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The CpXRh(Ill)-catalyzed asymmetric cascade C-H coupling/intramolecular cyclization of azomethine
imines with propargyl carbonates has been developed, affording a variety of chiral tetracyclic indenopy-
razolopyrazolone frameworks with good substrate/functional group tolerance and enantioselectivity (up
to 97:3 er). Combined experimental studies and DFT calculations revealed the Rh(Ill)-catalyzed stepwise
annulation process and clarified the synergy coordination mode of dual directing groups in tuning the
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In terms of the high efficiency and good atom-/step-economy,
transition metal (TM)-catalyzed C-H functionalization strategy has
been demonstrated as a practical protocol in synthetic chemistry
[1-3]. Up to date, diversified directing groups (DGs) and coupling
partners (CPs) have been developed to achieve challenging reaction
modes in this field [4-11]. On the other hand, the cascade reac-
tion involving multiple new bonds formation via a simple one-pot
operation has drawn continuous interest due to its superiority in
assembling complex molecules, consequently, the combination of
TM-catalyzed C-H functionalization and the cascade strategy has
been proven to be a powerful approach for the rapid synthesis of
polycyclic ring-fused motifs [12-18]. Azomethine imines, equipped
with a dipolar fragment, had been developed as versatile reactants
to participate in diverse C-H functionalization/dipolar cycloaddition
cascades, which provided reliable synthetic methods to afford var-
ious ring-fused skeletons (Scheme 1a) [19-24]. Despite these re-
markable advances, there is still room for improvement, e.g., devel-
oping novel reaction manifold and realizing asymmetric synthesis
of intriguing complex structures.

More recently, by appropriately modifying the atropchi-
ral cyclopentadiene (Cp) ligands, a variety of CpX-coordinated
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a) Construction of ring-fused motifs via TM-catalyzed C-H functionalization of azomethine imines
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Scheme 1. Diversified assembly of ring-fused motifs via TM-catalyzed C-H func-
tionalization of azomethine imines.

rhodium(IIl) (CpXRh(Ill)) complexes have been developed as com-
petent catalysts to fulfill asymmetric C-H functionalization re-
actions [25-28]. Compared with precedented CpXRh(Ill)-catalyzed
C-H couplings [29-36], it is changeling, but extremely attractive to
explore the versatility of this strategy for constructing chiral poly-
cyclic ring-fused frameworks via cascade transformations. To ad-
dress this issue: 1) a TM-catalyzed cascade process is typically in-
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Fig. 1. Computed Gibbs free energy changes of the reaction pathways.

volved in forming the chiral center; 2) proper coordinated envi-
ronments should be engaged in balancing the reactivity and stere-
oselectivity. Taking advantage of chiral CpXRh(Ill)-catalyzed asym-
metric C-H functionalization in fulfilling intriguing enantioenriched
skeletons, herein, we would like to disclose the enantioselective C-
H couplings of azomethine imines with propargyl carbonates [37-
41] for the construction of chiral tetracyclic indenopyrazolopyra-
zolone derivatives (Scheme 1b). This transformation was rationally
designed on the basis of Rh(Ill)-catalyzed stepwise cycloaddition
process, which was probed by detailed DFT calculations. Further
rationalization of the enantioselectivity and the role of dual di-
recting groups (DDGs, azomethine imine and the -OBoc moiety)
in tuning the selectivity were also clarified.

At the outset of our investigation, the racemic C-H coupling of
azomethine imine 1a with propargyl carbonate 2a was success-
fully realized in the presence of diverse TM catalysts, giving access
to the specific assembly of tetracyclic indenopyrazolopyrazolone
framework 3aa (Table S1 in Supporting information) [42]. Both
ruthenium(Il)- and Rh(Ill)-catalytic systems were demonstrated to
be ideal for this transformation, while iridium(III) catalyst gave rel-
atively inferior efficiency. Encouraged by these results and in con-
sideration of the Cp*Rh(Ill)-enabled diverse novel reaction mani-
folds, we were next intrigued to gain more insight into the reaction
mechanism, in particular, to clarify the potential synergy directing
mode of azomethine imine and the -OBoc moiety with the catalyst
metal in tuning both the reactivity and regioselectivity, thus pro-
viding an opportunity to realize the enantioselective synthesis of
the corresponding ring-fused motifs.

In continuation of our work on exploring the synergistic coor-
dination mode of DDGs in Rh(Ill)-catalyzed C-H functionalization
[43-45], therefore, a set of density functional theory (DFT) stud-
ies were first carried out by selecting the rhodacycle INT-0 as the
starting point with TFE being the solvent. Initially, the coordina-
tion of propargyl carbonate with rhodium metal (INT-1) followed
by regioselective insertion of the alkyne into C-Rh bond via the
transition state TS-1 (AG* = 21.4 kcal/mol) led to the formation
of INT-3, which facilely converted into a more stable intermediate
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INT-4 bearing distinct coordination affinity between -OBoc and the
rhodium metal center (Fig. 1). Thereafter, the $-0O elimination from
INT-4 proceeded via TS-3 with an energy barrier of 7.6 kcal/mol,
giving the allene intermediate INT-5 with an exothermic process
(path I). Different possible pathways for the following [3 + 2] cy-
cloaddition were then calculated. In path I, a metal-free annula-
tion from INT-6¢ proceeded through TS-4¢ with an energy barrier
of 24.6 kcal/mol (from INT-5 to TS-4c¢), affording the final tetra-
cyclic indenopyrazolopyrazolone PC with an overall exothermicity
by 33.8 kcal/mol. As a comparison, the Rh(Ill)-catalyzed [3 + 2] cy-
cloaddition via TS-4 (AG* = -1.8 kcal/mol) and TS-5 (AG* = -9.8
kcal/mol) led to the formation of PC with a relatively lower energy
barrier of 13.7 kcal/mol (path I, from INT-5 to TS-4), implying the
rhodium metal might be involved in the annulation process. On
the other hand, removal of the -OBoc moiety from INT-3 resulted
in the coordination of the allene double bond with rhodium metal
(INT-6b), followed by the annulation through TS-4b with an energy
barrier of 24.5 kcal/mol (path I¢). Obviously, path I, involving the
Rh(Ill)-catalyzed stepwise C-C/C-N bond formations was more rea-
sonable based on the reaction energy profile, and -OBoc played a
key role in tuning the regioselectivity and reactivity by the coordi-
nation interaction. An alternative Rh(lll)-catalyzed stepwise C-N/C-
C formation process involving 8-membered rhodacycle species was
ruled out due to the high energy barriers (Fig. S1 in Supporting
information).

Alternatively, the intramolecular nucleophilic addition of the
vinyl C-Rh bond in INT-4 onto the iminium via TS-3a led to the
formation of INT-5a with an energy barrier of 15.8 kcal/mol (path
1), further C-O bond cleavage via TS-4a (AG* = -15.1 kcal/mol)
offered the intermediate INT-6. Overall, the comparison of the
energy barriers in different reaction pathways revealed that the
cascade B-0 elimination/Rh(IlI)-catalyzed stepwise annulation via
path I, was more favorable rather than that of path II (13.7 vs. 15.8
kcal/mol), nevertheless, the relatively small energy difference of 2.1
kcal/mol dropped a hint that both two paths might be involved
in the developed transformation as a competitive process. In addi-
tion, the Ru(ll)-catalyzed reaction paths were also calculated and
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Table 1
Optimization of asymmetric reaction.?

R K‘ OBoc
“ \- + ph——=—{
LA N \

-Rh1, R = OMe, X=I
-Rh2, R' = O'Pr, X=I
-Rh3, R' = OTIPS, X=I
-Rh4, R' = OMe, X=Cl
-Rh5, R' = O'Pr, X=CI

chiral Rh cat. (2.5 mol%)
AgX (20 mol%)
solvent, T, 12 h

R® = OMe, (R)-Ir1

R? = OMe, (S)-Rh6

Entry  Catalyst AgX Solvent T (°C) Yield (%)° erc

1 (R)-Rh1  AgSbFg  DCE 40 46 37:63
2 (R)-Rh1  AgSbFg  DCE r.t. 47 27:73
3 (R)-Rh2  AgSbFs  DCE r.t. 65 20:80
4 (R)-Rh3  AgSbFgs  DCE r.t. 46 38:62
5 (R)-Rh4  AgSbFg  DCE r.t. 41 28:72
6 (R)-Rh5  AgSbFs  DCE r.t. 36 39:61
7 (S)-Rh6  AgSbFg  DCE r.t. 56 78:22
8 (R)-Ir1 AgSbFg DCE r.t. nd -

9 (R)-Rh2  AgSbFs  DCM r.t. 50 28:72
10 (R)-Rh2  AgSbFg  TFE Lt 66 13:87
11 (R)-Rh2  AgSbFg  PhCl r.t. 41 13:87
124 (R)-Rh2  AgOTf TFE r.t. 58 10:90
134 (R)-Rh2  AgNTf,  TFE r.t. 61 8:92
144 (S)-Rh6  AgBF, TFE Lt 46 91:9
154 (S)-Rh6  AgF, TFE r.t. 67 92:8
164 (S)-Rh6  AgF, TFE 0 41 89:11
174 (S)-Rh6  AgF, TFE -30 33 92:8

2 Reaction conditions: 1a (0.1 mmol), 2a (0.1 mmol), chiral Rh cat. (2.5 mol%)
and AgX (20 mol%) in the solvent (0.2 mol/L) for 12 h.

b Isolated yields were reported.

¢ Determined by HPLC with a chiral stationary phase.

d The reaction was conducted in TFE (0.1 mol/L) for 24 h.

featured a similar energy barrier of 13.0 kcal/mol for the cascade
B-0 elimination/intramolecular annulation, while relatively higher
energy barrier (AG* 24.1 kcal/mol, from INT-4g, to TS-3agy,)
was involved for the nucleophilic addition process in comparison
with Rh(IIl) catalysis (Fig. S2 in Supporting information). The re-
sults demonstrated that different reaction pathways might be in-
volved varying with the catalyst metal, in which the cascade C-
H activation/8-0 elimination/annulation process was more reason-
able for Ru(ll)-catalyzed transformation.

On the basis of the DFT calculation results and taking advan-
tage of the revealed Cp*Rh(IlI)-catalyzed [3 + 2] stepwise cycload-
dition process, we envisioned that the rational design of a chi-
ral CpXRh(Ill) catalyst may enable the enantioselective pattern of
the developed C-H cascades to furnish enantioenriched tetracyclic
indenopyrazolopyrazolones. The asymmetric reaction of 1a with
2a was tested using a commercially available chiral (R)-Rh1 cat-
alyst. As predicted, the desired enantioenriched product 3aa was
obtained smoothly albeit with less satisfactory enantioselectivity
(Table 1, entry 1). Further examination of other chiral Rh(IIl) cat-
alysts revealed that the -OPr substituted (R)-Rh2 and the spiro
Cp coordinated (S)-Rh6 resulted in relatively high er values, while
chiral Ir(Ill) catalyst (R)-Ir1 showed no reactivity under the simi-
lar conditions (entries 2-8). A screening of diverse reaction solvent
indicated that TFE was optimal. Variation of diverse silver salts,
additives and reaction concentrations demonstrated that the (R)-
Rh2/AgNTf, and (S)-Rh6/AgF, system worked equally to furnish
both enantiomers of 3aa with 92:8 er. Additionally, no more en-
hancement of the enantioselectivity was achieved by further re-
ducing the reaction temperature down to -30 °C or employing the
chiral Brensted acid as a co-catalyst (Table S4 in Supporting infor-
mation).
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The scope of the chiral Rh(Ill)-catalyzed asymmetric C-H cou-
pling/[3 + 2] stepwise cycloaddition reaction was then exam-
ined under the optimal conditions in the presence of (S)-Rh6,
giving a direct access to a variety of enantioenriched tetracyclic
indenopyrazolopyrazolone products. As shown in Scheme 2, the
chiral Rh(Ill)-catalyzed C-H cascades were compatible to various
azomethine imines regardless of the electronic properties and po-
sitions of the substitution on the phenyl ring, affording the corre-
sponding indenopyrazolopyrazolones in good to excellent enantios-
electivities (range from 81:19 to 97:3 er). The absolute configura-
tion of the chiral carbon center was determined to be (S) by the X-
ray crystallographic analysis of compound 3ha. Further exploration
of the scope with regard to propargyl carbonates showed compa-
rably good compatibility with aryl-, heteroaryl- or alkyl-substituted
substrates, which reacted smoothly with 1a to provide the desired
C-H alkenylation/[3 + 2] stepwise cycloaddition products (3ab-ao)
in an enantioselective manner. Nevertheless, terminal alkyne and
ester or pyridyl tethered propargyl carbonates were not compati-
ble, thus illustrating the substrate limitation of this transformation.
Of note, the use of asymmetrical propargyl carbonates (rac)-2p and
(rac)-2q resulted in the formation of the tetracyclic indenopyra-
zolopyrazolone bearing two chiral centers, and the dr value was
determined to be 5/1 and 4/1. When tert-butyl(1-phenylbut-2-yn-
1-yl)carbonate was used, two diastereomers were also successfully
obtained albeit with relatively moderate enantioselectivity (3ar
and 3ar’).

In combination with the computational mechanistic studies and
the chiral CpX*Rh(Ill)-enabled enantioselective pattern of the devel-
oped protocol, we were next intrigued to carry out a set of experi-
mental mechanistic studies for deeper understanding of the DDGs-
assisted strategy. Initially, diverse propargyl carbonate analogs
were subjected to the (S)-Rh6 catalyzed conditions. The results
showed that -OH, -OAc and -NHTs were all compatible coordinated
DGs to enable the observed C-H alkenylation/[3 + 2] cycloaddition
cascade, while er values varied with different steric hindrances.
These results implied that the -OBoc moiety was essential in re-
alizing high enantioselectivity of this reaction (Scheme 3a). Sub-
sequently, deuterium-labeling experiment was conducted to fig-
ure out the reversibility of the C-H bond cleavage process. With
CD30D being the deuterium source, obvious deuterium incorpora-
tion at the ortho-position of DG in both recovered 1a and the tetra-
cyclic indenopyrazolopyrazolone 3aa was detected, suggesting a re-
versible and fast C-H metalation process (Scheme 3b) [46]. In addi-
tion, the alternative asymmetric C-H alkenylation/[3 + 3] cycload-
dition process occurred under the catalysis of (R)-Rh6/AgF, fur-
nishing the corresponding tetracyclic indenopyrazolopyridazinone
derivative 4 in an enantioselective manner, which provided a cir-
cumstantial evidence to support the formation of the allene in-
termediate followed by the allylic C-H bond cleavage mediated
by Rh(III) catalyst (Scheme 3c). In a comparison with precedented
Ru(ll)-catalyzed C-H coupling of azomethine imine with allylic ac-
etal [21], we tested the chiral CpXRh(Ill) catalytic system for this
transformation and delivered the desired product 6 with 68:32
er (Scheme 3d). This result demonstrated that the Rh(IIl) catalyst
should be involved in the [3 + 2] dipolar cycloaddition process
rather than the previously reported metal-free annulation, which
was in good line with our DFT calculations.

Further rationalization of the enantioselectivity in (S)-Rh6 cat-
alyzed (S)-selective C-H coupling/[3 + 2] stepwise cycloaddition
was carried out by DFT studies. On the basis of the computed
Gibbs free energy change profiles shown in Fig. 1, the Rh(III)-
catalyzed annulation via TS-4 constituted the stereo-determining
step of path I, while the neucleophilic addition through TS-3a
constituted the stereo-determining step of path II. Accordingly, the
transition states TS-4r/TS-4s and TS-3agr/TS-3ag with respect to
both (R)- and (S)-enantiomers via different reaction pathways were
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investigated and the differences of free energies were listed in
Fig. 2. The calculations using different levels of theoretical stud-
ies showed consistent results that the free energy of TS-4x/TS-3ag
was higher than that of the corresponding (S)-enantiomer, with the
energy difference ranged from 1.6 kcal/mol to 2.3 kcal/mol, which
accounted for our experimental observation that the enantioen-
riched (S)-3 were formed enantioselectively. The energy barriers
for the assembly of (S)-3aa via both (S)-Rh6-catalyzed paths were
also calculated (Fig. S3 in Supporting information) and resulted in
a value of 15.2 kcal/mol for path I, (from INT-55 to TS-4s) and
14.1 kcal/mol for path II (from INT-4g to TS-3ag). The small energy
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TS-4g

AAG? (kcal/mol) (TS-3ag-TS-3ag) (TS-4g-TS-4s)

MO06 SMD // B3LYP 21 1.9
B3D3 SMD // B3LYP 1.6 23
wB97XD SMD // B3LYP 2.0 1.8

Fig. 2. Optimized geometries and energy differences of the transition states in
the stereo-determining step for chiral (S)-Rh6 catalyzed tandem C-H alkenyla-
tion/[3 + 2] stepwise cycloaddition.

difference of 1.1 kcal/mol illustrated a competitive process in this
transformation, which might be the origin of relatively moderate
er values for some substrates due to the difficulty in tuning both
reaction paths enantioselectively.

On the basis of combined DFT calculations and experimental
mechanistic studies, the catalytic cycle is tentatively proposed for
the developed chiral CpXRh(Ill)-catalyzed enantioselective transfor-
mation (Scheme 4). Initially, the cationic Rh(III) species is formed
as an active catalyst, followed by the azomethine imine-assisted re-
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versible C-H bond activation to afford the six-membered rhodacy-
cle A. Subsequent regioselective migratory insertion of the alkyne
moiety delivers intermediate B, which features distinct coordina-
tion affinity between -OBoc and the rhodium metal center. There-
after, two competitive pathways involving B-O elimination/Rh-
catalyzed stepwise intramolecular annulation (path I) or nucle-
ophilic addition/C-N annulation (path II) processes are realized
to furnish the tetracyclic indenopyrazolopyridazinone (S)-3aa in a
redox-neutral manner. The observed (S)-selectivity was rational-
ized by the model presented in Fig. 2 for both paths, in which the
synergistic DDGs-assisted coordination mode plays crucial role in
tuning the enantioselectivity.

In summary, we have developed the Rh(Ill)-catalyzed and
DDGs-assisted enantioselective C-H coupling/intramolecular cy-
cloaddition cascade for the asymmetric synthesis of ring-fused
tetracyclic indenopyrazolopyrazolone structures. Through inte-
grated computational and experimental mechanistic studies, the
detailed reaction pathway involving a catalyst metal-catalyzed
stepwise annulation, the coordination mode and role of DDGs,
as well as the origin of regio- and enantioselectivity have been
elucidated. Further development of innovative synergistic DDGs-
enabled C-H functionalization strategy for the construction of
intriguing skeletons and biologically important organic building
blocks are ongoing in our laboratory.
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