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Abstract

The tropylium catalyzed carboxylic acid O-H insertion with diazoesters providing a-hydroxy
esters was reported recently through an activated carbene as the key intermediate. We report a
revised mechanism involving a unique homoaromatic intermediate with the tropylium ion and
the diazoester based on the DFT calculations. Our computational model provides a clear insight
into the binding of the tropylium ion with the diazoester providing the homoaromatic
intermediate. The reaction profiles of four different pathways were compared. The energies of
the intermediates and the transition states are reported at B97-D3(SMD)/def2TZVP//B97-
D3/def2TZVP (in dichloromethane). The energy profiles were compared across a few

computational methods to study the sensitivity of our model across methods.
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Introduction

Lewis acid catalysis is an indispensable and ubiquitous route in building complex natural
product skeletons. The diversity of Lewis acids has facilitated a variety of Lewis acid-catalyzed
transformations like the Diels-Alder reaction, Friedel-Crafts reaction, ene-reaction,
carbocation-mediated reactions, addition to carbonyl compounds, and so on.! Despite their
prominence, the carbon-based Lewis acid catalysts, i.e., carbocations, are not well-studied due
to the inherent challenges in the accessibility of the catalysts, control on reactivity, low
stability, and low catalyst turnover. Only a handful of carbon-based Lewis acid catalysts has
been efficiently used in organic transformations®® 2 viz., cyclopropenyl cation,?® tropylium
ion,? 3 trityl cation.® Among these carbocations, the cyclopropenyl and tropylium ions are
stabilized by aromaticity, whereas the trityl type cations get stabilized by the resonance effect.
Mayr’s electrophilicity scale has been a valuable tool in designing the desired catalyst with the
right balance of stability and acidity.* The pioneering works of Olah, Breslow, and Doering on
the non-classical carbocation chemistry,® cyclopropenyl,® and tropylium cations are
noteworthy.” Using these underlying concepts, Lambert and coworkers popularized the use of
aromatic carbocation as carbon-based Lewis acids to mediate various transformations.?>  The
stability offered due to aromaticity provided the necessary control and the ability to increase
the catalyst efficiency. However, aromatic cations like cyclopropenyl and tropylium cations as
Lewis acid catalysts lose their aromaticity momentarily in the intermediate steps due to
coordination with the substrate making these steps endothermic. On the other hand, the
stabilized aromatic carbocations overcome the challenges of catalytic turnover and control over

the reactivity faced by the carbon-based Lewis acids.

The tropylium ions have recently gained enormous attention as an efficient carbon-based Lewis
acid catalyst and mediate various organic reactions.?® The pioneering works by Nguyen and

coworkers® ® employed tropylium ion as a Lewis acid catalyst for various transformations like
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acetalization, carbonyl-ene metathesis, O-H insertion of diazoesters, hydroboration, and
hydration of alkynes. Decomposition of diazoester followed by the insertion into the X-H
bonds has been extensively studied, employing various experimental and computational
techniques (Scheme 1).° Several transition metal salts (Rh, Cu, Au, etc.) catalyze the
decomposition of the diazoesters to provide the corresponding carbenoid species, which then
undergoes O-H insertion (Scheme 1a).!* Similarly, light-mediated decomposition of
diazoesters leading to the corresponding free-carbene is set for a concerted or a stepwise
insertion to provide the O-H insertion product (Scheme 1b).'? The other common pathway for
O-H insertion is through the Brgnsted acid-catalyzed excited-state proton transfer reaction of
diazoesters, providing the corresponding diazonium intermediate. Here, the counter-anion
initiates an Sn2 attack on the diazonium intermediate, providing the desired product, albeit with
limited substrate scope on the diazoesters (Scheme 1c).'* However, under the Lewis acid-
catalyzed conditions, coordination of the Lewis acid to the terminal nitrogen of the diazoesters
triggers a nucleophilic attack by R-OH followed by the release of dinitrogen and the formation
of the desired product (Scheme 1d).}* In addition to the above pathways, the recently reported
tropylium ion catalyzed O-H insertion of diazoesters attracted our attention due to its unique
reactivity compared to the other pathways (Scheme 1€).3* We were particularly interested in
the coordination modes of tropylium ion and the nature of the activated carbene intermediate
bearing a positive charge on the sp? center. These intriguing features prompted us to deeply
study the mechanism and the nature of intermediates involved with the help of density

functional theory (DFT) calculations.
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Scheme 1. General pathways for the O-H insertion reaction of diazo compounds
Computational Methods

The geometry optimizations for the intermediates and the transition states were performed in
the gas phase at the B97-D3/def2TZVP level of theory®® using the Gaussian 16 package.'®'®
The thermochemistry data for the optimized structures were obtained at the same level of
theory. The self-consistent reaction force was applied at the same level of theory using the
SMD solvation model with dichloromethane as a solvent to replicate the calculated energies

close to the experimental conditions. The stationary points of the intermediates and the



transition states were characterized based on the number of imaginary vibrational frequencies.
All the intermediates presented in the manuscript showed zero imaginary frequency, and the
transition states showed a single imaginary frequency on the reaction site. The energies
reported in the manuscript are at B97-D3/def2TZVP and B97-D3(SMD)/def2TZVP//B97-
D3/def2TZVP (in dichloromethane). The sensitivity of the calculations was studied by
comparing the reaction energies and barriers from single-point calculations across three levels
of theory (BP86(GD3BJ)/def2SVP, B97-D3/def2TZVP; and MO06-2X/def2TZVP) on the
geometries optimized at B97-D3/def3TZVP. The respective SCF energies and comparison
between methods are provided in the supporting information. The molecular planarity
parameter (MPP), Bond Length Alteration (BLA) parameters, and the NCI plots were obtained
using Multiwfn program version 3.18.1” The Wiberg Bond Indices (WBI) were calculated using
the NBO6.0 program.'® The nuclear independent chemical shifts were calculated at MO6-

2X/def2TZV/P.
Results and Discussion

Based on the literature reports, the present study divides the mechanistic plausibility of the O-
H insertion of diazoesters into four main approaches: (a) the activated carbene pathway
proposed in ref. 3a; (b) homoaromatic intermediate pathway; (c) concerted O-H insertion by

the carbene; (d) protonation/nucleophilic attack on the diazoester.
(a) Activated carbene pathway

First, we discuss our computational results on the reported plausible mechanism for the
insertion of benzoic acid into the diazoester (Scheme 2). The pathway involves the coordination
of the tropylium ion I to the diazoesters. An equilibrating N-bound tropylium Ila and O-bound
tropylium intermediate 11b was proposed. 11b further develops to a corresponding resonance

form 111. Loss of N2 from the intermediate 111 was proposed to provide an activated carbene



IV. Trapping the activated carbene IV with benzoic acid followed by tautomerizations

provided the O-H inserted product 3 (Scheme 2).
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Scheme 2. Proposed tropylium catalyzed pathway for O-H insertion

Our analysis on the diazoester-tropylium complex revealed that the most stable coordination
mode was through a charge interaction between the partially negatively charged diazo carbon
and the tropylium ring along with a -7 interaction between the two aromatic rings (tropylium
ion and the phenyl ring) as in intermediate A1, in contrast to Ila and I1b. The formation of Al
was endergonic (AGso = +4.2 kcal/mol) compared to the unbound starting materials (Figure 1).
The binding of the tropylium ion to the substrate was found to be a charge-dipole interaction
in nature, which was evident from the retention of planar geometry of the tropylium ion. The
retention of planarity in Al can be attributed to the stronger aromatic stabilization possessed
by the tropylium ion over the non-aromatic fully bound form.
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Figure 1. Comparison of the binding mode of diazoester, tropylium ion, and benzoic acid. (a)
The interaction energies were calculated at B97-D3/def2TZVP and B97-
D3(SMD)/def2TzVP//B97-D3/def2TZVP (in dichloromethane), respectively. The values in
parenthesis are the interaction energies in the solution. (b) NCI plots represent non-covalent
interactions between two fragments. (c) Correlation plot AG vs. Hammett substituent constant.

The nature of the interaction was further confirmed by the NCI analysis of Al, which showed

a 7+~ interaction between the two aromatic rings (Fig. 1). To confirm if the r---7 stacking is



an artifact of our calculations, we compared the interaction energies of the substituted
diazoesters. With electron-donating substituents, the =---x interactions were strong. However,
with electron-withdrawing functionalities, the wt---w interaction was destabilized. The substrate
scope reported in the experimental work was restricted to electron-rich diazoesters is
noteworthy.* The interaction energies of the substituted diazoester showed a linear trend with
the Hammett substitution constant. The above trend supports the r---7 interaction between the
tropylium cation and the diazoester. The other binding modes (Ala,b) involve terminal
nitrogen of the diazo compound and the tropylium ring, and the hydrogen-bonding network of
the tropylium C-H with the carbonyl oxygen of the ester group was less favorable than Al. The

NCI plots for intermediates A1, Ala, and Alb are presented for comparison in Fig. 1b.

We then turned our attention to model the proposed activated carbene intermediate 1V.
The uncatalyzed decomposition of diazoester to the corresponding carbene C3 was an uphill
process with a Gibbs free energy change amounting to +13.7 kcal/mol (Figure 2). The
formation of the activated carbene intermediate involved a carbene bearing an oxygen-bound
tropylium ion (Scheme 2). However, our attempts to model such a carbene intermediate were
unsuccessful. We observed a C, O-bound carbene intermediate A3 formation, although such
carbene formation was highly endergonic (AGsoi = +19.5 kcal/mol). The A3 could then be
trapped by benzoic acid to provide the oxonium intermediate A4 with a AGsoi = +19.3 kcal/mol
relative to the starting material (Figure 2). The intermediate A4 was then proposed to undergo
a tautomerization to provide a more stable oxonium species A5 with AGso1=-1.1 kcal/mol with
respect to the starting materials (Figure 2). Then, A5 was converted to product complex P1
through a subsequent tautomerization. The overall energy profile of the proposed and
computationally validated intermediates is given in Figure 2. Comparing the experimental data,
a pathway involving such high-energy intermediates (A1 - Ab5; Figure 2) seemed unlikely,

which urged us to explore the mechanism closer.
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Figure 2. Energy profile of the pathway (a) to O-H insertion product and carbene formation.
The solution Gibbs free energies were obtained at B97-D3(SMD)/def2TZVP//B97-
D3/def2TZVP (in dichloromethane)

While exploring other possible binding modes of tropylium with carbene, we found the most
stable intermediate as the C-bound form (B3) with a free energy change (AGsol) 0f -3.4 kcal/mol
downbhill (the respective O-bound species A3 was at +19.5 kcal/mol). The structure exhibited
a non-classical three-centered-two-electron (3c-2e) bond involving the tropylium ion through
the rupturing of the tropylium ring. Such strong thermodynamic preference and the structural
aspects indicated the homoaromatic nature of the C-bound carbene-tropylium intermediate B3.
Tropylium ion mediated reactions with carbenes form homoaromatic intermediates, however
this is an unexplored area in catalysis using diazoesters.'® In comparison to intermediates A3
and C3, B3 exhibited remarkable features in terms of bond parameters. The free carbene C3
exhibited sp? hybridization with a bond angle of 121.6°, whereas the O-tropylium carbene
intermediate A3 showed 126.5° (Figure 3). In the newly observed C-bound tropylium carbene
intermediate B3, the elongation of the C13-C14 bond distance and a distortion towards
tetrahedral geometry with the reduction in carbene’s bond angle (117.8°) were observed (Figure
3). Several attempts to model the activated carbene as proposed provided the stable C-bound
or the O-bound tropylium carbene intermediates at the end of the optimizations, thus ruling out

the possibility of formation of 1V.
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Figure 3. Energetics and the geometry parameters of the carbene intermediates. The solution
Gibbs free energies were obtained at B97-D3(SMD)/def2TZVP//B97-D3/def2TZVP (in
dichloromethane), geometry parameters were obtained at B97-D3/def2TZVP; The values in
parenthesis are the bond orders of C7-C14 and C13-C14 bonds of B3; See Sl for enlarged
images

(b) Homoaromatic intermediate pathway

The modeling of the carbene intermediate ruled out the possibility of an activated carbene
pathway. The structural characteristic of the newly obtained C-bound tropylium carbene
intermediate and its homoaromatic nature encouraged us to study further. Hence, we
investigated B3 as a promising intermediate leading to a new pathway for O-H insertion
(Scheme 3). A1 was found to be the key intermediates in this reaction (Figure 1). In support of
our observation, Mayr and coworkers reported the reaction of tropylium ion with ethyl
diazoacetate in the presence of a base to provide the corresponding cycloheptatrienyl

diazoester.?

In the presence of benzoic acid, a strong complexation of reactants could provide A2 from Al
through a network of O-H:-O and C-H--O hydrogen bond, diazo-tropylium C--C charge
interaction, and a =t--w interaction between the two aromatic rings. This 3-component complex
A2 was found to be highly enthalpy driven although disfavored entropically (AGso = +8.7
kcal/mol; AHso = -13.0 kcal/mol). Using A2 as the starting point, we modeled the transition
state for the decomposition of the diazoester 1 in the presence of tropylium ion I and benzoic

acid 2. Gratifyingly, we obtained the required transition state B2-TS for tropylium catalyzed
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decomposition of the diazoester 1 with an activation barrier of +29.2 kcal/mol, leading to
benzoic acid bound homoaromatic carbene intermediate B4 through a steep exergonic
conversion (AGsol = -6.3 kcal/mol). From the transition state model B2-TS, the involvement of

the n-bond in displacing the diazonium functionality, paving the way to the homoaromatic

intermediate, was evident from the respective bond length and angle of the atoms involved.
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The partial C-C bond cleavage of the tropylium ring is characteristic of a 3c-2e bond
intermediate B4 of homoaromatic nature, further confirmed by the molecular orbital analysis
and various aromaticity indicators. The Wiberg bond index, bond length alternation, ring
current and NICS parameters of B4 were compared against the parent homotropylium ion
(Figure 4). The partial sigma bond distance at the ring fusion [o(r)] and the Wiberg indices of
B4 and parent homotropylium ion were comparable, suggesting a ring rupturing. The molecular
planarity parameter was about 0.18 A for B4. The NICS.(0,1) values suggested a diatropic
ring current, and the magnetic anisotropy of the parent homotroylium ion and B4 resembled
closely up to 5 A. The stable homoaromatic intermediate B4 was well set for an Sn2 attack by
the bound benzoic acid to provide the enol intermediate B5 of the desired product 3. We
modeled the Sn2 substitution step with benzoic acid 2, providing the respective transition state
B4-TS with a +23.9 kcal/mol barrier with respect to the homoaromatic intermediate B4 (AGsqol
= +17.6 kcal/mol relative to the starting materials). The transition state B4-TS then leads to the
enol intermediate B5. B5 further undergoes tautomerization to provide the product. The
homoaromatic intermediate (A2 - B5) pathway seemed more feasible than the activated

carbene pathway.

(c) Concerted O-H insertion by the carbene

Apart from the above pathways, we extended our search to other modes of reactivity of the
diazo compounds. We turned our attention towards the concerted insertion of carbene C3 into
the O-H bond and the oxonium intermediate formation step. Concerted insertion of carbene
across polar X-H has been widely studied previously.'? We explored the possibility of such

concerted insertion to provide the desired product 3 in a single step from carbene C3 without
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the involvement of a stepwise pathway involving the oxonium intermediates A4 and A5. We
modeled the transition state for the insertion of C3 into the O-H bond of benzoic acid 2. An
overall free energy change (AGso) of +45.9 kcal/mol was observed. The early reactant-like
transition state C3-TS developed to a highly exothermic product-tropylium complex formation
(Scheme 4). The above parameters showed that such concerted insertion was an energy-

demanding pathway than the homoaromatic intermediacy route, making the present route less

favorable.
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Scheme 4. Carbene formation followed by O-H insertion pathway of diazoesters calculated at
B97-D3(SMD)/def2TZVP//B97-D3/def2TZVP (in DCM).

(d) Protonation/Nucleophilic attack

Diazo compounds undergo decomposition in the presence of strong acids through the direct
protonation of the diazo-carbon to form the diazonium intermediate. However, in the presence
of weak acids like benzoic acid, a concomitant protonation/nucleophilic attack was observed,

as represented in Scheme 1d. In an attempt to model this pathway, we optimized the protonation
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complex of the diazoester D1, where ester functionality was protonated with benzoic acid. The
formation of D1 was an exergonic process (AGsol = +5.2 kcal/mol). We envisaged the activation
of the terminal nitrogen of the diazoester by tropylium ion followed by a concomitant
nucleophilic attack of benzoic acid to the diazo carbon could provide the desired hydrogen-
bonded transition state D1-TS (Scheme 5). Our calculations revealed that such addition is
highly disfavored with a +39.6 kcal/mol activation barrier to achieving such a transition state.
D1-TS could further transform to the O-H inserted product by the expulsion of nitrogen and

the catalyst. This pathway could be easily ruled out due to its high barrier.
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Scheme 5. Nucleophilic addition/O-H insertion pathway of diazoesters. The solution Gibbs
free energies were obtained at B97-D3(SMD)/def2TZVP//B97-D3/def2TZVP (in DCM).

To sum up, a comparative energy profile in terms of free energy and enthalpy is provided in
Figure 5 for all the considered pathways. From Figure 5, it can be noted that the homoaromatic

pathway is the lowest energy pathway to the O-H inserted product. Considering the feasibility

15



of the above pathways through our DFT studies, we propose the following mechanism for the
tropylium catalyzed O-H insertion reaction of diazo compounds (Scheme 6). The reaction is
initiated by forming a three-component complex A2 from the diazo compound 1 and benzoic
acid 2 in the presence of a catalytic amount of tropylium ion I. The complex A2 undergoes
decomposition to the homoaromatic intermediate B4 with dinitrogen loss through the transition
state B2-TS. B4 is set for an Sn2 attack by the hydrogen-bonded benzoic acid 2 to provide
intermediate B5 through the transition state B4-TS. Tautomerization of B5 could provide the

product.
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Figure 5. Free-energy profile of pathways (b), (c), and (d) at B97-D3(SMD)/def2TZVP//B97-
D3/def2TZVP (in dichloromethane) level.
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Scheme 6. A revised mechanism for the tropylium ion catalyzed O-H insertion of diazoesters.
Free energies provided in the scheme were calculated at B97-D3(SMD)/def2TZVP//B97-
D3/def2TZVP (in dichloromethane) level.

Conclusions

We have considered five different routes for the tropylium ion catalyzed O-H insertion of diazo
compounds viz. (a) the proposed activated carbene pathway; (b) homoaromatic intermediate
pathway; (c) concerted O-H insertion by the carbene; (d) protonation/nucleophilic attack on
the diazoester. In an attempt to model the proposed activated carbene intermediate, we
uncovered the homoaromatic nature of the C-bound tropylium carbene intermediate. This key
intermediate paved the way for further exploration of decomposition of diazoesters with
tropylium ion followed by an Sn2 attack involving the homoaromatic intermediate. The
modeled reaction profile was highly energetically favorable compared to the other pathways
considered based on the literature and the previously proposed mechanism. The model was
also in good agreement with the experimental observations compared to other pathways in

terms of the energy barrier at room temperature.
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