Open Access Article. Published on 16 April 2024. Downloaded on 3/19/2026 11:46:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ORGANIC CHEMISTRY

CHINESE

CHEMICAL ROYAL SOCIETY

CCS
S OF CHEMISTRY

FRONTIERS

RESEARCH ARTICLE

{ M) Check for updates ‘

Cite this: Org. Chem. Front., 2024,
11, 3214

Received 27th February 2024,
Accepted 14th April 2024

DOI: 10.1039/d4qo00368c

rsc.li/frontiers-organic

PELFES

SOCIETY

View Article Online

View Journal | View Issue

Palladium-catalyzed and ligand-controlled
divergent cycloadditions of
vinylidenecyclopropane-diesters with
para-quinone methides enabled by zwitterionic
mt-propargyl palladium species}

*a,b

Jia-Hao Shen,? Yong-Jie Long,? Min Shi {2 ° and Yin Wei
A palladium-catalyzed divergent synthesis of spiro-cyclohexadienones with a five- or a six-membered
ring by a cycloaddition reaction of vinylidenecyclopropane-diesters (VDCP-diesters) with p-quinone
methides (p-QMs) was disclosed. This protocol features a switchable process between [3 + 2] and [4 + 2]
cycloadditions tuned by subtle choice of the phosphine ligand. The substrate scopes have been investi-
gated and the reaction mechanism has been clarified by mechanistic studies; and DFT calculations also
revealed that the coordination modes of the ligands with the substrates and the bite angle of the ligands
play critical roles in the product regioselectivity.

Introduction

Spiro-cyclohexadienones are widely found as natural molecular
backbones in bioactive natural products and have been impor-
tant sources of medicines and organic synthetic building
blocks (Fig. 1)." Thus, great efforts have been devoted to the
synthesis of functionalized spiro-cyclohexadienones.” Several
strategies for the efficient construction of spiro-cyclohexadie-
nones have been reported in recent years.* The p-QM consists
of a cyclohexadiene moiety that is in para-conjugation with a
carbonyl group and an exo-methylene component, which
serves as an important intercalated allylic Michael receptor.'**
The ability of the para double bond to undergo nucleophilic
addition with a wide range of nucleophilic reagents enables
[2 + n] spirocyclization products to be provided.>”
Spirocyclopropanation reaction of p-QMs with o-keto carbo-
nyls,*? carbocyclic spiro[5,5]undeca-1,4-dien-3-ones via 1,6-
conjugate addition initiated formal [4 + 2] annulation sequen-
ces,”® and Pd-catalyzed annulated coupling of spirovinyl-cyclo-
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propyl oxindoles with p-QMs (Scheme 1a) were reported in
recent years.’ Very recently, the metal-free cycloaddition reac-
tions of p-QMs with halo alcohols to generate divergent types
of total carbon spiro-cyclohexadienone compounds were also
reported.”®

On the other hand, cycloaddition reactions via amphiphilic
palladium species have been intensely studied in the past few
years,® wherein palladium-catalyzed reactions of propargyl
species are challenging due to the greater complexity in achiev-
ing regioselective and chemoselective transformations.” In
recent years, our group has developed and explored a series of
reactions  employing  vinylidenecyclopropane  (VDCP)
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a) Outline of p-QM Involved Spiro Cyclization Reactions.
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Scheme 1 Previous works and this work.

derivatives,””'® which are small cyclic compounds containing

a highly reactive cyclopropane ring attached to an allene
moiety. In 2021, our group reported the first reaction of
zwitterionic n-propargyl palladium species derived from VDCP-
diesters,"! which realized the regio-divergent synthesis of spir-
ooxindoles fused with a five- or a six-membered ring by switch-
ing the phosphine ligand (Scheme 1b). The zwitterionic
n-propargyl palladium species was proposed as the key reac-
tion intermediate (Scheme 1b); however, the demonstration of
the mechanism of the reaction was not revealed clearly in pre-
vious work.

Based on the previous research and the progress of our
group’s research on zwitterionic n-propargyl palladium species
from vinylidenecyclopropane-diesters (VDCP-diesters),"’ we
anticipated the palladium-catalyzed cycloaddition of p-QMs
with VDCP-diesters to be an effective and facile method to
provide a series of spiro-cyclohexadienone compounds.
Herein, we wish to report the palladium-catalyzed cycloaddi-
tions of p-QMs with VDCP-diesters which were tuned by phos-
phorus ligands to generate diverse spiro-products, and explore
the reaction mechanism involving the zwitterionic n-propargyl
palladium species as the key reaction intermediates and criti-
cal factors influencing the cycloaddition modes (Scheme 1c).
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To explore the proposed synthesis of spiro-cyclohexadie-
nones, we started with a model reaction employing p-quinone
methide 1a and VDCP-diester 2a as the substrates, and opti-
mized the reaction conditions using Pd,dba; as a palladium
catalyst, DPEphos as a ligand, Yb(OTf); as a Lewis acid addi-
tive, 4 A MS as an additive and Cs,CO; as an inorganic base
additive in tetrahydrofuran (THF) at 65 °C for 22 h.
Gratifyingly, the corresponding [3 + 2] spiro-cyclohexadienone
product 3a was obtained as a single product in a yield of 24%
(Scheme S1 in the ESIf). The structure was unambiguously
determined by X-ray diffraction. The ORTEP drawing is shown
in Scheme 2 and the CIF data are summarized in the ESLft
First, we examined the temperature influence and determined
that the optimal reaction temperature was 45 °C (Table 1,
entries 1-4). To enhance the nucleophilicity of the substrate
p-QMs, DMAP (50 mol%) was added into the reaction system,
and we identified that the reaction produced 3a in 68% yield
under otherwise identical conditions (Table 1, entry 5). Then,
we further examined the solvent effects, and using MeCN as
the solvent, the desired product was obtained in 85% yield
and that served as the optimal reaction condition. The use of
other solvents, such as toluene, DCE, dioxane, DMF and
DMSO, furnished the desired products in 27%-82% yields
(Table 1, entries 6-11). Using Binap and Xantphos as ligands
gave 3a in lower yields (32% yield with Xantphos and 55%
yield with Binap) than that using DPEphos (Table 1, entries 12
and 13). Moreover, we examined the base additives and found
that using both organic and inorganic bases did not work as
well as Cs,CO; (Table 1, entries 14 and 15). Changing the pal-
ladium source from Pd,dba; to Pd(OAc), and Pd(PPh;), did
not affect the yield significantly, giving 3a in 77% and 79%
yields, respectively (Table 1, entries 16 and 17).

Surprisingly, we obtained a mixture of [4 + 2] cycloaddition
product 4a and [3 + 2] cycloaddition product 3a employing the
Ph-PHOX ligand, during optimization of the phosphorous
ligands. Next, we turned our attention to further optimizing
the reaction conditions for generation of the [4 + 2] cyclo-
addition product 4a. We also examined the reaction under
similar conditions to those mentioned above. Temperature
and solvents were primarily examined, and the yield of 4a
increased to 74% and the total yield was 97% when 1,4-
dioxane was used as the solvent (Table 2, entry 3). In the case
of using the DPEphos ligand, the total yield of products
decreased with increasing reaction temperature. Overall, the
optimal conditions for the production of 4a were to carry out
the reaction in 1,4-dioxane at 45 °C for 12 h with Ph-PHOX as
a ligand. The X-ray crystal structure of 4a is shown in
Scheme 3.

On the basis of the above optimized conditions for this
divergent cycloaddition reaction, the substrate scope for the [3
+ 2] cycloaddition reactions between p-QMs 1 and the zwitter-
ionic n-propargyl palladium species generated from VDCP-die-
sters 2 was investigated, and the results are shown in
Scheme 2. Fixing the R* group as a t-butyl group, whether an
electron-withdrawing or -donating substituent was introduced
at the para-position of the benzene ring on the p-QM, the reac-
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EoE 3d, R' = OMe (74%) 3i, R" = NO, (42%) 3k, R" = Br (76%) 3n, R = CH; (72%)
Et(ZDZC 3e, R" = 0Bn (72%) 3j, R =F (72%) 31, R = CHj (70%) 30, R" = OMe (63%)
3m, R' = OMe (83%) 3p, R = CI (85%)
Bu 0 oy
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’ O ‘Bu  X-ray structure of 3a
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(a) Reaction conditions: a solution of 1 (0.1 mmol) and 2 (0.25 mmol), Pd,dbas (2.5 mol%), DPEphos (7.5 mol%), Yb(OTf)3 (10.0 mol%), 4A MS (100 mg),
DMAP (50.0 mol%) and Cs,CO3 (0.1 mmol) in MeCN (1.0 mL) was heated at 45 °C for 12 h, isolated yield. (b) DMF as solvent.

Scheme 2 Substrate scope of [3 + 2] cycloaddition between p-QMs 1 and VDCPs 2. ? Reaction conditions: a solution of 1 (0.1 mmol) and 2
(0.25 mmol), Pd,dbas (2.5 mol%), DPEphos (7.5 mol%), Yb(OTf)s (10.0 mol%), 4 A MS (100 mg), DMAP (50.0 mol%) and Cs,COs (0.1 mmol) in MeCN

(1.5 mL) was heated at 45 °C for 12 h; isolated yield. ®? DMF as solvent.

tions proceeded smoothly, and the target products 3a-3j were
obtained in 42%-85% yields. The low yield of the nitro-substi-
tuted product 3i was probably due to the low stability of the
product. Employing substrates having substituents at the meta-
position of the benzene ring, the target products 3k-3m were
also obtained in 70% to 83% yields. In addition, substrates
1n-1p having substituents at the ortho-position of the benzene
ring were tolerated in this reaction, affording the desired pro-
ducts 3n-3p in 63% to 85% yields. R groups that were a het-
erocycle or a fused aromatic ring also gave the desired pro-
ducts 3q-3u in 65% to 83% yields. However, the reaction did
not occur when R" was a methyl group; this result indicated
that the aryl ring structure was necessary (Scheme S3 in the
ESIT). In addition, we tested the reaction of substrate VDCP-
diester 1v having an ethyl group at the terminal position of the
allene moiety, and the corresponding product 3v was obtained
in 30% yield with 2.3:1 dr, probably due to steric effects.

3216 | Org. Chem. Front., 2024, N, 3214-3224

Methyl- and benzyl-substituted VDCP were also reacted with
Pp-QMs to produce the desired products, giving the desired pro-
ducts 3w and 3x in 63% and 78% yields, respectively. However,
when the VDCP-diester had an isopropyl group at R*, the
corresponding product was not obtained (Scheme S3 in the
ESIT). We then examined the R*> group and found that when
the t-butyl group was replaced with a phenyl group, the reac-
tion proceeded smoothly with DMF as the solvent and the
target product 3y was obtained in 72% yield. Subsequently,
keeping R as a phenyl group, variation of R' produced 3z-3ae
in moderate yields under the same conditions. However, when
the R* group was changed from ¢-butyl to isopropyl and methyl
groups, a significant decrease in yield ensued, with 3af and
3ag produced in 40% and 23% yields, respectively.

Next, the scope of the [4 + 2] cycloaddition reaction was
also investigated under the optimal conditions, and the results
are displayed in Scheme 3. Note that the yields were deter-

This journal is © the Partner Organisations 2024
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Table 1 Optimization of reaction conditions for generation of product 3a
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Bu
O , Eoc \/COzEf Pdzdbag, Ligand, Yb(OTfs O O
O ‘ base, solvent, T, t
G By EtO,C
EtO,C
1a 2a 3a

Entry” a (equiv.) [Pd] Ligand Solvent Base DMAP (mol%) T, °C t (h) ield® (%)
1 2.5 Pd,dba; DPEphos THF Cs,CO3 — 40 22 29
2 2.5 Pd,dba, DPEphos THF Cs,CO;3 — 45 22 46
3 2.5 Pd,dba; DPEphos THF Cs,CO3 — 50 22 36
4 2.5 Pd,dbaj DPEphos THF Cs,CO3 — 55 22 31
5 2.5 Pd,dba; DPEphos THF Cs,CO3 50 45 12 68
6 2.5 Pd,dba, DPEphos Dioxane Cs,CO;3 50 45 12 45
7 2.5 Pd,dba; DPEphos MeCN Cs,CO3 50 45 12 85
8 2.5 Pd,dbaj DPEphos Toluene Cs,CO;3 50 45 12 27
9 2.5 Pd,dba; DPEphos DCE Cs,CO3 50 45 12 44
10 2.5 Pd,dba, DPEphos DMF Cs,CO; 50 45 12 57
11 2.5 Pd,dba; DPEphos DMSO Cs,CO3 50 45 12 82
12 2.5 Pd,dba, Binap MeCN Cs,CO; 50 45 12 55
13 2.5 Pd,dba; Xantphos MeCN Cs,CO;3 50 45 12 32
14 2.5 Pd,dba, DPEphos MeCN DBU 50 45 12 54
15 2.5 Pd,dba; DPEphos MeCN KH,PO, 50 45 12 Trace
16 2.5 Pd(OAc), DPEphos MeCN Cs,CO; 50 45 12 77
17 2.5 Pd(PPh;), DPEphos MeCN Cs,C0; 50 45 12 79

“Reaction conditions: a solution of 1a (0.1 mmol) and 2a (0.25 mmol), [Pd]
(10.0 mol%) and base (0.1 mmol) in solvent (1.5 mL) was heated at 45 °C for 12 h.

Table 2 Optimization of reaction conditions for generation of product 4a

qu .0 mol%), ligand (7.5 mol%), 4 A MS (100 mg), Yb(OTf);
Isolated yield.

(0]
[{ I{
Bu ‘ Bu By 0
o o
| T Pddbag, P-PHOX, base _ O O .
O DMAP,Yb(OTf) 3, solvent £0,C E102C>
EtO,C EtO,C
1a 2a 3a 4a
Entry” Solvent Base T (°C) t (h) Total yield” (%) 3a:4a, yield® (%)
1 2.5 THF Cs,CO;3 45 12 84 21:63
2 2.5 MeCN Cs,CO3 45 12 88 24 :64
3 2.5 1,4-Dioxane Cs,CO3 45 12 97 23:74
4 2.5 DMF Cs,CO3 45 12 91 24:67
5 2.5 DCM Cs,CO;3 45 12 95 28:67
6 2.5 Toluene Cs,CO;3 45 12 91 35:56
7 2.5 DMSO Cs,CO3 45 12 73 26:47
8 2.5 DCE Cs,CO3 45 12 34 7:27
9 2.5 1,4-Dioxane Cs,CO;3 55 12 91 28:63
10 2.5 1,4-Dioxane Cs,CO3 65 12 85 27:58

“Reaction conditions: a solution of 1a (0.1 mmol] and 2a (0.25 mmol), [Pd] (5.0 mol%), PH = PHOX (7.5 mol%), Yb(OTf); (10 0 mol%) 4 AMS

(100 mg), DMAP (50 mol%) and base (0.1 mol) in solvent (1.5 mL) was heated at 45 °C for 12 h. ” Yields were determined by 'H NMR using dibro-

momethane as an internal standard.

mined by "H NMR using dibromomethane as an internal stan-
dard due to the difficulty of separating the reaction products.
Substrates 1 bearing different substituents at the para- and
meta-positions on the benzene ring could be converted to the
corresponding products 4a-4i in 49-74% yields. However, the
yield was lower when the ortho-position was methyl substi-

This journal is © the Partner Organisations 2024

tuted, with 4j afforded in 37% yield, and 4k and 4l in which
the same position had methoxy and chlorine substituents were
obtained in 50% and 70% yields, respectively. Moreover,
p-QMs containing fused aromatic rings and heterocycles were
also tolerated in this reaction, affording the corresponding
products 4m-4q in 33% to 60% yields. In addition, on chan-

Org. Chem. Front, 2024, M, 3214-3224 | 3217
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R By 5 o Bu(\ 0] Bu\ o] u\ 0O
B (e (L)
[Bu O ’ R’ o o
EtO,C
Ei0 ) EtO,C EtO,C

EtO,C EtO,C

EtO,C

4g, R' = OMe (49%)(21%)
4h, R" = Me (52%)(33%)
4i, R = Br (67%)(29%)

4a, R' = H (74%)3(23%)°
4b, R' = Me (60%)(26%)
4c, R' = OMe (57%)(24%)
4d, R = F (70%)(23%)

4k, R' = Ol
4, R'=Cl

EtO,C EtO,C

4j, R' = Me (37%)(17%)

Me (50%)(30%) 4m, (33%)(16%)

(70%)(30%)

4an, (41%)(17%)

4e, R" = tBu (66%)(30%) —Bu o Bu O By O
4f, R' = OBn (50%)(25%) N )
o (J A / {Bu [Bu S/ tBu
BORE EtO,C Et0,C
EtO,C EtO,C EtO,C
S 4o, (35%)(15%) 4p, (55%)(29%) 4q, (60%)(23%) 4ar, (27%)(15%)
at 7—C
E%cu = ;‘F ’c; . Bnoécc MeOZC
N PSR Bn
N Do 2 MeO;C

4s, (50%)(28%)

X-ray data of 4a

4t, (50%)(13%)

4u, (44%)(7%)

(a) Reaction conditions: a solution of 1 (0.1 mmol) and 2 (0.25 mmol), Pd,dbas (2.5 mol%), Ph-PHOX (7.5 mol%), Yb(OTf)3 (10.0 mol%),

DMAP(50.0 mol%), 4A MS (100 mg) and Cs,COj3 (0.1 mmol) in 1,4

-dioxane (1.5 mL) was heated in 45 °C for 12 h, yields were

determined by ' H NMR using dibromomethane as an internal standard.(b) concomitant product 3 and its yield

Scheme 3 Substrate scope of [4 + 2] cycloaddition between p-QMs

1 and VDCPs 2. ? Reaction conditions: a solution of 1 (0.1 mmol) and 2

(0.25 mmol), Pd,dbas (2.5 mol%), Ph-PHOX (7.5 mol%), Yb(OTf)s (10.0 mol%), DMAP (50.0 mol%), 4 A MS (100 mg) and Cs,COs (0.1 mmol) in 1,4-

dioxane (1.5 mL) was heated at 45 °C for 12 h; yields were determined
product 3 and its yield.

ging the ester group in VDCP-diester 2 from an ethyl group to
a methyl group or a benzyl group, the reaction took place
smoothly, delivering the corresponding spiro-cyclohexadie-
nones 4r and 4s in 27% and 50% yields, respectively. A p-QM
with t-butyl replaced by i-propyl also underwent this reaction
smoothly, giving the product 4t in 50% yield. Meanwhile, the
product 4u with vinyl substitution at the alkene terminal posi-
tion was also obtained in 44% yield.

Subsequently, a scale-up synthesis was performed with
1.0 mmol of substrate 1a and 2.5 mmol of substrate 2a under
both conditions A and conditions B to verify the utility of the
reaction, affording the corresponding products 3a and 4a in
58% and 60% yields, respectively (Scheme 4a). The catalytic
asymmetric version of this divergent cycloaddition was also
attempted (for details, see Schemes S3 and S4 in the ESIf),
and we found that the use of chiral phosphine ligand (R)-
SEGphos delivered 3y in 64% yield with 25% ee value
(Scheme 4b). In order to validate the reaction mechanism, we

3218 | Org. Chem. Front,, 2024, 1, 3214-3224

by *H NMR using dibromomethane as an internal standard. ® Concomitant

performed the following control experiments (Scheme 4c). The
reactions of 1a and 2a were first allowed to proceed under stan-
dard conditions A without DPEphos as the ligand, affording
the product 3a in only 14% yield; only a trace amount of
product 3a was obtained in the absence of the Pd catalyst.
These results indicate that the palladium catalyst and phos-
phorous ligand play critical roles in this reaction. In addition,
under conditions B with Ph-PHOX as ligand, the yield
decreased and the ratio of the two products did not change in
the absence of DMAP or Yb(OTf); as a Lewis acid, indicating
that the Lewis acid and DMAP have no effect on the selectivity
of the reaction.

In order to further understand the mechanistic details for
these divergent palladium-catalyzed cycloadditions of VDCP-
diesters with p-QMs, we conducted a series of DFT calculations
to gain further insights. For the reaction with Ph-PHOX as the
ligand, the DFT calculations were conducted at the SMD
(solvent)/M06-D3/def2-tzvp/SDD//B3LYP(D3BJ)/6-31g(d,p)/SDD

This journal is © the Partner Organisations 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4qo00368c

Open Access Article. Published on 16 April 2024. Downloaded on 3/19/2026 11:46:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Organic Chemistry Frontiers

a) condition A

3a, 0.292 g, 58% yield
DPEPhos

12 + 2a —

1.0 mmol 2.5 mmol

condition B

4a, 0.302 g, 60% yield
Ph-PHOX

QL |
<

Pdadbag (2.5 mol%)
(R)-SEGphos (7.5 mol%
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3a: 20%, 4a: 48% (without Yb(OTf)3)
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(b) Asymmetric reaction of 1y; (c)

level using the Gaussian 16 program.'® The possible reaction
pathways were investigated and are shown in Schemes 5 and 6
(for computational details, see the ESIT).

For the generation of product 3a using DPEphos, we investi-
gated the reaction pathway starting from a stable palladium
complex Int0 (shown in Scheme 5), in which the allene unit of
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2a is coordinated to the palladium catalyst combined with the
DPEphos ligand. The complex Int0 undergoes the ring-
opening process to form the allenyl palladium intermediate
Intl passing through transition state TS1 with an energy
barrier of 27.3 kcal mol™'. Another possible zwitterionic
n-propargyl palladium intermediate Int1’ was also investigated;
however, the energy of Int1’ is higher than that of Intl by
8.2 kcal mol™"; the complex Int0 has to overcome an energy
barrier of 31.6 kcal mol™" through transition state TS1' to
obtain zwitterionic n-propargyl palladium Int1'. Thus, the for-
mation of allenyl palladium intermediate Int1 is more favour-
able thermodynamically and kinetically. Next, the intermediate
Int1 is associated to the alkene moiety of the p-QM to afford
an intermediate Int2, which is an exothermic process (AG =
—3.9 keal mol™). The nucleophilic attack at the C1 position of
1a generates the intermediate Int3” via TS2 with an energy
barrier of 24.6 kcal mol™". Isomerization of Int3" to zwitter-
ionic n-propargyl palladium intermediate Int3 is exothermic by
14.8 kcal mol™, where the carbon anion of Int3 selectively
attacks the internal carbon atom C5 of the Pd-n-propargyl unit
via TS4 to afford the complex Int4 of the Pd(0) catalyst with the
[3 + 2] cycloaddition product. The energy barrier for [3 + 2]
cycloaddition is 2.8 kcal mol ™", which is much lower than that
of the competitive pathway involving attacking the Pd-
n-propargyl unit at its central carbon C4 to generate the corres-
ponding pallada-cyclobutene intermediate Int4” (17.5 kcal
mol ™" via TS3"), which is the key intermediate for generation
of the [4 + 2] cycloaddition product 4a. This calculation result
indicates that the formation of the [3 + 2] cycloaddition
product is favorable thermodynamically and kinetically; this is
also consistent with the fact that we only obtained product 3a
in experiments using DPEphos as the ligand. Subsequently,
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Scheme 5 DFT calculations on the possible reaction pathways under conditions A.
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Scheme 6 (a) DFT calculations on the possible reaction pathways under conditions B; (b) DFT calculations on the proton transfer process assisted
by base.

another possible isomerization intermediate Int3’, in which
both the allyl of 1a and the allene unit are coordinated to the
palladium catalyst, is also investigated. However, the inter-
mediate Int3’ undergoes the ring-closing step to produce an
intermediate Int4” via transition state TS3', this energy barrier
of 18.7 kcal mol™" is higher than the competitive pathway

3220 | Org. Chem. Front., 2024, 1, 3214-3224

passing through transition state TS3, therefore, this pathway is
ruled out. Finally the intermediate Int4 dissociates to the final
product 3a and the catalyst is regenerated.

We also investigated the reaction pathway for conditions B,
in which Ph-PHOX is utilized as the ligand (shown in
Scheme 6a)." It should be mentioned here that the stabilized

This journal is © the Partner Organisations 2024
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structure of Ph-PHOX-Pd(0) involves palladium coordinated to
the phosphorus atom and benzene ring of the ligand (PdL,).
The energy of PdL, is lower than that of the Ph-PHOX-Pd(0)
catalyst (PdL,’) by 13.2 kcal mol™", in which palladium is co-
ordinated to the ligand’s phosphorus atom and nitrogen atom;
this result may be due to the hemilability of Ph-PHOX. The
coordination angle of Ph-PHOX with palladium (PdL,’) is only
96.3°, which is much smaller than the angle of 126.4° for
DPEphos, and may affect the site of attack in the ring closure
step. Next, a stable palladium complex Int0-B, in which allene
units of 2a are coordinated to Ph-PHOX-Pd(0), is generated.
Int0-B can undergo an oxidative ring cleavage reaction to give
a zwitterionic =w-propargyl palladium intermediate Int1-B
through TS1-B with an energy barrier of 24.0 kcal mol™.
Subsequently, the palladium intermediate Int1-B is associated
to 1a to form a complex Int2-B. Alternatively, the zwitterionic
n-propargyl palladium intermediate Int1-B is isomerized to
another intermediate Int1’-B due to a different coordination
mode, which is an exothermic process (AG = —14.6 kcal
mol ™). Passing through transition state TS2-B with an energy
barrier of 5.4 kcal mol™, the intermediate Int3-B is formed in
an exothermic process (AG = —11.2 kecal mol™"). Although the
energies of Int1’-B and Int2’-B are lower than those of Int1-B
and Int2-B, respectively, a higher energy barrier of 20.0 kcal
mol ™" has to be overcome to access the intermediate Int3'-B in
a highly endothermic process (AG = 14.3 kcal mol™"). Thus,
the formation of intermediate Int3-B is thermodynamically
and kinetically favorable. Next, the pathway with the lower
energy barrier of 11.4 kcal mol™" via TS3-B in the next process
involves the carbon anion of Int3-B attacking the Pd-
n-propargyl unit at its central carbon C4 to generate the
pallada-cyclobutene intermediate Int4-B, which is the key
intermediate for generation of the [4 + 2] product 4a. Another
competitive path involving the carbon anion of Int3-B attack-
ing the internal carbon atom C5 of the Pd-n-propargyl unit has
an energy barrier of 16.7 kcal mol™" via TS3"-B to give an inter-
mediate Int4-B, which further dissociates to the [3 + 2]
product 3a and palladium catalyst. Another possible isomeriza-
tion intermediate Int3’-B passing through transition state TS3'-
B with an energy barrier of 14.8 kcal mol ™" also can generate
intermediate Int4’-B; however, the barrier is still higher than
that for generation of intermediate Int4-B. These calculation
results show that the formation of intermediate Int4-B is the
most kinetically favorable, indicating the generation of the [4 +
2] product 4a is kinetically favorable. These results may
account for why product 4a is mainly obtained under reaction
conditions B.

Next, we continued to investigate the following reaction
steps involving the proton transfer assisted by base from inter-
mediate Int4 (Scheme 6b)."* At this stage, two alternative path-
ways are investigated, respectively. One of them is path a invol-
ving the base coordinated to the palladium and the other is
path b involving the direct proton transfer and no coordi-
nation between the base and the palladium. As depicted in
path a, the bicarbonate, which is generated by trace amounts
of water in the system and the base, is coordinated to Int4-B,
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affording the intermediate Int5 in a process that is exothermic
by 1.8 kcal mol™, due to the hemilability of the ligand,
wherein bicarbonate undergoes ligand exchange with the
nitrogen atom in the ligand. The generated intermediate Int5
then protonates the allyl alpha position via transition state TS5
to form Int6 with a small energy barrier of 8.7 kcal mol ™. The
hydrogen in the allylic p-site of Int6 then approaches the
undissociated carbonate to undergo p-hydrogen elimination
via TS6 with an energy barrier of 12.7 kcal mol™". Finally, the
product complex Int7 dissociates to give the [4 + 2] product 4a
in a 9.7 kcal mol™ endothermic process. In contrast, due to
the higher energy barrier of 27.7 kcal mol™" for direct proton
transfer by bicarbonate and the large ring tension of the four-
membered ring transition state TS8 during p-hydrogen elimin-
ation, the reaction mechanism via path b is energetically unfa-
vorable, and is excluded.

On the basis of DFT calculation results and the previously
reported processes, a plausible mechanism for the [3 + 2] and
[4 + 2] cycloadditions is depicted in Scheme 7. Pd(0) complex I
and VDCP-diester 2a undergo an oxidative addition and gene-
rate the zwitterionic Pd species II or II'. The nucleophilic
carbon anion of intermediate II or II' attacks 1a to afford an
intermediate III. Then the carbon anion selectively attacks the
inner carbon atom to generate the corresponding five-mem-
bered [3 + 2] cycloaddition product 3a via transition state VI
and simultaneously regenerate the catalyst Pd(0) with
DPEphos with a large bite angle. On the other hand, when
using Ph-PHOX as a small bite angle ligand, the carbon anion
selectively attacks the central carbon of the allene moiety to
generate pallada-cyclobutene intermediate IV, then IV under-
goes base-induced protonation and p-hydride elimination to
obtain the six-membered [4 + 2] cycloaddition product 4a and
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Scheme 7 The plausible mechanism of the palladium-catalyzed cyclo-
addition reactions.
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regenerate the Pd(0) catalyst; simultaneously product 3a was
obtained through intermediate VI. Additives and bases play
auxiliary roles in this reaction. Yb(OTf); as a Lewis acid addi-
tive probably promotes the C-C bond cleavage of the cyclopro-
pane ring through coordination with the ester moieties;'* 4 A
MS as an additive get rid of the ambient moisture; DMAP and
Cs,CO; as base additives probably stabilize the zwitterionic
palladium species and assist the proton transfer process.

Conclusions

In summary, a regioselective divergent cycloaddition of p-QMs
with zwitterionic palladium intermediates generated from
VDCP-diesters has been developed, and two different types of
spiro-cyclohexadienone products, namely [3 + 2] and [4 + 2]
cycloaddition products, can be synthesized by switching
ligands in good to excellent total yields with good functional
group compatibility. DFT calculations reveal that the [3 + 2]
cycloaddition product is favorable thermodynamically and
kinetically using DPEphos as a ligand, probably due to the
large bite angle of DPEphos which makes the [3 + 2] cyclo-
addition mode preferred. The hemilability and the small bite
angle of Ph-PHOX probably lead to the key [4 + 2] cyclo-
addition intermediate being kinetically favourable; thus, the [4
+ 2] cycloaddition product was mainly obtained in experi-
ments. Our group will further develop highly enantioselective
cycloadditions of VDCPs with p-QMs catalyzed by palladium in
the future and apply this reaction to the synthesis of biologi-
cally active molecules.
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