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Abstract

The mechanism is investigated for indeno-annulation of o-formyl-ynone, p-bis-o-formyl-ynone with DMAD under metal-free. The

cascade process consists of Michael addition, aldol reaction aldol condensation/aromatization. Michael addition is initiated by DMAD

enol form via nucleophilic attack to ynone delivering accumulated diene with the first new C-C bond. From ketone isomer, aldol

reaction/H transfer proceeds producing the second new C-C bond and five-membered ring. The enol-ketone tautomerism and an-

nulation are prior to aldol condensation affording the third new C-C bond and another six-membered ring. The fluorenol product

is given via aromatization. The positive solvation effect of DMSO solution lies in the reduction of absolute and activation energies

for aldol reaction. DMSO solution exerts more favorable influence on ynone with simple CHO at ortho-position than the case with

substituted CHO for this indeno-annulation. These results are supported by Multiwfn analysis on FMO of specific TSs and MBO value

of vital bonding, breaking.

Keywords: Indeno-Annulation; Multifunctional 9-Fluorenol; Cascade Synthesis; Michael Addition; Aldol Condensation; Aromatiza-

tion

Introduction

As a prime objective of chemical industry, the development of
synthetic methodologies is not only essential for the sustainable
production of chemicals but also related to efficiency, step, cost
and environmental impact to minimize environmental waste and
ecological footprint [1-3]. In pursuit of this goal, catalysis is a vital
discipline offering efficient and versatile strategies for sustainabil-
ity especially the formation of multiple bonds presenting a pro-
ductive direction. It enables expansion and enrichment of domino
or tandem processes executed in one flask in one-pot fashion thus
minimizing the number of purification and separation steps [4-6].
The construction of various polycyclic scaffolds with such tactics
provides a privileged category for expeditious delivery of function-
al complex and potential drug conjugates involving a wide range of

pharmacological activities [7-9].

In this field, ynones are regarded as promising platforms with
many reactive sites to build on [10]. The reactions of ynones with
a variety of multifunctional partner often unraveled new chemi-
cal space. A process was achieved via Ru-catalyzed oxidative al-
kynylation of oxetanols, azetidinols and bicyclopentanols to form
ynones, which are subsequently converted to azetidine-, oxetane-
and bicyclopentane-bearing isoxazoles, pyrazoles and pyrimidines
[11]. Conjugated alkynones also occupied a firm position among
versatile building blocks. The base-catalyzed substrate-controlled
dimerizations of aliphatic alkynones were focused by density func-
tional theory (DFT) study to understand the origin of selectivity in
cascade assembly [12]. The tandem cyclization reaction of ynones
with diazo compounds promoted by DBU has been developed for
the synthesis of fused eight-membered oxocino[2,3-c] pyrazoles in

a single step in highly regio- and diastereoselective manner [13]. A
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diversified stitching of ynones with oxindole-3-oxy acrylates was
realized in one-flask spiro-annulation protocol toward assorted
3H/5H-spiro[furan-2,3'-indolin]-2'-ones [14]. On the other hand,
during the preceding decade, attraction toward functionally higher
analogues diynones and o-bis-ynones has gained momentum for
rapidly accessing complexity. Such as embellished o-alkynylbenzo-
ates or furan-3(2H)-ones from diynones and dimethylacetone-1,3-
dicarboxylate (DMAD) with controlled divergence and product
selectivity [15], tandem Michael-anti-Michael addition-mediated
orthogonal strapping of diynones [16], the eco-friendly embed-
ment of diverse 1-indanones into o-bis-ynones [17], deep restruc-
turing of o-bis-ynones through a cascade process [18], and recur-

sive anion-triggered tandem reactions of ortho-bis-ynones [19].

As polycyclic frameworks from ynones, fluorenes are notable
tricyclic entities with two flanking benzene rings exhibiting planar,
conjugated rigid architecture [20]. Many fluorene-based scaffolds
are encountered in natural products. The parent 9-fluorenol was a
dopamine reuptake inhibitor to enhance cognitive function of brain
[21]. Its derivative morphactin was involved in auxintransport in
plants [22]. The eucapsitrione exhibited activity against mycobac-
terium tuberculosis and selanginpulvilin with phosphodiester-
ase-4 inhibitory activity [23,24]. From the prospect of accessing
functionally enhanced, higher order fluorenol, a new breakthrough
was Bhat's indeno-annulation of o-formyl-ynone with DMAD [25].
Although 9-fluorenol was synthesized and promoted to p-bis-o-
formyl-ynone, there is no report about detailed mechanistic study
explaining this direct synthesis for fluorenol. What'’s the detailed
step of 3 new C-C bonds and 2 new rings formation in Michael ad-
dition-aldol cyclization—aromatization sequence? How the double
indeno-annulation was implemented in the furnish of pentacyclic
indeno-[1,2-b]fluorene-6,12-diol? Why CHO group at ortho-posi-
tion of aryl ynone could trigger tricyclic fluorene framework and
what's the driving force for this catalyst free indenoannulation? To
solve these mechanic problems in experiment, an in-depth theo-
retical study was necessary for this tandem Michael addition-aldol
condensation cascade. The DFT method was employed also focus-

ing on the difference with 9-ethynyl-9-fluorenol formation.

Methods

Optimized structures were obtained at M06-2X/6-31G(d) level
of theory with GAUSSIANO9 [26]. In tests of popular DFT meth-
ods [27], M06-2X functional attained smaller standard deviation

of difference between calculated value and experimental value in
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geometries than B3LYP including Becke’s three-parameter hybrid
functional combined with Lee-Yang-Parr correction for corre-
lation [28,29]. The best compromise between accuracy and time
consumption was provided with 6-31G(d) basis set on energy
calculations. Also, M06-2X functional was found to give relatively
accurate results for catalysed enantioselective (4 + 3), concerted
[4 + 2], stepwise (2 + 2) cycloaddition and catalysed Diels-Alder
reactions [30,31]. Together with the best performance on nonco-
valent interaction, M06-2X functional is believed to be suitable for
this system [32-34]. The nature of each structure was verified by
performing harmonic vibrational frequency calculations. Intrinsic
reaction coordinate (IRC) calculations were examined to confirm
the right connections among key transition-states and correspond-
ing reactants and products. Harmonic frequency calculations were
carried out at the M06-2X/6-31G(d) level to gain zero-point vibra-
tional energy (ZPVE) and thermodynamic corrections at 298.15 K
and 1 atm for each structure in dimethylsulfoxide (DMSO).

The solvation-corrected free energies were obtained at the
MO06-2X/6-311++G(d,p) level by using integral equation formal-
ism polarizable continuum model (IEFPCM) in Truhlar’s “density”
solvation model [35-39] on the M06-2X/6-31G(d)-optimized ge-
ometries. As an efficient method obtaining bond and lone pair of
a molecule from modern ab initio wave functions, NBO procedure
was performed with Natural bond orbital (NBO3.1) to characterize
electronic properties and bonding orbital interactions [40-42]. The
wave function analysis was provided using Multiwfn_3.7_dev pack-
age [43] including research on frontier molecular orbital (FMO)
and Mayer bond order (MBO).

Results and Discussion

Based on previous research [14-19,25], the mechanism was ex-
plored for indeno-annulation of o-formyl-ynone 1, o-bis-ynone 2,
p-bis-o-formyl-ynone 3 with DMAD 4 leading to 9-fluorenol 5, 9-al-
kynyl-9-fluorenol 6, indeno-[1,2-b]fluorene-6,12-diol 7 (Scheme
1). lllustrated by Scheme 2, the isomerization of DMAD takes place
to realize the transformation from stable ketone structure to re-
active enol form 4ol, which is more likely to initiate nucleophilic
attack with 1 in Michael addition. An accumulated diene was ob-
tained from alkyne along with the formation of first new C-C bond
in intermediate B1 also presented by enol form. From its ketone
isomer C1, the second new C-C bond was given via aldol reaction

followed with H transfer producing a new five-membered ring of
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metal free
DMSO,

OH

Scheme 1: Indeno-annulation of o-formyl-ynone 1, o-bis-ynone
2, p-bis-o-formyl-ynone 3 with DMAD 4 leading to 9-fluorenol 5,
9-alkynyl-9-fluorenol 6, indeno-[1,2-b]fluorene-6,12-diol 7.
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Scheme 2: Proposed reaction mechanism of indeno-annulation
of 1 with 4 leading to 5 under metal-free condition. TS is named

according to the two intermediates it connects.

intermediate E1, which became enol F1 to initiate aldol conden-
sation affording the third new C-C bond as well as another new
six-membered ring in intermediate H1. At last through aromatiza-
tion, the ketone I1 turned to be enol stabilized by intramolecular

H bond as the final product 5. Owing to the similar process with 2

05
and 3, the mechanism is mainly analyzed for reaction with 1. The
optimized structures of TSs in Scheme 2 are shown in Figure 1,2.
Table 1 and Supplementary Table S1, Table S2 show the activation
energy of all steps and the relative energies of all stationary points.
In accordance with experiment, the Gibbs free energies in DMSO

solution phase are discussed here.

ts-EF1

Figure 1: Geometric structures of TSs for indeno-annulation of 1
with 4. Selected bond distances are given in A. Irrelevant hydrogen

atoms are omitted for clarity.
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Figure 2: Relative Gibbs free energy profile of indeno-annulation
of 1 with 4 under metal-free condition in solvent phase starting

from complex Al.
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Table 1: The activation energy (in k] mol™) of all reactions in gas

and solvent.

TS Yo AG",

ts-4 62.4 59.6
ts-AB1 275 29.9
ts-BC1 49.2 42.8
ts-CD1 52.6 35.4
ts-DE1 109.3 15.2
ts-EF1 39.8 35.4
ts-FG1 25.3 21.6
ts-GH1 55.2 59.9
ts-115 54.9 51.6
ts-CD2 55.7 47.0
ts-DE2 111.9 43.6
ts-CD3 44.6 325
ts-DE3 98.3 26.8

Table S1: Calculated relative energies (all in kcal mol?, relative to
isolated species) for the ZPE-corrected Gibbs free energies (AGgas),
Gibbs free energies for all species in solution phase (AG,_ ) at 298 K
by M06-2X/6-311++G(d,p)//M06-2X/6-31G(d) method and diffe-

rence between absolute energy.

Species

AG

AG

AAG

gas sol(dioxane) sol-gas |
4 0.00 0.00 -26.36
ts-4 62.43 59.55 -29.24
4ol -3.33 1.94 -21.09
1+4 0.00 0.00 -41.98
Al -13.33 -3.40 -32.06
ts-AB1 14.21 26.49 -29.71
B1 -21.74 -20.64 -40.89
ts-BC1 27.43 22.19 -47.22
C1 -38.79 -41.55 -44.75
ts-CD1 13.80 -6.24 -62.02
D1 -43.90 -54.55 -52.63
ts-DE1 65.38 -39.44 -146.80
E1l -50.36 -59.84 -51.46
ts-EF1 -10.59 -24.43 -55.82
F1 -42.26 -46.87 -46.59
ts-FG1 -16.97 -25.26 -50.27
G1 -52.82 -71.69 -60.85
ts-GH1 2.41 -11.76 -56.16

06

H1 -53.57 -63.40 -51.81
1+4-h20 0.00 0.00 -30.43
11 -44.39 -62.87 -48.91
ts-115 10.53 -11.24 -52.21
5 -68.66 -74.05 -35.82
2+4 0.00 0.00 -44.69
C2 -41.90 -45.02 -47.81
ts-CD2 13.81 1.92 -56.57
D2 -43.16 -47.84 -49.37
ts-DE2 68.74 -4.29 -117.72
E2 -43.76 -45.58 -46.51
2+4-h2o0 0.00 0.00 -33.14
6 -64.45 -63.57 -32.26

Table S2: The activation energy (local barrier) (in kcal mol™) of

all reactions in the gas, solution phase calculated with M06-2X/6-
311++G(d,p)//M06-2X/6-31G(d) method and difference between

the two.
TS 8G°, AG*,, BOG, . |

ts-4 (1904i) 62.43 59.55 -2.88
ts-AB1 (456i) 27.53 29.89 2.35
ts-BC1 (8541) 49.17 42.84 -6.34
ts-CD1 (992i) 52.59 35.31 -17.27
ts-DE1 (16271) 109.28 15.11 -94.17
ts-EF1 (467i) 39.77 35.41 -4.36
ts-FG1 (821i) 25.29 21.61 -3.68
ts-GH1 (1575i) 55.23 59.93 4.70
ts-115 (20701) 54.92 51.63 -3.29
ts-CD2 (985i) 55.71 46.95 -8.77
ts-DE2 (1592i) 111.90 43.55 -68.36
ts-CD3 (976i) 44.58 32.48 -12.10
ts-DE3 (1483i) 98.33 26.79 -71.54
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DMAD isomerization and Michael addition

For DMAD 4, there’s tautomerism between its ketone and enol
structure. Higher in energy by 1.9 kcal mol™! (Table S1), the enol
40l is more reactive with methylene C5 turning to be carbon anion
thus more suitable for the nucleophilic attack in following Michael
addition. This process is via ts-4 with activation energy of 59.6 kcal
mol. The transition vector corresponds to the H1 transfer from
C5to 01 (1.55,1.22 A).

The initial complex denoted as A1 between 1 and reactive 4ol
involves the energy of -3.4 kcal mol™ with respect to isolated sub-

strates 1 and 4. The step 1 of Michael addition proceeds via ts-AB1
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with activation energy of 29.9 kcal mol™ furnishing intermediate

B1 exothermic by -17.2 kcal mol™. Besides the closing of C5 to posi-
tively charged terminal acetylene C3, the transition vector of ts-AB1
also includes the concerted H1 transfer from O1 to 02 (2.36, 1.35,
1.09 A), cooperated stretching of C2-C3 triple bond and shortening
of C1-C2 single bond (1.24, 1.55 A) (Figure S1a). The resultant B1 is
an accumulated diene with first new C5-C3 bond and enol 02-H1.
Just in agreement with experiment [25], its ketone form C1 is actu-
ally more likely to be with a much lower relative energy of -38.2
kcal mol™ compared with B1. Via ts-BC1, H1 moves from 02 to C2
(1.21, 1.53 A) with a barrier of 42.8 kcal mol. This is regarded as
rate-limiting step 2 of Michael addition favorable thermodynami-

cally.
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Figure S1: Evolution of bond lengths along the IRC for (a) ts-AB1 (b) ts-CD1 (c) ts-DE1 (d) ts-EF1 (e) ts-FG1 (f) ts-GH1 at the
M06-2X/6-311++G(d,p) level.

ts-al-\Bl HOMO ts-CD1 HOMO

ts-FG1 HOMO ts-GH1 HOMO

ts-EFl‘HOMO

Figure S2: Highest Occupied Molecular Orbital (HOMO) of typical transition states ts-AB1, ts-CD1, ts-DE1, ts-EF1, ts-FG1, ts-GH1.

Different colors are used to identify the phase of the wave functions.
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Table 2: Contribution (%) of Natural Atomic Orbital (NAO) to
Highest Occupied Molecular Orbital (HOMO) of typical TSs.

01 H1 02 C5- C3
ts-ABIHOMO 4.02 0.04 9.50 40.53 0.41

C2 C4 C3 03
ts-CD1HOMO 2241 3.03 1.22 50.48

C2 H1 03 C3 C4
ts-DEIHOMO 65.47 5.79 3.87 0.44 1.27

Cc7 H2 01 02
ts-EF1HOMO 52.25 0.19 24.49 0.53

c7 C1 01 H2 02
ts-FG1IHOMO 35.26 2.24 14.80 0.69 4.41

Cc7 H3 C1 02
ts-GH1HOMO 46.05 3.33 0.87 11.27

Table 3: Mayer bond order (MBO) of typical TSs.

01--H1 H1--02 C5--C3
ts-AB1 0.24 0.45 0.25
C2--C4 C3---03 C2--C3 C4---03
ts-CD1 0.57 0.20 1.14 1.14
C2---H1 H1---03 C3---03 C4---03
ts-DE1 0.32 0.33 0.67 0.70
C7---H2 H2---01 H2---02
ts-EF1 0.07 0.13 0.56
01---H2 H2---02 C7--C1
ts-FG1 0.28 0.41 0.25
C7---H3 C1---02 02---H3 C1---C7
ts-GH1 0.36 0.68 0.40 1.21

FMO calculations were utilized to get more qualitative evidence
of structural analysis for typical TSs [32-34]. The visual orbitals
of Highest Occupied Molecular Orbital (HOMO) were listed (Fig-
ure S2) together with the orbital contribution and MBO results of
bonding atoms (Table 2, 3). For ts-AB1, the bonding orbital of C5-
C3 is mainly contributed by C5 and in minor by C3 (40.53, 0.41).
This distribution favors the nucleophilic addition of C5 to C3. A
small portion located on p orbital of 01 and 02 (4.02, 9.50) echoes
the synchronous H transfer between the two atoms. This also can
be verified by MBO values for 01---H1, H1:--02, C5---C3 (0.24, 0.45,
0.25).
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Aldol reaction

The next phase aldol reaction was initiated by ketone C1
through two steps. A synergistic nucleophilic and electrophilic ad-
dition takes place via ts-CD1 in step 1 with a barrier of 35.4 kcal
mol* exothermic by -51.2 kcal mol! leading to D1. The transition
vector describes the double attack of negative middle acetylene C2
to C4 of ortho-positioned aldehyde group and positive terminal
acetylene C3 to carbonyl 03 (1.81, 2.13 A). Both of the two double
bond C2-C3 and C4-03 stretch to single one as an auxiliary (1.42,
1.33 A) (Figure S1b). From FMO analysis on ts-CD1, the composi-
tion of HOMO contains bonding orbital of C2-C4 major on C2 minor
onaC4(22.41, 3.03). Another part was devoted by the lone pair on
p orbital of 03 (50.48). These two parts are exactly in alignment
with double addition from nucleophilic C2 and 03. The upcoming
formation of C2-C4 and C3-03 bond is also verified by MBO values
for C2:--C4 and C3:--03 (0.57, 0.20), where C2:--C3 and C4---03 are
elongated with MBO value of 1.14. Hence this efficient step not only
generates a new five-membered ring with the second new C2-C4

bond but a rigid four-membered ring in the structure of D1.

From D1 the next step 2 proceeds via ts-DE1 to accomplish the
opening of quaternion ring and H transfer with activation energy
of 15.2 kcal mol™ exothermic by -56.4 kcal mol™ delivering inter-
mediate E1. From the transition vector, besides the remarkable H1
shifting from C2 to 03, the C3-03 bond is breaking (1.6, 1.21, 1.51
A) (Figure S1c). The key hydroxyl 03H1 of product fluorenol is gen-
erated in E1. The correctness of ts-DE1 is also confirmed by FMO
analysis. HOMO is somewhat evenly distributed on C2, H1, and 03
(65.47, 5.79, 3.87) as well as MBO values for C2:--H1 and H1-:03
(0.32, 0.33). The value of C3---03 (0.67) indicates the cleavage of
C3-03 bond. Via this step fairly easy in kinetics, not only the four-
membered ring with high tension is destroyed leaving one stable
ring in E1 but new hydroxyl group is generated from original al-
dehyde. The double cyclization of step 1 is determined to be rate-

limiting of aldol reaction.

Aldol condensation and aromatization

Three steps are required to complete the third phase of aldol
condensation. To enhance nucleophilic ability of C7, H2 on another
methylene of E1 is transferred from C7 to carbonyl O1 obtaining its
enol structure F1 determined to be more reactive. This is regarded
as step 1 via ts-EF1 with a barrier of 35.4 kcal mol™ relative to E1
delivering F1 increased in energy by 12.9 kcal mol™. The transition
vector suggests the departure of H2 from C7 to 01 (2.13, 2.03 A)
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(Figure S1d). Noticeably, this is distinct from the all previous enol-
ketone tautomerism involving a third atom 02 as an intermedi-
ary assistance effectively decreasing the relative energy of ts-EF1
(-21.0 kcal mol™). So during transfer, H2 is constantly bonded to
02. The above results from energy and structure are in accordance
with FMO results. HOMO of ts-EF1 is in major composed of bond-
ing orbital adjacent to C7 and p orbital on 01 (52.25, 24.49). The
peculiarity of this tautomerism with a unique transfer station for
the shifting H is proved by small MBO values of C7---H2 and H2---01
(0.07, 0.13) whereas comparatively large for H2---02 (0.56).

Step 2 is a typical concerted asynchronous process including
H transfer as precursor while relatively lagging nucleophilic addi-
tion. From F1, this step occurs via ts-FG1 with a small barrier of
21.6 kcal mol™ dramatically exothermic by -68.3 kcal mol™! realiz-
ing another annulation through the formation of third new C7-C1
bond and second new six-membered ring yielding intermediate
G1. The transition vector of ts-FG1 comprises the former donation
of H2 by 01, reception by 02 and the latter linkage of C7-C1 (1.3,
1.13, 2.38 A) (Figure Sle). Here the carbonyl group of ynone is
also changed to hydroxyl in stable G1. For ts-FG1, the large part of
HOMO is contributed by of bonding orbital on C7-C1 (35.26, 2.24)
and a small part devoted by the lone pair electron on p orbital of
01, 02 (14.80, 4.41). What's more, MBO values of 01---H2, H2---02,
C7--C1 (0.28, 0.41, 0.25) agrees well with this concert asynchro-

nous process.

With previous two steps as preparation, the aldol condensation
is finally realized in step 3 via ts-GH1. With respect to G1, the bar-
rier 59.9 kcal mol™ is somewhat high yet still feasible considering
a low relative energy of ts-GH1 (-8.4 kcal mol™). Thereby, step 3
is determined to be rate-limiting kinetically. The transition vector
describes a concurrent rapture of hydroxyl 02H2 from C1, H3 from
C7, and bonding of H3---02 (1.60, 1.50, 1.20 A) (Figure S1f). After
the removal of H3-02H2 in forms of one water molecule, the third
new C7-C1 single bond becomes double one in intermediate H1
exothermic by -60.0 kcal mol™. For HOMO of ts-GH1, a large part is
composed of C7-C1 bonding orbital especially on C7 together with
a small part on p orbital of 02 (46.05, 11.27). MBO values indicate
the breaking of C7---H3, C1---02, closing of 02---H3 and enhancing
of C1---C7 (0.36, 0.68, 0.40, 1.21).

Finally, the aromatization takes place among methylene C5, the

remaining H4 on it and the ketone carbonyl 01 from the last inter-

10
mediate without water denoted as I1. It's a one-step H4 transfer
from C5 to 01 via ts-I15 with activation energy of 51.6 kcal mol™*
exothermic by -74.1 kcal mol™ furnishing final product 5, which is
lower in energy by 11.3 kcal mol™ than I1 with vital enol structure

stabilized by intramolecular H bond.

Solvent effect and reaction with o-bis-ynone, p-bis-o-formyl-

ynone

The impact of DMSO solution is explored in view of the solvent
effect on reaction estimated by our approach [32-34]. It's expected
to be not obvious on this neutral system, just as the difference value
of absolute energies between in gas phase and solution listed for all
stationary points (Table S1). Generally, the decreased energies are
in the of range -40~-60 kcal mol™. For most steps, the activation
energies are reduced by (-3~-10 kcal mol™) in solution phase com-
pared with in gas (Table S2). Especially, the most noteworthy point
is ts-DE1, the energy of which in DMSO is downbhill by -146.8 kcal
mol™ from that in gas phase. This effectively cuts down the activa-
tion energy by -94.2 kcal mol™ of the step forming vital hydroxyl
group of fluorenol. Accordingly, the DMSO solution exerts much
favorable influence on this indeno-annulation of o-formyl-ynone
with DMAD for cascade synthesis of functionally endowed fluore-

nol.

Given the similar process of the other two substrates o-bis-
ynone and p-bis-o-formyl-ynone, only typical steps of aldol reac-
tion were explained in detail to discuss the difference with the case
of o-formyl-ynone. As a comparison of barrier via ts-CD1, ts-DE1
(35.4, 15.2 kcal mol™), the four barriers via ts-CD2, ts-DE2, ts-CD3,
ts-DE3 are 47.0, 43.6, 32.5, 26.8 kcal mol™ respectively. The re-
duction values by DMSO are -68.4 and -71.5 kcal mol™ for ts-DE2
and ts-DE3. Hence, involving simple CHO aldehyde group at ortho-
position, the ynone substrates 1 and 3 are determined to be more
favorable than with substituted CHO of 2 in the participation of

indeno-annulation.

Conclusion

Our DFT calculations provide the first theoretical investigation
on indeno-annulation of o-formyl-ynone, o-bis-ynone, p-bis-o-
formyl-ynone with DMAD for synthesis of 9-fluorenol, 9-alkynyl-
9-fluorenol, indeno-[1,2-b]fluorenol under metal-free condition.
The cascade process consists of Michael addition, aldol reaction

aldol condensation/aromatization three phases. The nucleophilic
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attack is initiated by DMAD enol form to ynone in Michael addition
delivering an accumulated diene also in enol form with the first
new C-C bond. From its ketone isomer, the second new C-C bond
was obtained via aldol reaction followed by H transfer produc-
ing five-membered ring and vital hydroxyl group of fluorenol. As
preparation, two steps of enol-ketone tautomerism and annulation
are prior to real aldol condensation affording the third new C-C
bond and another six-membered ring. The final product is given
via aromatization turning from ketone to enol stabilized by intra-

molecular H bond.

The positive solvation effect lies in effective reduction of abso-
lute and activation energies for aldol reaction in DMSO solution.
Based on the comparison of three substrates, DMSO solution ex-
erts more favorable influence on ynone with simple CHO at ortho-
position than the case with substituted CHO for this indeno-annu-
lation. These results are supported by Multiwfn analysis on FMO of
specific TSs and MBO value of vital bonding, breaking.
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