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Abstract

Density  functional theory exploited with the (SMD)-B3LYP-D3/def2-TZVP//B3LYP/6-
31G(d),LANL2DZ level of theory is presented to offer mechanistic insights and explications of
experimentally intriguing observations in the Au(l)-catalyzed cyclization of cyclic and acyclic acetals of
alkynylaldehydes that lead to indenone formation. The reactivity of catalytic cycles with and without
methoxy migration is computationally defined when alkyne terminus is phenylated in addition to the
unreactive cycle when alkyne terminus is not phenylated. The reaction mechanism of indenone formation
proceeds first with coordination of Au(l) to alkyne to initiate the reaction with 1,5-H shift as a rate-
determining step and the fastest 1,5-H shift is achieved when one phenyl ring carries electron-donating
group and the other one is substituted with electron-withdrawing group. The absence of tethered acetal unit
considerably outpaces any 1,5-H shift and instead activates 1,5-methoxy migration, giving methoxy-
migrated indenone, with the step of 1,2-OMe shift is a rate-limiting step during reaction pathway. Following
1,5-H shift the cyclization and 1,2-H shift are Kinetically and thermodynamically feasible, which are
followed by elimination to persist the iterative cycle, but the reactivity of both steps is highly affected by
the existence of phenyl group on alkyne terminus. The unreactivity of alkyne terminus being not beared a
phenyl ring is due to that the cyclization is thermodynamically disfavorable, subsequently deactivating the

1,2-H shift kinetically and thermodynamically.
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Introduction

Indenones represent common motifs of carbocycles with a prime of importance in many structurally
complex bioactive compounds or natural products.® Several synthetic methods of indenone have been
shown to give moderate selectivities and yields using gold catalysis,>® iodine-mediated strategy,* and
organolithium reagents.® Therefore, advancing a catalytically efficient approach has motivated and attracted
many synthetic groups by which a metal-catalyzed cyclization was a premier rout being targeted. For
example, using the Au-catalyzed strategy to construct carbocycles, Hashmi et al. developed an
intermolecular C(sp®)—C(sp?) bond formation in benzylic acetal compounds,® Gagosz et al. utilized the
intramolecular hydride shift from benzyl ethers to alkynes and allenes,” and Toste and co-workers focused
on cyclization of 2-alkynylbenzaldehyde dialkyl acetals (Scheme 1).2 Furthermore, Nakamura and
Yamamoto and co-workers discovered the Pt- and Pd-catalyzed cyclization of 2-alkynylbenzaldehyde
dialky! acetals to achieve carbocycles (Scheme 1).° Furthermore, hydride shift methodology have been also
used and well-recognized in literatures for carbocycle synthesis.”*° Recently, Yamada and co-workers have
evolved a highly selective and yielding Au-catalyzed synthesis of functionalized indenone derivatives
through cyclization of 2-alkynylaldehyde cyclic or tethered acetals that involves 1,5-hydride shifts
promoted by the acetal group (Figure 1-a).** The functionalized indenones were achieved in high a yield
and selectivity when the aldehyde group was protected with a tethered acetal unit. However, in the absence
of tether a methoxy-migrated product was obtained (Figure 1-a). This in fact stimulates inquiries and further

examinations to comprehend the factors that control the origin of reactivity.
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Scheme 1. Transformation of 2-Alkynylaldehyde (a)cyclic acetal into indenone derivatives.

The mechanism reaction of indenone formation shown in Figure 1-b indicated that the gold catalyst is first
coordinated to alkyne to give vinyl gold intermediate that subsequently undergoes 1,5-shift and then
cyclization of the oxonium cation to give a cyclized Au(l)-carbene intermediate, and finally a 1,2-H shift
to afford the indenone derivatives 2 (Figure 1-b, left). Importantly, the migration mechanism of an acetal
unit (or methoxy group) is tolerable when acetal group is untethered and proceeds in a similar mechanistic
pathway to that of 1,5-H initiated pathway (Figure 1-b, right). It seems that the tether impedes the migration
and activates the benzylic C—H bond to promote the 1,5-H shift and deactivates the 1,5-methoxy
migration.** Therefore, understanding this transformation is highly sound regarding the detailed description
of reaction mechanism and the origin of reactivity for this catalysis. We were then interested in several
guestions coincide with this transformation to be studied and performed through computational approaches
of DFT quantum mechanics to evaluate the feasibility of the proposed reactivity of Au(l)-catalyzed
cyclization to provide an insight into the nature of cyclization if it is stepwise or concerted C-H insertion
(Figure 1-c). Furthermore, competition between 1,5-H and 1,4-H shift, comparison between the tethered-
and untethered-involved acetal unit migration pathway, the effect of electronic groups on the rate-
determining step of the reaction pathway, and the structures of the 2-alkynylaldehyde cyclic acetals that

facilitate a comparison of rate effects on reactivity will be rationalized computationally (Figure 1-c).
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Figure 1. (a) Au-catalyzed cyclization of 2-alkynylaldehyde cyclic or acyclic acetals for the synthesis of
functionalized indenone derivatives. (b) Summary of the factors interrogated in this study. (¢) Mechanism
of the Au-catalyzed cyclization of 2-alkynylaldehyde tethered acetals for the synthesis of functionalized

indenone derivatives.

Results and Discussion

To explore the mechanism and factors that control reactivity of this synthetically useful transformation, our
DFT interrogations are divided to three parts: (1) the reaction mechanism of the Au-catalyzed cyclization
of 2-alkynylaldehyde tethered acetals for the indenone synthesis; (2) the substituents effect involve: (a) the
electronic effect, (b) the origin of reactivity crystalized by absence of phenyl ring on alkyne terminus, and
(c) justification of the origin of methoxy migration when untethered acetal unit is presents. Based on
experimental conditions shown in Figure 1-a, the presence of IPrAuCIl/AgSbFs will lead to salt metathesis
or double displacement to give IPrAuSbFs and AgCl to supply the reaction with IPrAu*as a more likely
“naked” counterion due to its counter-anion (SbFg") is large enough to be far away from IPrAu®. In this
regard, using IPrAuSbFg will also give IPrAu” in the reaction. Previous studies show that the anionic SbFs-

found to have a little impact on the reactions ** and thus, the cationic IPrAu* is employed as the active



catalyst in this study. All our DFT simulations were conducted with the B3LYP-D3/def2-TZVP level of
theory in SMD solvation model using dichloroethane (DCE) as a representative solvent based on gas phase
optimization performed with the B3LYP/6-31G(d), LANL2DZ level of theory (see computational details).

Mechanism of tethered substrate. We began our mechanistic incursions with the mechanism of Au-
catalyzed cyclization of tethered acetal 2-alkynylaldehyde (1a) to form 2-(4-methoxyphenyl)spiro[indene-
1,2'-[1,3]dioxolane] (2a) (Figure 2). The reaction overall composes of five important steps; Au insertion,
1,5-shift, cyclization, 1,2-shift and elimination. A superior consideration for the effect of catalyst on
reaction, we have compared the results of Au-catalyzed and uncatalyzed pathways directly and shown in
Figure 2. Initially, insertion of catalyst to the alkyne (1a) is calculated to be an exergonic step of 14.7
kcal/mol to give intermediate Intla with Au—C bond distances of 2.24 and 2.45 A where the charge is on
carbon of alkyne stabilized by the neighbored p-methoxy phenyl ring. Following insertion, the intermediate
Intla undergoes 1,5-H shift via TS TS1a, where the transferable hydrogen atom is closer to the acetal
(C—H =1.27 A) from alkyne (C—H = 1.40 A), with barrier of 17.5 kcal/mol leading to Int2a as a slightly
thermodynamically favored step (AGr = —3.1 kcal/mol). In comparison with the uncatalyzed 1,5-H shift, the
barrier is substantially high (AG* = 45.6 kcal/mol, TS1’), and the cyclization and 1,2-H shift are highly
disfavored too in accordance with experimental conditions (Figure 2). Following the formation of Int2a,
the cyclization proceeds with a barrier of 16.8 kcal/mol via TS TS2a to pass the transient distance of 2.12
A to give the cyclized intermediate Int3a as a nearly thermoneutral step (AGr = —1.0 kcal/mol). After
cyclization the charge moves back on the Au by which the Au—C shortens to 2.01 A whereas it was 2.08
A before cyclization. Now, if the intermediate Int3a is thermodynamically unstable, the final transition
before releasing the final product is presumably a rate-determining step (RDS). The 1,2-H shift overcomes
TS3a with a barrier of 17.0 kcal/mol to give intermediate Int4a as a thermodynamically favored (AG; =
—15.4 kcal/mol) and the charge is situated on the tertiary carbon and settled by phenyl ring. The cyclization
(k =5.2 x 10° s%) is approximately twice faster than 1,2-H shift (k = 2.9 x 10? s %) and, therefore, the latter
step is a RDS. Comparison between the three transient steps (TS1a, TS2a and TS3a), the 1,5-H shift is a
RDS for the indenone formation. Finally, to persist the iterative cycle of Au-catalyzed indenone pathway,
the elimination is calculated to be thermoneutral (AG, = —2.0 kcal/mol) to release 2a and reform Intla,

where the release of 2a is thermodynamically driven by the reformation of Intla.
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Figure 2. Free energy profile for Au-catalyzed and uncatalyzed cyclization pathway of 2-alkynylaldehyde
tethered acetals 1a for the synthesis of indenone 2a. The optimized TSs for the Au-catalyzed pathway are

only shown here. Bond lengths are in A. Free energies and rate constants are calculated at 353.15 K.

Our calculations above support the stepwise pathway of indenone 2a formation but we have considered the
concerted mechanism by which a 1,4-H shift and cyclization occur at the same time.!®® Our DFT
investigations did not signalize any concerted TS and, so, it was totally excluded. However, we considered
the stepwise mechanism starting with 1,4-H shift followed by cyclization. Figure 3 shows competition
pathways initiated at 1,5-H and 1,4-H shifts. The results elucidate that the 1,4-H shift is ruled out due to a
high barrier of 26.6 kcal/mol (k = 2.5 x 10* s) required whereas the 1,5-H shift needs 17.5 kcal/mol (k =



1.1 x 10? s™*) by which the earlier pathway is slower by 4.4 x 10° times although cyclization (AG* = 8.3
kcal/mol, k = 5.4 x 10" s*) from 1,4-H shift-initiated pathway is calculated to be substantially faster than
cyclization (AG* = 16.8 kcal/mol, k = 2.9 x 10% s™) initiated from 1,5-H shift.
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Figure 3. Free energy profile for Au-catalyzed cyclization pathway of 1a, showing competition between
1,4-H and 1,5-H shift. The optimized TSs for the Au-catalyzed pathway are only shown. Structures of 1,5-
H shift initiation pathway is shown in Figure 2. Bond lengths are in A. Free energies and rate constants are
calculated at 353.15 K

Electronic effect on 1,5-H shift. We have next carried out DFT simulations to understand the effect of
electron-withdrawing (EWG) and electron-donating (EDG) groups on the 1,5-H shift step represented by
both aromatic rings (Figure 4). Substituents on aromatic rings 1 and 2 encompass different impacts on rate
constant of 1,5-H shifts (Figure 4-a). The phenyl ring 1 substituted with donating groups show lower
barriers than those with withdrawing groups whereas the unsubstituted one has a moderate barrier height.
In comparison to 1a (AG* = 17.5 kcal/mol, k = 1.1 x 10°s-*, TS1a), the rate constant drops by one and half
times when methoxy group is replaced with R* = CO,Me Intc (AG* = 17.8 kcal/mol, k = 7.1 x 10*s-*, TS1c)



due to barrier difference of AAG* = 0.3 kcal/mol. When R* = H, Inlb, the 1,5-H shift displays higher barrier
via TS1b than p-OMe group via TS1a by AAG* = 1.0 kcal/mol, slower by more than 4 times than TS1a
and nearly 3 times than TS1c. When the other phenyl ring on 1a was substituted with methoxy group, Intle,
R! and R?= OMe, the barrier increases to 18.7 kcal/mol via TS1e with the impact on rate constant being
slower by more than 5 times than TS1a. Interestingly, the presence R* = NO; and R' = OMe, Inid, drop
the barrier by 1.5 kcal/mol compared to Intla which relatively results in a rate constants being nine times
faster than TSZ1a. This indicates that when one of the phenyl rings is EDG and other one is EWG, the rate
constants increase by 46 times. Analysis of the noncovalent interactions (NCI) along TSs TS1a-e were also
performed (see computational details) and appeared in Figure 4-b. Although the presence of many
functional groups, especially the aromatic rings on the substrates la-e and NHC ligand, we have not
recognized a clear interaction. Although the isosurfaces of NCI interactions were processed with an isovalue
of 0.7, aweak CH-x stacking interaction between phenyl 1 on substrate and phenyl of NHC part has noticed.
The CH-r interaction between phenyl 2 and the phenyl of NHC is absent although both rings comprise a
nearly T-shaped form. What is recognizable from NCI calculations is the main interactions between the
four isopropyl group on aromatic rings of NHC ligand and gold atom like a four-membered cage. Frontier
orbital analysis of the five TSs TS1a-e are shown in Figure 4-c, especially the spatial plots associated with
the bonding orbitals, namely highest occupied molecular orbitals (HOMOs). An overall delocalization for

the orbitals is indicated over the whole TS from phenyl ring 1 to 2.
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Figure 4. (a) Optimized TSs for the 1,5-H shift step with different substituents of R* and R? for TS1a-e.
(b) NCl isosurfaces (isovalue at 0.7) associated with the TSs TS1a-e, where NCI interactions are shown in
green. (c) Spatial plots of the bonding orbitals associated with the TSs TS1a-e. Bond lengths are in A. Free

energies and rate constants are calculated at 353.15 K

Reactivity of unsubstituted alkyne terminus. Experimentally, when terminal alkyne was not beared a
phenyl ring as shown in alkyne 1f, its indenone product was not formed.** Following the same protocol
shown above, our interrogations referred to that this substrate can participate in 1,4-H and 1,5-H shift
initiations with the 1,5-H shift being relatively faster (see TS1f and TS1f, Figure 5). On one hand, our
calculations revealed that the 1,4-H shift is higher than 1,5-H shit by 1.0 kcal/mol via TS TS1f* (Figure 5,
right). This evidence that 1,4-H shift is relatively inaccessible when terminal alkyne is not substituted with
phenyl ring. Interestingly, TS1f shows a T-shaped CH-m stacking interaction (Figure 6-a) between

aromatic rings of substrate and NHC ligand at 3.11 A. Indeed, this interaction participates to some extent



in lowering the barrier plus the stabilization arrived from Au atom that makes the 1,4-H to be more
stabilized when compared to TS1a.

On the other hand, the calculated barrier for the 1,5-H shift via TS TS1f (AG* = 17.4 kcal/mol, Figure 5,
left) is in line with that calculated for the one substituted with p-OMe phenyl 1a (Figure 2). This 1,5-H shift
involves a T-shaped CH-r stacking interaction like TS1f but at longer distance of 3.38 A (see Figure 6-a).
Although the cyclization barrier of intermediate Int2f through TS TS2f is faster, AG* = 15.3 kcal/mol, than
cyclization in 1a, the corresponding intermediate Int3f is unlikely thermodynamically endergonic (AG, =
14.7 kcal/mol). Due to disfavored cyclization, the 1,2-H shift will be disfavored too. The 1,2-H shift requires
high barrier via TS3f of AG* = 23.9 kcal/mol (k = 1.2 x 10 % s %) as an endergonic step (AG; = 8.9 kcal/mol).
This increased barrier and undesirable thermodynamics would substantially impede the formation of the
correspondent indenone. Therefore, initiation with 1,5-H shift leads to cyclization to be thermodynamically

unlikely and 1,2-H shift to be very slow and, therefore, the correspondent indenone will be unreached.
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Bond lengths are in A. Free energies and rate constants are calculated at 353.15 K



Figure 6. Plots of NCI isosurfaces (isovalue at 0.7): (a) TS1f and TS1f’and (b) TS1g and TS1g’.

Effect of tether (cyclic vs acyclic acetal group). One important experimental observation noticed from
the results of Yamada and co-workers is the formation of methoxy-migrated product when aldehyde group
was not protected with a cyclic acetal unit. In principle, the absence of tethered acetal unit stimulates two
possible initiations starting from Au-inserted intermediate Intlg; either initiation with conventional 1,5-H
shift or 1,5-methoxy migration (see Figure 1 and Figure 7). First, we performed DFT simulation on 1,5-H
initiated pathway to examine the tether effect on energetic pathway for indenone formation (Figure 7, left).
The barrier of 1,5-H shift step has increased from 17.5 kcal/mol in TS1a (Figure 2) to 22.1 kcal/mol in
TS1g (Figure 7, left). The effect on cyclization and 1,2-H shift is changed when tethered bond is absent.
The cyclization overcomes a lower barrier of 7.3 kcal/mol in TS2g, as a nearly thermoneutral step,
compared to 16.8 kcal/mol in TS2a (Figure 2). The 1,2-H shift becomes slower with a barrier of 19.4
kcal/mol via TS3g compared to 16.4 kcal/mol in TS3a.

Second, the methoxy migration proceeds with predominantly lower energetic pathway (Figure 7, right).
The methoxy migration TS TS1g’ overcomes a barrier of 17.4 kcal/mol, being 4.7 kcal/mol under 1,5-H
shift with the product of methoxy-migrated pathway, Int2g’, becomes endergonic (AG, = 6.2 kcal/mol).
The favorability of methoxy migration over 1,5-H shift explain the importance of tether in promoting the
1,5-H shift and prevent migration. The cyclization is very fast step of only 8.5 kcal/mol (k = 4.0 x 10" s,
TS2g’) to give the cyclized product Int3g’ as an approximately thermoneutral step (AG = -0.5 kcal/mol).
The latter, Int3g’, requires 16.0 kcal/mol via TS3g’ to process the 1,2-methoxy shift to release Int4g’ as
an exergonic step of AG, = —36.8 kcal/mol. It is important to see here that the methoxy-migrated pathway

shows that 1,2-methoxy shift to be a rate-determining step whereas in the tethered acetal pathway (see



Figure 2) the 1,5-H shift is RDS. Overall, the current results explain the mechanism of the observed
experimental methoxy migrated product as the favored product (see Figure 1-a).
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Figure 6. Free energy profile of Au-catalyzed cyclization of untethered acetal substrate 1g initiated at the
1,5-H shift (left) and the methoxy migration (right). Only TSs are shown. Bond lengths are in A. Free

energies and rate constants are calculated at 353.15 K.

Conclusions



We have exploited DFT calculations with the (SMD)-B3LYP-D3/def2-TZVP//B3LYP/6-
31G(d),LANL2DZ level of theory to provide mechanistic insights into the Au-catalyzed cyclization of
cyclic and acyclic acetals of alkynylaldehydes that lead to indenone formation. Our findings are consistent
with experimental observations. We have clarified two catalytic cycles leading to the indenone formation
with and without methoxy migration based on the structure of applied substrate in addition to the unreactive
cycle for the phenyl-absent alkyne terminus. The feasibility of the proposed reactivity was confirmed and
proceeded through five important steps: (1) Au(l) insertion as a thermodynamically sink step, (2) 1,5-H
shift as an RDS, cyclization, and 1,2-H shift as kinetically and thermodynamically convenient steps and (3)
elimination through exchangeable insertion with another alkyne to persist the iterative cycle. DFT
simulation revealed that following Au-insertion the 1,5-H shift is highly favored over 1,4-H shift although
the barrier of 1,4-H initiation decreases when alkyne terminus was not beared a phenyl group. Effect of
substituents concerning EDGs and EWGs on the 1,5-H shift were considered on both phenyl rings of
alkynlaldehyde and showed different rates with the highest rate achieved when a substrate carries EDG on
one phenyl ring and EWG on the other phenyl ring. Two critical intriguing phenomenons that limit the
productivity of the indenone formation are the effect of tethered acetal unit and the substitution on alkyne
terminus. When the alkyne terminus was not beared a phenyl ring, the corresponding indenone product was
not observed due to that the cyclization was found to be thermodynamically disfavorable which
consequently leads to deactivate the 1,2-H shift kinetically and thermodynamically. Interrogating the
pathways of tethered- and untethered-involved acetal unit revealed that the untethered acetal substrate
mainly starts with 1,5-methoxy migration as a kinetic product and considerably outpaces any 1,5-H shift,
asserting the experimentally observed methoxy-migrated indenone product and explaining the role of tether
in promoting the 1,5-H shift over methoxy shift. Comparison between the tethered- and untethered-involved
acetal unit pathways defined the 1,5-H shift being RDS when acetal unit is tethered whereas the 1,2-OMe

shift becomes RDS when acetal unit is untethered.

Computational details

All quantum calculations were performed using Gaussian 09 ** with the B3LYP density functional theory
method (DFT).** All geometry optimizations were performed with the B3LYP/6-31G(d),LANL2DZ level
of theory by which the basis sets 6-31G(d) basis was set for all atoms except Au whereas an effective core
potential basis step LANL2DZ was used for Au atom.*® All minima intermediates were verified by the
absence of negative eigenvalues in the vibrational frequency analysis while all the transition state structures
were found using the Berny algorithm,* and verified by vibrational analysis through animating the negative

eigenvector coordinate. In order to correct the energetics and account the effect of solvent, single-point



energies of the optimized geometries were evaluated with the same DFT functional (B3LYP) but with
Ahlrichs basis set def2-TZVP " and the dispersion corrections (D3) developed by Grimme *® was added to
calculations in dichloroethane (DCE) as a representative solvent medium with universal solvation model
based on density (IEFPCM-SMD).*® To obtain the free energies at 353.15 K and 1 atm, the thermal
corrections evaluated from the unscaled vibrational frequencies at the B3LYP/6-31G(d),LANL2DZ level
of theory were then added to the electronic energies calculated from the B3LYP-D3/def2-TZVP level of
DFT. Intrinsic reaction coordinate (IRC) calculations were performed for the identified transition states to
confirm the reaction path proceeding in both directions (reactant and product), in which the Hessian was
recomputed every 3 predictor steps with a step size along the reaction path of 0.05 Bohr.?® The optimized
structures indicated and shown in this study are illustrated using CYLview program.?! To account the
presence of non-covalent interactions, Reduced Density Gradient (RDG) analysis ? is performed using the

Multiwfn program?® and visualized by Visual molecular dynamics (VMD).**
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