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Origin of the Biirgi-Dunitz Angle

Humberto A. Rodriguez,™® F. Matthias Bickelhaupt,” and Israel Fernandez*"

The Burgi-Dunitz (BD) angle plays a pivotal role in organic
chemistry to rationalize the nucleophilic addition to carbonyl
groups. Yet, the origin of the obtuse trajectory of the
nucleophile remains incompletely understood. Herein, we
quantify the importance of the underlying physical factors

Introduction

In the 1970s, Birgi and Dunitz deduced, from the analysis of a
number of crystal structures containing an amine and a
proximal carbonyl, that the angle 6 of approach of a
nucleophile to a carbonyl group in the corresponding transition
structure was obtuse (105+5°) and not perpendicular (90°)."
This was confirmed at that time by SCF-LCAO calculations on
the approach of a hydride anion (H") to formaldehyde, which
provided an angle of attack of 107°.l" Since then, the so-called
Birgi-Dunitz (BD) angle has played a crucial role in organic
chemistry™ and was used, for instance, to rationalize the
stereoselectivity in nucleophilic additions to carbonyl groups,”
the structural stability of proteins® and related systems
featuring intra- or intermolecular n—a*(C=0)"" or m-hole
interactions,’® which are reminiscent of the BD trajectory.
Despite its relevance, the origin of the BD angle is still
incompletely understood. Based on Frontier Molecular Orbital
(FMO) theory™ and the asymmetry of the m*-LUMO (in terms of
MO-coefficients) of the carbonyl group,*>'” the angle of attack
is typically explained in textbooks as “the result of a compromise
between maximum orbital overlap for the stabilizing
HOMO(nucleophile)-t*-LUMO(C=0) l[i.e., for 6=90°1 and mini-
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quantum chemically. The obtuse BD angle appears to originate
from the concerted action of a reduced Pauli repulsion between
the nucleophile HOMO and carbonyl & bond, a more stabilizing
HOMO-7t*-LUMO(C=0) interaction, as well as a more favorable
electrostatic attraction.

mum repulsion with the electron density in the carbonyl m-bond
li.e., for 0>90°1"."" In this sense, the earlier work by Stone and
Erskine using an implementation of Basilevsky and Berenfeld’s
intermolecular SCF perturbation theory with the minimal STO-
3G basis-set should be highlighted"” as they found that a
frontier-orbital description of the charge-transfer term is
inadequate to explain the directionally of the nucleophilic
attack to a carbonyl group. Instead, closed-shell repulsion,
electrostatic interactions, and charge transfer must all be taken
into account. However, this picture has never been quantita-
tively verified accurately, and therefore the actual contribution
of these critical factors remains unknown. In a different context,
we also recently found that the catalysis of various reactions,
such as Diels-Alder or Michael addition, is not, as widely
accepted, caused by enhancing FMO interactions.*'¥ Instead,
our analyses, based on the Activation Strain Model (ASM)""* and
energy decomposition analysis (EDA) method,"® revealed that
catalysis of these reactions is brought about by a reduction in
the Pauli repulsion between key occupied molecular orbitals of
the reactants. Likewise, Pauli repulsion has been recently found
to be behind the directionality of halogen bonds and other
electron-rich intermolecular covalent interactions” or the
bonding in gold(l) complexes."® These findings prompted us to
quantitatively elucidate the mechanism behind the BD angle
and quantify the importance and role of the various physical
factors using our ASM-EDA methodology.

Results and Discussion

We first explored the simple addition of cyanide (CN7) to
acetone at the MO06-2X/6-311+G(d) level. The reaction pro-
ceeds via a reactant complex followed by the transition state
and the overall exothermic formation of the adduct (AEz=
—3.8 kcal/mol). Geometry optimizations of the transition states
associated with the C--C bond formation at different C—C=0
angles from 90° to 140° confirm that the optimal angle for the
approach of cyanide is indeed obtuse (111.6°, Figure 1). Our
calculations not only indicate that the optimal transition state,
i.e, the actual first-order saddlepoint TS-opt, is more stable
than its perpendicular analog, i.e, the constrained TS-90
(AAE=12.7 kcal/mol; AAE=14.8 kcal/mol, at the more accurate
DLPNO-CCSD(T)/def2-TZVPP level)' but is also reached earlier

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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Figure 1. Relative energy (ZPVE included) of the transition states associated
with the C--C bond formation at various enforced 0 angles. The ball-and-
sticks figures represent the fully optimized geometry of the true transition
state (TS-opt) and the one optimized under the constraint that 6 =90° (TS-
90). Bond distances are given in angstroms. All data have been computed at
the M06-2X/6-311 + G* level.

(C~C(=0) bond-forming distance of 1.977 A vs 1.801 A, Fig-
ure 1).

Next, the physical factors behind the preference for the
obtuse approach over the perpendicular trajectory are analyzed
using the Activation Strain Model (ASM)."® This analysis
decomposes the electronic energy (AE) into two terms, namely
the strain (AE.., that results from the distortion of the
individual reactants and the interaction (AE,, between the
deformed reactants along the reaction coordinate, defined in
this case by the NC--C(=0) bond-forming distance.”” Figure 2
shows the corresponding activation strain diagrams (ASDs)
from the initial stages of the transformation up to the
respective transition states (TS-opt and TS-90) for both the
obtuse (0=111°) and perpendicular (0 =90°) approaches of the
cyanide anion. As readily seen in Figure 2, the perpendicular
approach is unfavorable not because of an unfavorable strain
AEg.in» Which is actually less destabilizing, but due to a less
stabilizing interaction AE;,. Thus, the more stabilizing inter-
action AE;, is the crucial factor rendering the obtuse Biirgi-
Dunitz trajectory preferred over the perpendicular approach,
from the very beginning of the process and particularly, at the
transition state region.

The Energy Decomposition Analysis (EDA)'® method was
applied next to quantitatively understand the factors leading to
the stronger interaction energy computed for the preferred BD
trajectory. Our canonical EDA involves decomposing the
interaction AE;,, between the reactants into three physically
meaningful energy terms, namely the classical electrostatic
interaction (AVg..y), the Pauli repulsion (AE;,,;) arising from the
repulsion between occupied closed-shell orbitals of both
deformed reactants, and the orbital interaction (AE,) that
accounts for charge transfer and polarization. From the data in
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Figure 2. Comparative ASDs of the reaction between Me,C(=0O and CN~
through the optimal, BD-trajectory (solid lines) and perpendicular approach
(dashed lines), projected onto the C--C bond-forming distance and referred
to the isolated reactants. All data have been computed at the ZORA-MO06-2X/
TZ2P//M06-2X/6-311+ G* level.

Table 1, it becomes evident that, within this EDA framework,
the stronger interaction in the optimal transition state TS-opt
does not result from stronger electrostatic or orbital attractions,
which are actually much stronger in TS-90, but exclusively from
a less destabilizing Pauli repulsion. One could argue that this
significant reduction in AE,,,; is a consequence of the longer
C--C bond distance in TS-opt. For this reason, we also analyzed
a related constrainedly-optimized transition state (TS-90')
having also perpendicular C—C=0 angle but featuring the same
consistent C--C bond-forming distance (1.977 A) as TS-opt.2" As
shown in Table 1, TS-90’ not only exhibits a more destabilizing
Pauli repulsion (AAE,,,;=7.2 kcal/mol), but also slightly less
stabilizing electrostatic attractions (AAV, .= 3.1 kcal/mol), and
strikingly, also less (not more) stabilizing orbital interactions
(AAE,, =7.4 kcal/mol) than TS-opt. Thus, at variance with the
traditional view, the BD trajectory also benefits from stronger
orbital interactions than the perpendicular trajectory! The same
conclusion emerges from the analysis along the entire reaction
coordinate, which clearly indicates that the obtuse trajectory
benefits from a lower Pauli repulsion and stronger electrostatic
and orbital interactions (see Figure 3).

The origin of the reduction in the destabilizing Pauli
repulsion for the BD approach was investigated next by

Table 1. EDA terms (in kcal/mol, computed at ZORA-M06-2X/TZ2P//M06-
2X/6-311+ G*) of the transition states for the reaction of Me,C=0 and CN".

System AAE® AEgain  AEi AVesar  AEpa;  AEgy
TS-opt (111.6°) 0.0 (0.0) 15.2 —-21.1 —69.2 1138 —65.38
TS-90’ (90.0°) 108 (11.5) 84 —3.5 —66.1 1210 -584
TS-90 (90.0°) 12.7 (14.8) 16.5 —9.8 —105.2 2000 —104.6

[a] Values within parentheses were computed at the DLPNO-CCSD(T)/

def2-TZVPP//M06-2X/6-311+ G* level.
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Figure 3. Comparative EDAs of the reaction between Me,C=0 and CN~
through the optimal, BD-trajectory (solid lines) and perpendicular approach
(dashed lines), projected onto the C--C bond-forming distance and referred
to the isolated reactants. All data have been computed at the ZORA-M06-2X/
TZ2P//M06-2X/6-311 + G* level.

performing a Kohn-Sham molecular orbital (KS-MO) analysis.
The main contribution to the Pauli repulsion comes from the
four-electron/two-orbital interaction between the occupied
HOMO of the nucleophile (i.e. the lone-pair centered at the
reactive carbon atom) and the HOMO-1 of the ketone (the m
component of the C=0 bond, see Figure 4). The orbital overlap
between these molecular orbitals is the largest, and therefore,
most destabilizing for TS-90 (5=0.19), and smallest and least

HOMO,yanige “ \\

0 Orbital Overlap S
TS-90 90° 0.19
TS-90" 90° (opt distance) 0.14
TS optimal (111°) 0.12

Figure 4. Schematic orbital-interaction diagram of the most significant
occupied orbital overlap of the nucleophilic addition reaction of CN™ to
Me,C=0. All data have been computed at the ZORA-M06-2X/TZ2P//M06-2X/
6-311+G* level.
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nt-bonding amplitude of the ketone HOMO-1, and into its nodal
surface that occurs when going to the methyl groups. This
trend in occupied-occupied overlap translates into the com-
puted AE,,,; trend, which decreases from TS-90 (200 kcal/mol)
to TS-90' (121.0) and to TS-opt (111.3). Therefore, the
nucleophile must bend its angle of attack from perpendicular
to obtuse in order to minimize an unfavorable Pauli repulsion
with the filled m-molecular orbital of the carbonyl group. At
wider angles, the Pauli repulsion increases again as a conse-
quence of an increase of the same HOMO/HOMO-1 overlap and
also because of repulsion with the occupied o(C—H) orbitals of
the methyl groups of acetone (see Figure S1 in the Supporting
Information).

To understand the trend in AE,, we used the Natural
Orbital for Chemical Valence (NOCV)® extension of the EDA
which indicates that the main contribution to AE,, (ca. 90%)
comes from the HOMO(nucleophile)—mt*-LUMO(C=0) (Figure 5).
The associated stabilization AE,.(01) reveals that this FMO
interaction is significantly more stabilizing in TS-90 than in TS-
opt, which determines the trend in the overall AE,,. Interest-
ingly, the reason is not the widely accepted larger orbital
overlap which is actually slightly smaller in TS-90 (S=0.33) than
in TS-opt (S=0.35). This is because, in TS-90, the lobe of the
nucleophile HOMO begins to cross the nodal surface of the m*-
LUMO which goes with cancelation of overlap. Instead, the
more stabilizing AE,,, in TS-90 originates from the lower orbital
energy of the ketone m*-LUMO (—0.64 eV vs —0.55¢€V) as a
result of the different geometries of these species and also the

c TS-opt

AEqp(p1) = —57.6 kcal/mol

C
LUMO(x*)

TS-90
AEq(p1) = —83.8 kcal/mol
[AEqu(p1) = —47.9 keal/mol]

HOMO(CN™)

Figure 5. Deformation densities 91 and associated molecular orbitals of the
most important orbital interaction AE,,(01). Values in brackets refer to TS-
90'. The color code used to represent the flow of charge is red—blue. All
data have been computed at the ZORA-M06-2X/TZ2P//M06-2X/6-311 + G*
level.
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fact that the methyl groups are much less pushed backward
and therefore do not amplify the antibonding character
between carbonyl and methyl group (Figure 5, top left). Note
however that TS-90 exhibits the poorest overlap (5=0.31) as
well as the highest LUMO (—0.22 eV). The latter ultimately
results in the least stabilizing AE,,. In other words, a
comparison based on consistent C--C distances, i.e. between
TS-opt and TS-90', yields a picture in which not only AE,,; but
also AE,,, favor the obtuse BD trajectory.

To check the generality of the key role of Pauli repulsion
together with more favorable orbital interactions (and electro-
static attractions, albeit to a lesser extent) in defining the
optimal BD trajectory of the nucleophilic addition to carbonyl
groups, we extended our study to a variety of systems including
aldehydes, a differently substituted ketone, the thioketone
counterpart of acetone, formic acid and its methyl ester and
amide derivatives and also the addition to a conjugated C=C
bond in the Michael addition involving pyrrolidine and methyl
acrylate (see Table 2). All cases confirm the systematic prefer-
ence for the obtuse BD angle (ranging from 104.9° to 115.4°)
over the perpendicular approach (AAE ranging from 8.8 to
16.6 kcal/mol). Similar results to those obtained for the reaction
involving cyanide anion and acetone were found, i.e, in all
cases the interaction between the deformed reactants in the
optimal transition states is stronger than in their corresponding
perpendicular counterparts due to a significant decrease in the
AEp,,; term. Once again, this is caused by a reduced overlap
between the HOMO(nucleophile) and the doubly occupied -
molecular orbital of the carbonyl group. Likewise, the corre-
sponding TS-90' transition states (having a perpendicular
C—C=0 angle but featuring the same consistent bond-forming
distance as the optimal TS-opt) also exhibit a more destabilizing
Pauli repulsion and weaker orbital (and electrostatic, to a lesser
extent) interactions. This generalizes the finding that the
optimal obtuse BD trajectory emerges mainly from avoiding
closed-shell Pauli repulsion but also from more efficient HOMO-

As a final support to our findings, we also considered the
methyl anion addition from the Grignard species Me,Mg(OMe,)
to acetone, which has been recently reported to proceed
intramolecularly through the initial formation of a complex
featuring a C=0--Mg(ll) bond.”” Even in this preorganized
complex, the migrating methyl group follows a clear obtuse
trajectory (104.9°) where the corresponding transition state lies
10.2 kcal/mol below its perpendicular counterpart. Once again,
our EDA calculations, wusing the deformed [Me-
(OMe,)Mg--0=CMe,]* and CH;" as fragments, confirms that the
optimal transition state benefits from a reduced Pauli repulsion
and more stabilizing orbital interactions (when consistently
compared to its TS-90" counterpart).

Conclusions

In conclusion, our quantum chemical activation strain analyses
at consistent C--C forming distances show that the Birgi-Dunitz
trajectory of a nucleophile adding to a carbonyl group
originates from the combined effect of three factors working all
in that same direction: i) more favorable electrostatic inter-
actions; ii) a reduced Pauli repulsion between nucleophile
HOMO and ketone =ni(C=0); and iii) more stabilizing
HOMO(nucleophile)-mt*(C=0) LUMO orbital interactions for the
obtuse, not for the perpendicular, approach.

Computational Details

Geometry optimizations of the molecules were performed without
symmetry constraints using the Gaussian16 (RevB.01) suite of
program®? at the M06-2X®/6-311+G* level. Reactants and
adducts were characterized by frequency calculations and have
positive definite Hessian matrices. Transition states show only one
negative eigenvalue in their diagonalized force constant matrices,
and their associated eigenvectors were confirmed to correspond to
the motion along the reaction coordinate under consideration

LUMO interactions. using the Intrinsic Reaction Coordinate (IRC) method.”® Energy
Table 2. EDA terms (in kcal mol~') of the transition states for the reaction of CN~ and different carbonyl groups.”
Reaction System 0 AAE AE,® AEp, AV, AE,,®
H,C=0+CN~ TS-opt 115.4° 0.0 —20.9 94.1 —58.2 —56.8
TS-90 90.0° 15.0 —9.8 (—3.4) 185.6 (100.9) —97.1 (—55.7) —98.4 (—48.9)
Me(H) G0+ CN™ TS-opt 113.3° 0.0 —24.8 104.5 —63.5 —61.6
TS-90 90.0° 13.7 —4.4(-7.2) 194.0 (111.2) —101.2 (—60.6) —102.3 (—53.9)
iPr,C=O+CN™ TS-opt 110.7° 0.0 —254 113.9 —71.2 —68.1
TS-90 90.0° 12.1 —15.0 (—8.6) 205.5 (120.9) —110.6 (—68.4) —110.0 (—61.1)
Me,C=S+CN~ TS-opt 112.3° 0.0 —15.1 329 —23.7 —24.3
TS-90 90.0° 8.8 —6.8 (—6.6) 78.2 (36.8) —42.8 (—21.7) —42.3(-21.7)
HCO,H+CN™ TS-opt 110.2° 0.0 —20.2 104.4 —64.8 —59.7
TS-90 90.0° 11.8 —14.4 (—4.5) 2226 (111.1) —119.0 (—64.3) —118.0 (—51.8)
HCO,Me+CN~ TS-opt 109.6° 0.0 —24.1 1194 —74.2 —69.3
TS-90 90.0° 12.5 —17.1 (-6.7) 249.3 (129.1) —132.8 (—73.8) —133.6 (—62.0)
HCONH, +CN~ TS-opt 112.0° 0.0 —23.7 185.9 —105.5 —104.1
TS-90 90.0° 13.2 —10.6 (—4.3) 265.3 (200.5) —136.4 (—105.8) —139.6 (—99.0)
pyrrolidine + methyl acrylate TS-opt 110.8 0.0 -9.2 156.8 —85.4 —80.6
TS-90 90.0° 16.6 1.2(7.3) 218.5(192.1) —111.3 (—97.8) —106.0 (—87.1)
Me,C=0 + Me,Mg(OMe,) TS-opt 104.9° 0.0 —185.0 108.5 —231.1 —62.4
TS-90 90.0° 8.0 —171.1 (=177.7) 1344 (115.8) —229.1 (—245.3) —76.4 (—48.2)
[a] Energy values computed at the ZORA-M06-2X/TZ2P//M06-2X/6-311 + G* level. [b] Values within parentheses refer to the corresponding TS-90’ species.

ChemPhysChem 2023, 24, €202300379 (4 of 6)

© 2023 The Authors. ChemPhysChem published by Wiley-VCH GmbH

85UB917 SUOLILIOD aAIEa1D a|gedl|dde au Aq peusenob aie saoile YO ‘8sn JO sajn. Joj Aklqi auljuO A3|1AA UO (SUONIPUCO-pUR-SULIB)WI0D A3 | 1M Are.q 1BU1|UO//:SANY) SUOTIPUOD pUe SWB | aU) 885 *[7202/90/2] Uo ARelqi auljuo AS|IAA ‘(Pepiues ap OLBISIUIN) UOSIAOL [euoeN aueIyooD usiueds Aq 62£00£202 9Udd/Z00T 0T/10p/wod A [im Aelqpuluo-adoine-As weyy//sdny woiy pspeojumod ‘L TREZ0Z ‘Tr9.6EVT



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

ChemPhysChem doi.org/10.1002/cphc.202300379

refinements were carried out by means of single-point calculations
at the Domain Based Local Pair-Natural Coupled-Cluster (DLPNO-
CCSD(T)®" calculations were performed using Orca 5.0.3%® using
the def2-TZVPP™® basis set on the M06-2X/6-311 +G* geometries.
This level is denoted DLPNO-CCSD(T)/def2-TZVPP//M06-2X/6-311 +
G*.

Activation Strain Model (ASM) of Reactivity and Energy
Decomposition Analysis (EDA) Methods

Within the ASM method," the potential energy surface AE(C) is
decomposed along the reaction coordinate, C, into two contribu-
tions, namely the strain AE,.,(C) associated with the deformation
(or distortion) required by the individual reactants during the
process and the interaction AE;(C) between these increasingly
deformed reactants:

AE(C) = AEstrain (z;) + AEint(tJ)

The EDA used in this work is based on the method developed by
Ziegler and Rauk®” following a similar procedure suggested by
Morokuma,.B” Within the EDA method,"® the interaction energy
can be further decomposed into the following chemically mean-
ingful terms:

AEint(tq») = AVelstat(t_:) + AEPauIi(C) + AEorb(C)

The term AV, corresponds to the classical electrostatic inter-
action between the unperturbed charge distributions of the
deformed reactants and is usually attractive. The Pauli repulsion
AE,,; comprises the destabilizing interactions between occupied
orbitals and is responsible for any steric repulsion. The orbital
interaction AE,,, accounts for bond pair formation, charge transfer
(interaction between occupied orbitals on one moiety with
unoccupied orbitals on the other, including HOMO-LUMO inter-
actions), and polarization (empty-occupied orbital mixing on one
fragment due to the presence of another fragment). Moreover, the
NOCV (Natural Orbital for Chemical Valence)*? extension of the
EDA method has been also used to further partition the AE,,, term.
The EDA-NOCV approach provides pairwise energy contributions
for each pair of interacting orbitals to the total bond energy.

The program package ADF® was used for EDA calculations using
the optimized M06-2X/6-311 + G* geometries at the same DFT level
in conjunction with a triple-C-quality basis set using uncontracted
Slater-type orbitals (STOs) augmented by two sets of polarization
functions with a frozen-core approximation for the core electrons.
Auxiliary sets of s, p, d, f, and g STOs were used to fit the molecular
densities and to represent the Coulomb and exchange potentials
accurately in each SCF cycle.®® Scalar relativistic effects were
incorporated by applying the zeroth-order regular approximation
(ZORA).™® This level of theory is denoted ZORA-MO06-2X/TZ2P//M06-
2X/6-311 4 G*.
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