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ABSTRACT. The mechanism of the calcium-catalyzed coupling of alcohols with vinylboronic
acids has been analyzed by means of DFT computations. This study reveals that the calcium and

the boron Lewis acids associate to form a superelectrophile able to promote a pericyclic group



transfer reaction with allyl alcohols. With other alcohols, the two Lewis acids act synergistically
to activate the OH functionality and trigger a Sni reaction pathway. These two mechanisms are
affected by the nature of the counterions, which has been rationalized by electronic and steric

factors.

INTRODUCTION. Since a decade, calcium-based Lewis acids have witnessed an upsurge of
applications in homogeneous catalysis. This renaissance was mostly led by the group of
Niggemann who reported that Ca(NTf2)2 can be activated by an ammonium salt of a weakly
coordinating anion such as nBusNPF¢ to give a highly oxophilic Lewis acid able to abstract
hydroxy groups and promote cationic transformations.!:? This strategy is also efficient with
Ca(OTf)..? Other functional groups can also be activated, such as ketones or alkenes.* The
structure of Ca(NTf2)2-4H20 was reported in 2005 and shows that the calcium ion is not bound to
the nitrogen atom of the NTf>” counterion, but to the oxygen atoms of the SO>CF3 moiety adopting
a cis configuration of the CF3 groups (Scheme 1, Eq 1).° This relationship between the metal and
its counterions is in sharp contrast with soft transition metals that are usually coordinated to the
nitrogen atom, and it reveals the strong oxophilicity of calcium. Thus, Ca(NTf2) is not a very
strong Lewis acid since the counterions are strongly coordinated and occupy 4 coordination sites
of the metal. On the other hand, a mixture of Ca(NTf2); and nBusNPFg has a more pronounced
Lewis acidity, as shown by the NMR Childs’ test (Scheme 1, Eq 2).** Indirect spectroscopic
evidence based on the disappearance of the '°F NMR signals of the spinning counterions attached
to the metal center suggested the formation of [Ca(NT£)]"[PFs]" (Scheme 1, Eq 1).**¢ The driving
force of this anion metathesis, during which a strongly coordinated anion (NTf;” or OTf) is
replaced by a weakly coordinating one (PFs") might be due to a higher solubility of the heteroleptic

species.
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Scheme 1. Ca(NTf>)2 and [Ca(NTf>)][PFs]

The mixture composed of Ca(NTf>), and nBusNPFs or other [R4N] [WCA] species (WCA =
weakly coordinating anion) proved particularly efficient for catalyzing the nucleophilic
substitution of alcohols, a process that is believed to follow a Sx1 pathway.!® As far as we are
concerned, we have developed the calcium-catalyzed coupling of alcohols with vinylboronic acids
(Scheme 2).” This alkenylation reaction is efficient towards allyl-, benzyl- and propargyl alcohols
(Eq 3),”* as well as N,O-acetals (Eq 4).”® While the positive effect of the ammonium salt was
obvious with N,O-acetal 1a’, a better yield was actually obtained in its absence with allylalcohol
1a. Besides, for alcohols such as 1a, the structure of the product 3a does not suggest a Sx1 reaction

but rather a SN2’ process.
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Scheme 2. Calcium-Catalyzed Alkenylation of Alcohols.

To rationalize these experimental results, we decided to explore the mechanism of these two
coupling reactions by DFT calculations.® Of course, most data available on the cross-coupling of
allylalcohols with vinylboronic acids are related to palladium catalysis (Scheme 3). The reaction
might start with the oxidative addition of palladium to produce a m-allylpalladium intermediate by
direct activation of the hydroxy group (i).° Alternatively, the hydroxy group of the allylalcohol can
be activated by the boronic acid to facilitate the oxidative addition (if).' With calcium, while these
two activation modes can be envisaged, we also considered in this study the synergistic activation

of the hydroxy group by the two Lewis acids (Ca and B) (iii).
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Scheme 3. Mechanistic Hypotheses.

A last possibility would be a Lewis acid activation of the boronic acid itself by coordination of
the calcium salt to the oxygen atoms of the boronic acid (iv). We have shown in the past that the
calcium(Il) ion can strengthen the acidity of Brensted acids such as hexafluoroisopropanol
(HFIP),!! which triggers reactions such as the hydroamidation*® or the hydroarylation of alkenes.*!
Herein, the principle of activation of an electrophile (B) by another electrophile (Ca) through

12,13

heterodimeric association, leading to a superelectrophile, is revisited and the role of the

counterions is analyzed.

RESULTS AND DISCUSSION



1. Mechanism of the Calcium(II)-Catalyzed Alkenylation of Allylbenzyl Alcohol 1a with

(E)-Styrylboronic Acid 2a.

1.1. Activation of the Hydroxy Group by Calcium (Sn1). The feasibility of the above proposed

mechanism (Scheme 3, (i)) was first examined (Figure 1). There are two reaction zero points

considering that both Ca(NTf2). and Ca(NTf2)(PFe) can be active catalysts depending on the use
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Figure 1. Free Energy Profile (kcal mol™) for the Calcium-Mediated Hydroxy Group Abstraction.
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The coordination of the hydroxy group of alcohol 1a to Ca(NTf,), to provide complex IN1a is

exergonic by 3.4 kcal mol™!. There is a hydrogen bond between one sulfonyl oxygen and the OH

group (S=0---H-O 1.973 A) which disappears in the subsequent transition state and product. The
cleavage of the C—O bond must overcome a barrier of 34.1 kcal mol™! through transition state TS2a.
This process is markedly endergonic by 32.4 kcal mol! (IN3a). In spite of its stronger Lewis
acidity (Scheme 1, Eq 2), Ca(NTf2)(PFs) leads to an even higher barrier of 38.1 kcal mol™! from
IN1b to provide IN3b in a strongly endergonic fashion (34.4 kcal mol™). With such high free

energies of activation, this type of Sx1 mechanism was not considered any further.

1.2. Activation of the Hydroxy Group by (E)-Styrylboronic Acid (Sn1). Next, we evaluated a
pathway corresponding to (if) in Scheme 3 (Figure 2). The activation free energies of the hydroxy
abstraction are 61.5 kcal mol! (TS2¢) and 70.9 kcal mol! (TS2d) with Ca(NTf), and

Ca(NTf)(PFs), respectively. This is, therefore, a very unlikely mechanism.
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Figure 2. Free Energy Profile (kcal mol™) for (E)-Styrylboronic Acid-Mediated Hydroxy Group

Abstraction. Selected Distances in A.

1.3. Attempted Hydroxy Group Activation by the Two Lewis Acids (Ca/B). According to pathway

(iii) proposed in Scheme 3, we studied the dual activation of the hydroxy group by the calcium

complex and the vinylboronic acid. However, it was not possible to accommodate the two Lewis

acids on the same oxygen donor atom with this substrate. The species converged as IN1 (see Figure

3) in which calcium is coordinated to an OH group of the boronic acid, leading to the following

discussion (Section 1.4).



1.4. Lewis Acid Activation of the Boronic Acid (Ca/B; formal Sx2°). The formation of IN1 from

Ca(NTf:)2, 1a and 2a is exergonic by 1.0 kcal mol™! (Figure 3). Two oxygen atoms of 2a are

coordinated to the calcium center. The oxygen atom of 1a is coordinated by the boron center and

is bound to the calcium salt through a hydrogen bond involving the NTf> counterion (S=0O---H-O

1.889 A). Trying to cleave the C—O bond of 1a actually led to the concomitant formation of a

C—C bond through the six-membered ring transition state TS2, which requires a reasonable

activation energy of 20.2 kcal mol™! relatively to IN1.
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Figure 3. Free Energy Profile (kcal mol™!) for the Concerted Ca/B-Mediated Hydroxy Group

Abstraction/Vinylation. Selected distances in A.

This process is markedly exergonic by 44.4 kcal mol™and gives IN3. Elimination of B(OH); and

Ca(NTf), finally leads to the final product 3a lying at -39.4 kcal mol™..
At this stage, two important features are worth emphasizing:

1- The geometry of TS2 and the FMO analysis of its fragment clearly shows that it corresponds to
a pericyclic suprafacial/suprafacial group transfer reaction (Figure 4).'* To the best of our

knowledge, such a group transfer reaction has not been described before.

anion HOMO

+
PrAI I I
A h

R
allylcation LUMO

TS2 HOMO TS2 LUMO

Figure 4. Prototype of the Pericyclic Group Transfer Reaction and FMO analysis of TS2.
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2- In the absence of Ca(NTt2),, the barrier to reach the same kind of 6-membered ring transition
state becomes 51.2 kcal mol! (Scheme 4), which reveals the crucial role of the catalyst in
activating the boron Lewis acid. The interaction between 1a and 2a cannot even not be modeled if
the calcium is not bound to the OH groups of the boronic acid (virtually planar RB(OH), moiety
vs pyramidal boron center in IN1), showing that its role is to strengthen the electrophilicity of the

boron reagent.
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HO.,. X Ph
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1a+2a — HO % no interacton —M — » PhWPh
OH X1=2
0.0 _ -31.9
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H IB\/\ph VNN H
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Ph Ph NN p
1.0 -45.4

Scheme 4. Effect of Calcium Coordination to the Boronic Acid on the Pericyclic Group Transfer

Reaction

With the Ca(NTT2)(PFs) species, in agreement with the experimental results, the barrier to reach
the same kind of 6-membered ring transition state is markedly higher (Figure 3, right). The free
energy difference between IN4 and TS5 is 27.1 kcal mol™!, versus 20.2 with Ca(NTf:),. Of note,
inverting the position of the PFs and the NTf>™ ions led to an even higher-lying transition state
(30.8 kcal mol™! instead of 27.1 kcal mol ™! see Figure S1 in the Supporting Information). We have

carefully analyzed the hydrogen bonds between the NTf;” oxygen atoms and the various OH
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groups of the two substrates (1a and 2a). The strongest ones are indicated in Figure 3. Even though
there are less possibilities of such noncovalent interactions with the Ca(NTf;)(PFs) fragment
compared to Ca(NTt2)2, we could not explain the difference of efficiency between these two active
species on the basis of hydrogen bonding. With the seemingly more electrophilic Ca(NTf2)(PFs)
species, the coordinated boronic acid is also more electrophilic and this facilitates the OH
abstraction. However, the nucleophilicity of the vinyl group is also a crucial factor. With a more
electrophilic calcium activator, the vinyl group will be less nucleophilic. This transpires in the
geometry of the transitions states as well, the forming C—C being longer in TSS than in TS2 (2.552
vs 2.475 A). The natural charges confirm this trend (Figure 4), with for instance the gc charge,
which is more negative with Ca(NTf2), than with Ca(NT£2)(PFs) (-0.453 vs -0.447 e). Thus, the
right balance must be found to efficiently activate the boronic acid while maintaining its
nucleophilicity. This is why the reaction of 1a with 2a is more efficient with Ca(NTf2), than with
Ca(NTf2)(PF¢). The fact that the reaction does not obey a Sn1 mechanism but a concerted group

transfer explains why a less electrophilic activator is a better option in this case.

[Cal._ H

00
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e

q

[Ca] = Ca(NT,), 1.533 -0.920 1.050 -0.453
[Ca] = Ca(NTf,)(PFs) 1.580 -0.896 1.038 -0.447

Ca do 3 qc

Figure 4. NPA charges of TS2 ([Ca] = Ca(NTf2)2) and TS5 ([Ca] = Ca(NTf2)(PFs)).

2. Mechanism of the Calcium(IT)-Catalyzed Alkenylation of 3-Hydroxyisoindolinone 1a’

with (E)-Styrylboronic Acid 2a.
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2.1. Activation of the Hydroxy Group by Calcium (Sn1). Similarly to the results obtained in the
first section, OH abstraction faces very high barriers (Figure 5): 34.8 kcal mol™! with Ca(NTf)s;
36.1 kcal mol! with Ca(NTf:)(PFs). The Sx1 mechanism is therefore also ruled out for 3-

hydroxyisoindolinone.
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2.2. Activation of the Hydroxy Group by (E)-Styrylboronic Acid (Syl). Due to the very large

barriers computed in Section 1.2, this type of activation was not studied.
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2.3. Hydroxy Group Activation by the Two Lewis Acids (Ca/B; Sn1). Again, it was not possible
to accommodate the two metals on the OH group of the substrate.

2.4. Lewis Acid Activation of the Boronic Acid (Ca/B; Syi). Coordination of 3-
hydroxyisoindolinone 1a’ and (E)-styrylboronic acid 2a to calcium center provides complex IN1’,
lying 2.0 kcal mol™! below the reactants INO’ (Figure 6). There is not interaction between the OH
group of 1a’ and the boron center at this stage, but while the C—O bond breaks, the OH group
directly migrates to boron and not to calcium. This step through TS2’ requires a free energy of
activation of 21.1 kcal mol™! from IN1’ and is endergonic by 14.6 kcal mol™'. The vinyl group is
then delivered from the intimate ion pair IN3’ to IN5’ in a strongly exergonic fashion. The
corresponding transition state TS4’ culminates at 28.2 kcal mol! on the free energy surface.
Finally, the Ca(NTt;): is regenerated with concomitant release of B(OH)3 and product 3a’, which
is 31.0 kcal mol! below the reactants. Overall, this process needs to overcome an energy barrier
as high as 30.2 kcal mol™!, which is consistent with the experimental results in which no product
was observed (Scheme 2, Eq 4). On the other hand, 92% yield was obtained with the use of
nBusNPF¢. The corresponding mechanism is shown by the red line in Figure 6. Coordination of 3-
hydroxyisoindolinone 1a’ and (E)-styrylboronic acid 2a to the calcium center is slightly
endergonic, placing the resulting intermediate IN6’ at 3.9 kcal mol™! on the free energy surface.
Hydroxy group migration to boron to generate the ion pair IN8’ is achieved through TS7’. This
step needs to cross an energy barrier of 22.2 kcal mol™! relatively to IN0**’. Then, the nucleophilic
addition occurs through TS9’, located at 25.0 kcal mol™! on the free energy surface (vs 28.2 kcal
mol™! for TS4’). We have also considered other possible hydroxy and counterions orientation, but
the corresponding activation energies of these nucleophilic additions were significantly higher (see

Figure S3). Finally, the Ca(NTf:)(PF¢) is regenerated with concomitant release of the desired

14



product 3a’ and B(OH)s;. Thus, the best computed mechanism of the vinylation of 3-
hydroxyisoindolinones is a substitution nucleophilic intramolecular (Sni) going through an ion

pair. In such processes, the leaving group and the nucleophile are exchanged on the same side of

the substrate.
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To understand the better reactivity conferred by Ca(NTf2)(PF¢) compared to Ca(NTf2)> , we have
used the Global Nucleophilicity () proposed by Domingo et al.'> but no significant difference
could be found (see Figure S4). On the other hand, noncovalent interactions analysis (NCIs)'® of
the nucleophilic addition transition states TS4’ and TS9’ proved relevant (Figure 7). There is a
lone pair repulsion between the oxygen of NTf, ion and the oxygen atom of the isoindolinone
cation in transition state TS4’, which explains why this structure is more difficult to reach
compared to TS9’. The proximity between the two oxygen atoms is imposed by the large size of

the NTf; ion. With the smaller PF¢ counterion, the NTf>™ is far from the carbonyl group.

(a)

. repulsive
lone pair

repulsion%‘ Y = 5 2 YA 2 ‘ T 3.0'

-3.0|
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Figure 7. (a) Non-covalent interactions analysis of TS4” and TS9’ (blue, strongly attractive; green,
weakly attractive; red, strongly repulsive). (b) Optimized structure of the two transition states.

Selected distances in A.

3. CONCLUSION
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The proposed mechanisms of the calcium(II)-catalyzed coupling of alcohols with vinylboronic
acids are summarized in Scheme 5. For the reaction of allyl alcohols, the calculations suggest a
pericyclic group transfer reaction in which the calcium and the boron Lewis acids form a
superelectrophilic complex. The reason why Ca(NTt2): is better than Ca(NTt>)(PFs) is attributed
to the weaker Lewis acidity of the former: in the transition state, the activated boron is rendered
electrophilic enough abstract the OH group of the alcohol while the vinyl group remains a good
nucleophile. Since Ca(NTf2), is a weaker Lewis acid than Ca(NTf)(PFs), its counterion
combination represents the best compromise to activate the boron center as a Lewis acid and
maintain the nucleophilic character of the vinylboronic acid as a reagent. For alcohols for which a
concerted mechanism is no longer possible, such as 3-hydroxyisoindolinones, the DFT study
support a Sni-type reaction. The abstraction of the OH group is facilitated by its synergistic
activation by the two Lewis acids. Rather than an electronic tuning provided by the counterion, we
found that the better activity of the Ca(NTf>)(PF¢) species is due to the smaller size of the PF¢ ion
compared to NTf2,, which avoids a pair repulsion between one of the NTf>™ oxygen and the
carbonyl group of the substrate. Overall, this study sheds light on the cooperativity between two

Lewis acids in catalysis and on the counterion effects is such coupling reactions.
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Scheme 5. Proposed Mechanisms of the Calcium(II)-Catalyzed Coupling of Alcohols with

Vinylboronic Acids

4. COMPUTATIONAL METHODS

We have used the Gaussian 09 set of programs'’ to perform density functional theory (DFT)
computations. All structures were optimized and characterized as energy minima or transition
states (TS) at the M06-2X'8/6-31G(d) level. The energies were then refined by M06-2X/6-
311+G(d,p) single-point calculations including solvation effects of dichloromethane accounted for
by the SMD!? model. The M06-2X hybrid functional has been previously shown to achieve good
accuracy for calcium-based systems.*>® The refined single-point energies were then corrected to
enthalpies and free energies at 1 atm and 293.15 K or 323.15 K using the gas phase M06-2X/ 6-
31G(d) harmonic frequencies. We confirmed transition state structures by intrinsic reaction

coordinate (IRC) calculations®® to connect the correct reactant/product and intermediates on the
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potential energy surface (PES). The values presented are AGags.15 (kcal mol™) or AGs23.15 (kcal
mol ™). The most significant three-dimensional structures are illustrated with CYLview.?' Total
energies and Cartesian coordinates of all optimized structures are given in the Supporting

Information (SI).
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