of the less destabilizing (steric)
Pauli repulsion for the a-nucleophile HOO™ compared to its
parent normal analog HO™, we perform a Kohn-Sham
molecular orbital analysis."" The occupied orbitals of Nu:~
and C,H;Cl, for both HO™ and HOO™, were quantified at
transition state-like, consistent geometries with the C*--Cl

a)
I (steric) Pauli repulsion

:"’ “‘ :* HOMO—402H50|
HOMOy,.- -ﬁ- ¢
E + HOMO-5¢,.ci

,
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bond stretch of 0.30 A (Figure 4a). Analysis at this point on
the reaction coordinate (near all transition states), rather than
the transition state alone, ensured that the results are not
skewed by the position of the transition state (i.e., early or
late transition state).® Of all possible computed occupied—
occupied orbital overlaps, the most important occupied
molecular orbitals (MOs) that dictate the trend in (steric)
Pauli repulsion, that is, the occupied orbitals responsible for
the differences in steric repulsion between the normal and a-
nucleophile and the substrate, are the HOMOy,.- of the
(a-)nucleophile and HOMO—4 y;.c; and HOMO—5¢, ¢, of
the substrate C,HsCl. The HOMOy,. is the lone-pair orbital
predominantly located on the nucleophilic center, whereas
HOMO—4¢,4.cc and HOMO—5¢ y;.¢ are the filled C—H and
C—C o-bonding orbitals that are delocalized over the
substrate. Note, that the overlap between HOMO,,. and

b)
I orbital interactions

‘_ LUM002H50|

;
:
/
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HO™ 0.03 0.08 HO~ 3.0 0.12
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c) d)
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normal nucleophile a-nucleophile 5 Hn I
t attack t attack
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HO~ HOO~

HO~ HOO~

Figure 4. a) Molecular orbital diagram of the most important occupied—occupied orbital overlaps of the S\2 reaction between HO™ (black; normal
nucleophile) and HOO™ (red; a-nucleophile) + C,HsCl; b) molecular orbital diagram of the most important donor—acceptor interaction between
the HOMO of the nucleophile and the LUMO of C,H;Cl computed at consistent geometries with a C%--Cl bond stretch of 0.30 A; c) representation
of the DFT HOMO,,- (isovalue =0.03 Bohr~*/%), where the gray horizontal line indicates the maximum spatial extent of the HOMO,,-; and

d) molecular electrostatic potential maps (at 0.03 Bohr—/%) from —0.4 (red) to 0.0 (blue) Hartree e and the Voronoi deformation density!"" of

the nucleophilic center at their equilibrium geometries. Computed at ZORA-OLYP/QZA4P.
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other filled o-orbitals on the substrate (e.g., HOMO-3 and
HOMO-6) also contribute, although less prominently, to the
observed trend in (steric) Pauli repulsion (see SI Table S10).
The higher-lying filled orbitals of the substrate, on the
contrary, are the lone-pair orbitals on the chloride atom
(i.e., HOMO and HOMO-1) or form the C—CI bond o-
orbital (i.e., HOMO-2), and, therefore, have no occupied-
occupied orbital repulsion with the incoming nucleophile. The
a-nucleophile HOO™ engages in less occupied—occupied
orbital overlap (S =0.00 and S = 0.06), and hence experiences
less repulsion, compared to the normal nucleophile HO™ (S =
0.03 and S =0.08). The difference in (steric) Pauli repulsion
can be rationalized when comparing the spatial extent of the
HOMO,,.- of the normal and a-nucleophile (Figure 4c). The
lobe of the filled orbital on the nucleophilic center of the a-
nucleophile HOO™ is significantly smaller than the analogous
lobe of the normal nucleophile HO ', due to the more
electronegative oxygen atom adjacent to the nucleophilic
center, which, in turn, polarizes orbital density away from the
nucleophilic center (see below for a detailed analysis). This
ultimately results in less repulsive overlap with the
HOMO—4¢,5,cc and HOMO—5¢,;5,; of the substrate and,
therefore, a less destabilizing (steric) Pauli repulsion com-
pared to the parent normal nucleophile.

Despite the significantly smaller HOMOy,. lobe of the a-
nucleophile HOO™, it can engage in similar orbital inter-
actions (AE,) with the substrate (i.e., C,HsCl) as its parent
normal nucleophile HO™. This initially counterintuitive
observation can be understood by the fact that, while the
smaller HOMOy,. lobe leads to less overlap with the
LUMOg,u, of the substrate (Figure 4b), it is effectively
compensated by the higher-lying HOMO of the a-nucleophile
HOO™. Now, why is it that HOO™ has a higher-lying HOMO
than HO™ ? This can be traced back to the repulsive occupied—
occupied orbital interaction between the filled 2p, atomic
orbitals (AOs) of the two neighboring oxygen atoms of
HOO™ (see below), which, in turn, pushes the HOMOyoo- up
in energy and ultimately results in a smaller HOMOy,. —
LUMOg, 5, orbital energy gap compared to the Sy2 reaction
involving OH™. Furthermore the electrostatic interaction
(AV, 400 1s less stabilizing for the a-nucleophile, which can be
directly related to the electron-withdrawing character of
adjacent heteroatom at the o-position that diminishes the
negative charge on the nucleophilic center (Figure 4d; see SI
Table S13 for the VDD atomic charges of all nucleophiles).
By performing a numerical experiment where we artificially
constrained the HOO™C“ bond length of the reaction
involving HOO™ to the bond length of HO--C“ while
keeping the C*-Cl bond stretch at 0.30 A (see SI Tables S3
and S4), we can conclude that the obtained interaction energy
terms shown in Figure 3b are not skewed by the difference in
Nu: --C" distances.

The a-effect can also manifest in a-nucleophiles by having
a similar basicity but a lower reaction barrier than its normal
parent nucleophile, hence having a downward deviation from
the Brgnsted-type correlation.'” For example, CH;O~ and
CH,HNO™ are equally basic (AHp =379 kcalmol ™), but the
reaction barrier of CH;HNO™ is lower than of CH;0~
(AAH* =2.4 kcalmol™'; see SI Table S2). This enhanced
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reactivity of the a-nucleophile can again be traced back to
the less destabilizing (steric) Pauli repulsion (see SI Figur-
es S8c,d). The lobe of the filled orbital on the nucleophilic
center of the a-nucleophile H;CHNO™ is significantly smaller
than the analogous lobe of the normal nucleophile H;CO™
(see below), which, in turn, undergoes less repulsive overlap
with the filled orbitals of the substrate (i.e., C,HsCl). This
significant reduction of destabilizing (steric) Pauli repulsion
effectively overcomes the loss of stabilizing electrostatic
interaction, making CH;HNO™ engage in a stronger inter-
action with the substrate than CH;O ™. Note that the reaction
involving CH;HNO™ also experiences less destabilizing strain
energy, along the entire reaction pathway, compared to the
reaction with CH;O". This difference in strain energy results
from the deformation of the (a-)nucleophile to accommodate
the newly formed covalent bond with the substrate. However,
a nearly identical difference in strain energy is also found
when comparing the decomposed energy terms of the basicity
(see below). This energy term is, therefore, not an important
factor for downward deviation from the Brgnsted-type
correlation between reactivity and basicity.

To test our proposed general model, we studied an
additional set of o-nucleophiles, including the hypohalite
series (i.e., FO™, CIO~, BrO~, and I0™). We found, like Ren
and Yamataka,” that FO~ and ClO~ show a profound a-effect
(see SI Figure S4). The a-effect for these a-nucleophiles is
induced by the same intrinsic mechanism as discussed above
(see SI Figures S14, S19, and Table S12), which reinforces the
generality of our findings. Moreover, in line with the
experimental work of Bierbaum and co-workers, we found
that BrO~ does not exhibit a-effect.*! Taken altogether, the
criteria that must be satisfied for an a-nucleophile to exhibit
strong a-effect are as follows: (i) a HOMO\,.- that has a small
orbital lobe on the nucleophilic center to reduce (steric) Pauli
repulsion with the substrate; and (ii)a high energy
HOMOy,. that results in a small HOMOy,. ~-LUMO,¢rate
orbital energy gap to overcome the diminished favorable
HOMOy,. -LUMO s Orbital overlap. If one of these two
criteria is not met, one can expect that the corresponding o.-
nucleophile exhibits no a-effect or even inverse o-effect.
Thus, one only needs to analyze the electronic structure of an
a-nucleophile to determine if it exhibits a-effect.

To showcase the impact of the HOMOy,. of the a-
nucleophile on its degree of a-effect, we depict the
HOMOy,. of all studied nucleophiles in Figure 5. The a-
nucleophiles that exhibit large degrees of a-effect (i.e.,
HOO™, H,NO~, CH;00~, CH;HNO~, HOHN") all share
the required characteristics, namely, the HOMOy,. has
a smaller lobe on the nucleophilic center and is higher in
energy compared to their parent normal nucleophile. Some .-
nucleophiles only meet one of the criteria and, therefore, have
less or no a-effect. For example, HSO™ and CH;SO™ feature
a significantly smaller HOMOy,. lobe at the nucleophilic
center, however, the HOMOy,. is not sufficiently high in
energy to compensate for the considerable loss in favorable
HOMOy,--LUMOc ;. orbital overlap, rendering them
significantly less reactive and basic, yielding in almost no -
effect for both a-nucleophiles. Many of the studied o-
nucleophiles, such as most S-based a-nucleophiles, do not
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normal nucleophile a-nucleophile even show any of the oa-effect char-

acteristics,  having  similar-sized
HOMOy,. lobes as their parent
normal nucleophile. Moreover, the
reason for inverse a-effect (e.g.,
HSHN™ and CH;SHN") can also be
directly related to the HOMOy,, of
the a-nucleophiles. This class of a-

attack 1

HO- HOO- H,NO- HSO- nucleophiles have a relatively large
Bi0ey Boey Ry RIDIEN HOMOy,. lobe at the nucleophilic
center compared to normal nucleo-

attack t

philes with a similar basicity (see SI
Figures S15), while also having a low-
er-lying HOMO, which results in
more destabilizing (steric) Pauli re-
pulsion and a large HOMO-LUMO
orbital energy gap compared to their
CH;0- CH;00- CH;HNO- CH,SO- parent normal analog.

21eV 256V 2.7eV 24eV At last, we aim to fundamentally
understand how different heteroa-
toms adjacent to the nucleophilic
center of an o-nucleophile yield
different degrees of a-effect. In other
words, why does HOO™ exhibit a-
effect by fulfilling the above-men-
tioned requirements (i.e., small orbi-
HOHN- H,NHN- HSHN- tal lobe on the nucleophilic center
3.4eV 3.2eV 3.3eV 1.7 eV and high energy HOMO), while, for
example, HSO™ does not possess this
significantly enhanced reactivity
(Figure 2). As previously mentioned,
introducing an electronegative het-
eroatom adjacent to the nucleophilic
oxygen center polarizes the orbital
density away from the nucleophilic
oxygen center, which, ultimately,

attack t

attack 1

CH;HN- CH,OHN- CH;HNHN- . .
306V 236V 546V 1oy  makes the filled orbital lobe of a-
nucleophile HOO™ on the nucleo-
attack 1 philic oxygen center smaller than the

analogous lobe on the normal nucle-
ophile HO™. Figure 6 shows a sche-
matic representation of the construc-
tion of the HOMOyoo (left side,
red) and HOMOys- (right side,
green) from the interaction between
Bt 1&;’:\‘/ ;%N:"\; 1&?:\‘/ the filled 2p atomic orbital (AO) of

the nucleophilic oxygen center (2pg)
and the filled np and empty 3d AOs
of the adjacent oxygen and sulfur
atom (npx and 3dy, where X=0, S).
Note that a detailed analysis of the
construction of the HOMOyo- and
HOMOyso , including the orbital
energies overlaps, and populations

attack §

®.

CH,S- CH,0S- CH,HNS- CH,SS~ can be found in Supplementary In-
1.7 eV 1.6eV 1.7 eV 1.4eV formation Figure S16. The interplay
Figure 5. Key occupied orbitals (HOMO,,- ; energies in eV; isovalue=0.030 Bohr*? for O- and between these two orbital interac-
N-nucleophiles and isovalue =0.035 Bohr*/? for S-nucleophiles) computed at equilibrium geo- tions determines the stability and
metries. Computed at ZORA-OLYP/QZ4P. [a] HOMO-1 is the key occupied orbital. shape of the HOMOyyo . The
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Figure 6. Schematic representation of the construction of the HO-
MO,i00- (left, red) and HOMOyso- (right, green) from the interaction
between the filled 2p atomic orbital of the nucleophilic oxygen center
(middle, black, 2py) and the filled np and empty 3d atomic orbitals of
the adjacent oxygen and sulfur atom (npy and 3dy).

HOMOyxo- is the antibonding combination of the two-center
four-electron orbital interaction between the 2p, of the
nucleophilic oxygen center and the npy of the adjacent
heteroatom. As a result, the larger the 2p,-npyx orbital
overlap, the more the HOMOyy, becomes destabilized
(i.e., higher-lying in energy). The 3ps of HS* overlaps to
a larger extent with the relatively diffuse anionic oxygen
center than the 2p, of HO", because they have a better match
in diffuseness of atomic orbitals (see SI Figure S17). Thus, one
would suggest that the HOMOyg, will be destabilized to
a larger extent than the HOMOy( . This is, however, not the
case, because the HOMOy,- becomes stabilized by a favor-
able donor—acceptor interaction between the filled 2p, of the
nucleophilic oxygen center and the low-lying empty 3d; AO
of the adjacent sulfur atom. The formation of HOMOy, , on
the other hand, does not benefit from a stabilizing donor—
acceptor interaction. This, ultimately, makes the HOMOy5,-
a lower-lying orbital than the HOMOyoo- (HOMOyso =
2.5eV; HOMOyoo =3.3 eV), which, therefore, engages in
a weaker orbital interaction with the substrate along the S\2
pathway (see SI Table S8).

The presence, or absence, of the stabilizing orbital
interaction not only plays a crucial role in the stability of
the HOMOyx(-, but also determines the shape of this orbital.
As seen in Figure 5, the HOMOyo- has a smaller orbital lobe
on the nucleophilic center than HOMOy(-, which makes the
former experience both less repulsive occupied—occupied
orbital overlap (i.e., Pauli repulsion) and less stabilizing
HOMO-LUMO orbital overlap with the substrate along the
S\2 pathway (see SI Table S8). The strong 2p,—3ds donor—
acceptor orbital interaction polarizes the HOMOy,- orbital
density away from the nucleophilic oxygen center towards the
adjacent sulfur atom. This polarizing effect can be quantified
by computing the 2p, MO-coefficient on the nucleophilic
oxygen center contributing to the overall HOMOyx- orbital,
which is for HOMOyg  significantly smaller than for
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HOMOyoo , where the donor—acceptor interaction is nearly
absent, namely, 0.79 and 0.97, respectively. We have validated
the role of the stabilizing 2p,—3dx donor—acceptor orbital
interaction on the stability and shape of the HOMOyyo by
performing an additional bonding analysis where the empty
acceptor orbitals on the HX radical fragments (3d, and 3ds)
are artificially removed (see SI Figure S18). As expected, in
absence of the empty 3dx AOs, and hence without the
stabilizing 2po—3dx donor-acceptor orbital interaction, the
HOMOyso- is higher energy than the HOMOygo-
(HOMOyso =3.7¢V; HOMOyoo =3.3¢V), due to the
priory discussed larger repulsive orbital overlap. In addition,
the shapes of both orbitals are nearly identical, due to the lack
of polarizing effect induced by the empty 3dg AO. These
results confirm the importance of the 2p,—3dx donor-
acceptor orbital interaction on both the stability and shape
of the HOMOyxo--

We find that bulk solvation, in general, stabilizes the
HOMO of the (o-)nucleophile by decreasing the electron-
donating capabilities, rendering both a significantly less
reactive and basic (a-)nucleophile (see Figures S21, S22,
and Tables S16, S17). These results are in line with Bierbaum
and co-workers, which found that coordination of a single
water molecule to the (a-)nucleophile resulted in a higher
reaction barrier and lower proton affinity compared to bare
(0-)nucleophiles.*! Interestingly, they established that the
reaction efficiency decreases faster as a function of proton
affinity for monosolvated nucleophiles than their unsolvated
counterparts. Our Brgnsted-type correlation diagrams in bulk
solution (both in dichloromethane and water) reveal that the
large degree of o-effect for the strong o-nucleophiles (i.e.,
HOO™, H,NO"), is maintained. We found that, in line with
the gas-phase results, the HOMO of the a-effect exhibiting a-
nucleophiles (i) has a smaller lobe on the nucleophilic center
and (ii) is higher-lying in energy than the analogous HOMO
of the normal nucleophile (see SI Figures S23 and S24). These
findings indicate that the intrinsic properties of the a-
nucleophile may also contribute to the a-effect in bulk
solvation.

Origin of Basicity

Lastly, we wish to establish why this (steric) Pauli
repulsion reduction mechanism is not manifested in the
corresponding basicity (i.e., AHp,; proton affinity), which
ultimately leads to the observed downward deviation from
the reactivity-basicity correlation and hence the a-effect.
Table 1 shows the activation strain and energy decomposition
analyses for the interaction of HO~ and HOO~ with H*
forming HO—H and HOO—H, respectively (see SI Table S15
for the EDA data of all nucleophiles). In analogy with our
previous analysis of the reactivity (Figure 3 and SI Table S8),
the AV, is less stabilizing for the a-nucleophile, while the
AE,; is nearly similar for both nucleophiles. In contrast with
the S\2 reaction, there is no contribution of the (steric) Pauli
repulsion (AFEp,,;) in the proton affinity, because H" does not
have any electrons which can engage in a repulsive occupied—
occupied orbital interaction with the nucleophile. This lack of
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Table 1: Activation strain and energy decomposition analyses (in kcalmol™) and
O—H distance (in A) for the interaction between the Nu:™ and H* in Nu—H, where

Nu:"=HO™ and HOO™ B
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Strikingly, the significantly smaller HOMO lobe of
the a-nucleophile can still engage in a similar orbital
interaction as its parent normal nucleophile. This

Nu:@ + H® —_— Nu—H can be traced back to the significantly higher-lying
HOMO of the a-nucleophiles, which results in
AHp  AE AEgu, AE,  AViy AEy, AE,  r(O-H) P .
a smaller HOMO,,gjeophite=LUM Ogpgyrare OTbital €11-
HO—H 3942 —401.5 0.0 —401.5 —224.4 0.0 -177.1 0.964 ergy gap and hence Compensates for the IOSS in
HOO-H 379.8 3874 1.0 —388.4 —-211.9 0.0 —-176.5 0.970

overlap. In all, a-nucleophiles need to fulfill the

[a] Analyses at equilibrium geometries. Computed at ZORA-OLYP/QZ4P.

destabilizing (steric) Pauli repulsion in the proton affinity,
gives rise to the deviation from the classical Brgnsted-type
correlation between reactivity and basicity, because a smaller
HOMO,,. lobe of a-nucleophiles has a more significant
impact on the reactivity of the nucleophile than on the
basicity. In other words, the basicity of (a-)nucleophiles is
determined by the electrostatic and orbital interactions
between the nucleophile and H". The reactivity, on the other
hand, is not only controlled by the prior mentioned stabilizing
energy terms but also the destabilizing (steric) Pauli repul-
sion. This renders a-nucleophiles with a-effect to be more
reactive, based on their basicity, because the electrostatic
interactions are as always significantly less stabilizing for the
a-nucleophiles, while this is compensated in the reactivity by
the less destabilizing (steric) Paul repulsion. To compensate
for this intrinsic deviation, one could use the carbon basicity
(e.g., ethyl cation affinity, AHg,), instead of the proton
basicity, introducing also (steric) Pauli repulsion in the
basicity term.!®! Even though this significantly reduces the
downward deviation of a-nucleophiles compared to the
classical Brgnsted-type correlation, the a-effect is still present
for the strong a-nucleophiles H,NO~ and HOO™ (see SI
Figure S20).

Conclusion

The present computational study on a series of O-, N- and
S-based normal and a-nucleophiles participating in an Sy2
reaction with ethyl chloride identifies three distinct groups of
a-nucleophiles: (i) a-nucleophiles with a downward deviation
from the classical Brgnsted-type reactivity-basicity correla-
tion and hence exhibiting a-effect, i.e., acceleration (e.g.,
HOO™, H,NO~, CH;00~, CH;HNO~, HOHN"); (ii) a-
nucleophiles, primarily S- and N-based, showing a minor or
no degree of a-effect and thus behaving like their parent
normal counterpart; (iii) a-nucleophiles showing a degree of
inverse a-effect, rendering them less reactive than their
parent normal analog.

Our activation strain and Kohn—Sham molecular orbital
analyses elucidate the underlying electronic mechanism
behind the a-effect. In contrast to the current rationales, we
found that oa-nucleophiles exhibiting o-effect are more
reactive than their normal analogs due to less repulsive
occupied—occupied orbital overlap between the nucleophile
and substrate. The adjacent electronegative atom of -
nucleophiles can polarize orbital density away from the
nucleophilic center, resulting in a smaller HOMO lobe, and
thus less (steric) Pauli repulsion between the reactants.

following two requirements to show strong a-effect:

1. The HOMO of the a-nucleophile should have

a small orbital lobe on the nucleophilic center to reduce
(steric) Pauli repulsion with the substrate.

2. The HOMO of the a-nucleophile should be sufficiently
high in energy (relative to the normal nucleophile) to engage
in a strong orbital interaction with the substrate, by compen-
sating for the reduced favorable HOMO-LUMO overlap.

If one of these two criteria are not fulfilled, one can expect
no a-effect or inverse a-effect. Therefore, one only needs to
analyze the electronic structure of an o-nucleophile to
determine if it will exhibit a-effect based on its intrinsic
properties.

This (steric) Pauli repulsion reduction mechanism has,
however, no effect on the basicity (i.e., proton affinity) of the
a-nucleophiles since H* has no electrons and, therefore,
cannot engage in a repulsive occupied—occupied orbital
interaction. This ultimately leads to the deviation from the
classical Brgnsted-type correlation between reactivity and
basicity. We believe that this is a finding which has an impact
on many Brgnsted-type correlations, in which one can expect
deviation as a result of the polarization of filled orbitals,
leading to less (steric) Pauli repulsion.

Acknowledgements

This work was supported by the Netherlands Organization for
Scientific Research (NWO) and the Dutch Astrochemistry
Network (DAN) for financial support. We thank Pieter C. M.
Laan for exploring the viability of this project.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: activation strain model - basicity -
density functional calculations - nucleophilicity - a-effect

[1] a) W. P. Jencks, J. J. Carriuolo, J. Am. Chem. Soc. 1960, 82, 1778,
b) J. O. Edwards, R. G. Pearson, J. Am. Chem. Soc. 1962, 84, 16;
¢) N. J. Fina, J. O. Edwards, Int. J. Chem. Kinet. 1973, 5, 1.

[2] a) E. Buncel, I. H. Um, Tetrahedron 2004, 60, 7801; b) S. Hoz, E.
Buncel, Isr. J. Chem. 1985, 26, 313.

[3] a)J. E. Dixon, T. C. Bruice, J. Am. Chem. Soc. 1972, 94, 2052;
b) J. E. Mclsaac, Jr., L. R. Subbaraman, J. Subbaraman, H. A.
Mulhausen, E. J. Behrman, J. Org. Chem. 1972, 37, 1037; c) M. I.
Colthurst, A. J. S. S. Kanagasooriam, M. S. O. Wong, C. Contini,
A. Williams, Can. J. Chem. 1998, 76, 678; d) A. R. Fersht, Y.
Requena, J. Am. Chem. Soc. 1971, 93, 3499; ) G. M. Blackburn,

Angew. Chem. Int. Ed. 2021, 60, 2084020848 © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

An dte

Chemie

20847


https://doi.org/10.1021/ja01492a058
https://doi.org/10.1021/ja00860a005
https://doi.org/10.1002/kin.550050102
https://doi.org/10.1016/j.tet.2004.05.006
https://doi.org/10.1002/ijch.198500113
https://doi.org/10.1021/ja00761a043
https://doi.org/10.1021/jo00972a024
https://doi.org/10.1139/v98-009
https://doi.org/10.1021/ja00743a034
http://www.angewandte.org

[4

5

6

[}

—_

[

Research Articles

W. P. Jencks, J. Am. Chem. Soc. 1968, 90, 2638; f) M. Laloi-Diard,
J.-F. Verchere, P. Gosselin, R. Terrier, Tetrahedron Lett. 1984, 25,
1267; g) I. H. Um, E. J. Lee, E. Buncel, J. Org. Chem. 2001, 66,
4859; h) I. H. Um, E. Buncel, J. Org. Chem. 2000, 65, 577;1) Y.
Nomura, T. Kubozono, M. Hidaka, M. Horibe, N. Mizushima, N.
Yamamoto, T. Takahashi, M. Komiyama, Bioorg. Chem. 2004,
32, 26; j) K. R. Fountain, C.J. Felkerson, J. D. Driskell, B. D.
Lamp, J. Org. Chem. 2003, 68, 1810; k) I.-H. Um, E. J. Lee, J.-A.
Seok, K.-H. Kim, J. Org. Chem. 2005, 70, 7530; 1) G. Moutiers,
E. L. Guével, C. Cannes, F. Terrier, E. Buncel, Eur. J. Org. Chem.
2001, 3279.

a) J. M. Garver, S. Gronert, V. M. Bierbaum, J. Am. Chem. Soc.
2011, 733, 13894; b) C. H. DePuy, E. W. Della, J. Filley, J.J.
Grabowski, V. M. Bierbaum, J. Am. Chem. Soc. 1983, 105, 2481;
¢) S. M. Villano, N. Eyet, W. C. Lineberger, V. M. Bierbaum, J.
Am. Chem. Soc. 2009, 131, 8227; d) G. Klopman, K. Tsuda, J. B.
Louis, R. E. Davis, Tetrahedron 1970, 26, 4549; ¢) D. L. Thom-
sen, J. N. Reece, C. M. Nichols, S. Hammerum, V. M. Bierbaum,
J. Am. Chem. Soc. 2013, 135, 15508; f) D. L. Thomsen, J. N.
Reece, C. M. Nichols, S. Hammerum, V. M. Bierbaum, J. Phys.
Chem. A 2014, 118, 8060; g) D. L. Thomsen, C. M. Nichols, J. N.
Reece, S. Hammerum, V.M. Bierbaum, J Am. Soc. Mass
Spectrom. 2014, 25, 159; h) W.-Y. Zhao, J. Yu, S.-J. Ren, X.-G.
Wei, F.-Z. Qiu, P-H. Li, H. Li, Y.-P. Zhou, C.-Z. Yin, A.-P. Chen,
H. Li, L. Zhang, J. Zhu, Y. Ren, K.-C. Lau, J. Comput. Chem.
2015, 36, 844; i) N. Singh, Y. Karpichev, R. Sharma, B. Gupta,
A. K. Sahu, M. L. Satnami, K. K. Ghosh, Org. Biomol. Chem.
2015, 13, 2827, j) Y. Ren, H. Yamataka, Org. Lett. 2006, 8, 119;
k) Y. Ren, H. Yamataka, Chem. Eur. J. 2007, 13, 677;1) Y. Ren,
H. Yamataka, J. Org. Chem. 2007, 72, 5660; m) E. Juaristi, G.
dos Passos Gomes, A. O. Terent’ev, R. Notario, I. V. Alabugin, J.
Am. Chem. Soc. 2017, 139, 10799; n) A.J. Kirby, A.M.
Manfredi, B. S. Souza, M. Medeiros, J. P. Priebe, T. A. Brandao,
F. Nome, ARKIVOC 2009, 3, 28; 0) Y. Ren, X. G. Wei, S. J. Ren,
K. C. Lau, N. B. Wong, W. K. Li, J. Comput. Chem. 2013, 34,
1997; p) E. V. Patterson, K. R. Fountain, J. Org. Chem. 2006, 71,
8121; q) A. M. McAnoy, M. R. L. Paine, S.J. Blanksby, Org.
Biomol. Chem. 2008, 6, 2316.

a) E. Buncel, S. Hoz, Tetrahedron Lett. 1983, 24, 4777; b) J. F.
Liebman, R. M. Pollack, J. Org. Chem. 1973, 38, 3444; c) S. S.
Shaik, J. Am. Chem. Soc. 1981, 103,3692; d) A. Pross, S. S. Shaik,
J. Am. Chem. Soc. 1981, 103,3702; ¢) S. Hoz, J. Org. Chem. 1982,
47, 3545; f) M. M. Heaton, J. Am. Chem. Soc. 1978, 100, 2004;
¢) G. Klopman, M. R. Frierson, Croat. Chem. Acta 1984, 57,
1411.

a) P. Vermeeren, S.C.C. vander Lubbe, C. Fonseca Guerra,
F. M. Bickelhaupt, T. A. Hamlin, Nat. Protoc. 2020, 15, 649;b) L.

(7]

(8]

]

[10]

(11]

(12]

[13]

An dte

Chemie

Internatic

Fernandez, F. M. Bickelhaupt, Chem. Soc. Rev. 2014, 43, 4953;
c) F. M. Bickelhaupt, K. N. Houk, Angew. Chem. Int. Ed. 2017,
56, 10070; Angew. Chem. 2017, 129, 10204; d) P. Vermeeren,
T. A. Hamlin, F. M. Bickelhaupt, Chem. Commun. 2021, 57,
5880 —5896.

a) R.van Meer, O. V. Gritsenko, E. J. Baerends, J. Chem. Theory
Comput. 2014, 10, 4432; b) F. M. Bickelhaupt, E. J. Baerends,
Reviews in Computational Chemistry, Vol. 15 (Eds.: K.B.
Lipkowitz, D. B. Boyd), Wiley-VCH, Weinheim, 2000, pp. 1—
86; ¢) T. A. Hamlin, P. Vermeeren, C. Fonseca Guerra, F. M.
Bickelhaupt, in Complementary Bonding Analysis (Ed.: S.
Grabowsky), De Gruyter, Berlin, 2021, pp. 199-212.

a) T. Hansen, P. Vermeeren, A. Haim, M. J. H. van Dorp, J. D. C.
Codée, F. M. Bickelhaupt, T. A. Hamlin, Eur. J. Org. Chem.
2020, 3822; b) P. Vermeeren, T. Hansen, P. Jansen, M. Swart,
T. A. Hamlin, F. M. Bickelhaupt, Chem. Eur. J. 2020, 26, 15538;
c)P. Vermeeren, T. Hansen, M. Grasser, D.R. Silva, T. A.
Hamlin, F. M. Bickelhaupt, J. Org. Chem. 2020, 85, 14087; d) T.
Hansen, P. Vermeeren, R. Yoshisada, D. V. Filippov, G. A.
van der Marel, J. D. C. Codée, T. A. Hamlin, J. Org. Chem. 2021,
86, 3565.

The same general conclusions are obtained at ZORA-M06-2X/
QZ4P, ZORA-M06-2X-D3/QZ4P, ZORA-OLYP-D3(BJ)/
QZ4P, and ZORA-B3LYP-D3(BJ)/QZ4P, see SI Figures S5,
S6, S10-S13, Tables S4-S7.

W.-J. van Zeist, A. H. Koers, L. P. Wolters, F. M. Bickelhaupt, J.
Chem. Theory Comput. 2008, 4, 920.

C. Fonseca Guerra, J. W. Handgraaf, E.J. Baerends, F. M.
Bickelhaupt, J. Comput. Chem. 2004, 25, 189.

The direct comparison between CH;O~ and HOO™ is a “popu-
lar” approach in the literature because these nucleophiles
exhibit a very similar proton affinity while displaying vastly
different Sy2 reaction barriers. However, this comparison may
not be ideal because these nucleophiles belong to different
“chemical families” (i.e., R=CH; and H). Therefore, it is
recommended to exercise caution when directly comparing
these nucleophiles (for an extensive discussion on this matter,
please see Figure S25 and accompanying text in the SI).

J. Hine, R. D. Weimar, Jr., J. Am. Chem. Soc. 1965, 87, 3387.

Manuscript received: May 5, 2021

Revised manuscript received: May 27, 2021
Accepted manuscript online: June 4, 2021
Version of record online: July 26, 2021

20848 www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH ~ Angew. Chem. Int. Ed. 2021, 60, 2084020848


https://doi.org/10.1021/ja01012a031
https://doi.org/10.1016/S0040-4039(01)80130-1
https://doi.org/10.1016/S0040-4039(01)80130-1
https://doi.org/10.1021/jo0156114
https://doi.org/10.1021/jo0156114
https://doi.org/10.1021/jo9915776
https://doi.org/10.1016/j.bioorg.2003.09.003
https://doi.org/10.1016/j.bioorg.2003.09.003
https://doi.org/10.1021/jo0206263
https://doi.org/10.1021/jo050624t
https://doi.org/10.1002/1099-0690(200109)2001:17%3C3279::AID-EJOC3279%3E3.0.CO;2-9
https://doi.org/10.1002/1099-0690(200109)2001:17%3C3279::AID-EJOC3279%3E3.0.CO;2-9
https://doi.org/10.1021/ja205741m
https://doi.org/10.1021/ja205741m
https://doi.org/10.1021/ja00346a066
https://doi.org/10.1021/ja9012084
https://doi.org/10.1021/ja9012084
https://doi.org/10.1016/S0040-4020(01)93101-1
https://doi.org/10.1021/ja4066943
https://doi.org/10.1021/jp407698a
https://doi.org/10.1021/jp407698a
https://doi.org/10.1007/s13361-013-0781-z
https://doi.org/10.1007/s13361-013-0781-z
https://doi.org/10.1002/jcc.23862
https://doi.org/10.1002/jcc.23862
https://doi.org/10.1039/C4OB02067G
https://doi.org/10.1039/C4OB02067G
https://doi.org/10.1021/ol0526930
https://doi.org/10.1002/chem.200600203
https://doi.org/10.1021/jo070650m
https://doi.org/10.1021/jacs.7b05367
https://doi.org/10.1021/jacs.7b05367
https://doi.org/10.1002/jcc.23356
https://doi.org/10.1002/jcc.23356
https://doi.org/10.1021/jo061275l
https://doi.org/10.1021/jo061275l
https://doi.org/10.1039/b803734e
https://doi.org/10.1039/b803734e
https://doi.org/10.1016/S0040-4039(00)94005-X
https://doi.org/10.1021/jo00959a059
https://doi.org/10.1021/ja00403a014
https://doi.org/10.1021/ja00403a015
https://doi.org/10.1021/jo00139a033
https://doi.org/10.1021/jo00139a033
https://doi.org/10.1021/ja00475a005
https://doi.org/10.1038/s41596-019-0265-0
https://doi.org/10.1039/C4CS00055B
https://doi.org/10.1002/anie.201701486
https://doi.org/10.1002/anie.201701486
https://doi.org/10.1002/ange.201701486
https://doi.org/10.1039/D1CC02042K
https://doi.org/10.1039/D1CC02042K
https://doi.org/10.1021/ct500727c
https://doi.org/10.1021/ct500727c
https://doi.org/10.1002/ejoc.202000590
https://doi.org/10.1002/ejoc.202000590
https://doi.org/10.1002/chem.202003831
https://doi.org/10.1021/acs.joc.0c02112
https://doi.org/10.1021/acs.joc.0c02955
https://doi.org/10.1021/acs.joc.0c02955
https://doi.org/10.1021/ct700214v
https://doi.org/10.1021/ct700214v
https://doi.org/10.1002/jcc.10351
https://doi.org/10.1021/ja01093a018
http://www.angewandte.org

