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Bioinspired and Ligand-Regulated Unnatural Prenylation and
Geranylation of Oxindoles with Isoprene under Pd Catalysis

Chao-Yang Zhao, Ying-Ying Liu, Xiang-Xin Zhang, Gu-Cheng He, Heng Liu, Ding-Wei Ji,

Yan-Cheng Hu, and Qing-An Chen*

Abstract: In nature, prenylation and geranylation are
two important metabolic processes for the creation of
hemiterpenoids and monoterpenoids under enzyme
catalysis. Herein, we have demonstrated bioinspired
unnatural prenylation and geranylation of oxindoles
using the basic industrial feedstock isoprene through
ligand regulation under Pd catalysis. Pentenylated
oxindoles (with Cs; added) were attained with high
selectivity when using a bisphosphine ligand, whereas
upon switching to a monophosphine ligand, selectivity
toward geranylated oxindoles (with C,, added) was
achieved. Moreover, the head-to-head product could be
further isomerized to an internal skipped diene under
Pd—H catalysis. No stoichiometric by-product was
formed in the process. )

As the largest class of natural products, terpenoids are not
only widely found in plants, but also can be extracted from
marine organisms.) Hemi- and monoterpenoids are the two
major ingredients for terpenoids.”! In organisms, dimeth-
ylallyl pyrophosphate (DMAPP) and isopentenyl pyrophos-
phate (IPP) can not only generate a series of hemiterpe-
noids, but also could undergo condensation reaction to
produce geranyl diphosphate (GPP) with the help of geranyl
pyrophosphate synthase (GPPase). Under the catalysis of
enzymes, GPP can generate a series of bioactive mono-
terpenoids (Scheme 1A). Accordingly, it is of great signifi-
cance to achieve straight-forward prenylation” and gerany-
lation for terpenoids synthesis through artificial catalysis.*!
Oxindole®® and its derivatives are crucial transcription
factor inhibitors and have enzyme inhibitory activity in
life.” Although Trost® and co-workers have developed
elegant prenylations of oxindoles, dimethylallyl alcohol
carbonates and protecting group on nitrogen are indispen-
sable for their protocol. Recognized as the most prominent
hemiterpene, basic feedstock isoprene” is theoretically the
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Biosynthesis pathway for prenylation and geranylation under enzyme catalysis
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Scheme 1. Bioinspired unnatural prenylation and geranylation of oxin-
doles.

ideal precursor for the construction of hemi- and mono-
terpenoids with regards to high atom economy.!"”! However,
compared with common preactivated Cs precursors such as
dimethylallyl alcohol™ and their analogues,'? the direct
assembly of isoprene into oxindole poses a greater chal-
lenge. Firstly, the four olefin carbons of isoprene are
difficult to distinguish in terms of electronic properties and
steric hindrance, therefore, leading to 6 addition modes.
Secondly, it will be more complicated for the telomerization
process of isoprene!™®! which would in theory generate up to
more than 60 acyclic isomers and over 90 cyclic isomers (See
Scheme S1 and S2 in Supporting Information). Thirdly, it is
worth emphasizing that oxindole also has two reactive sites

© 2022 Wiley-VCH GmbH
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(N, C3), which doubles the diversity of reactions and the
difficulty of regulation. Thus, the divergent formation of
isoprenylated (with Cs added) and monoterpenylated (with
C,, added) oxindole with high selectivity is a daunting task.
Herein, following our long-standing interest in pursuing
divergent selective transformations of terpenes,'¥l we sought
to develop a ligand-regulated bioinspired chemoselective
unnatural prenylation and geranylation of oxindole with
isoprene under Pd catalysis (Scheme 1B).

Initially, 3-Bn oxindole (1a) and isoprene (2) served as
the model substrates to test our hypothesis under Pd
catalysis (Table 1). Promising but low chemo- and regiose-
lective prenylations (3a and 4a) and geranylations (5a-8a)
of oxindole were observed with the use of PPh; (entry 1).
The subsequent evaluation of monophosphine ligand sug-
gested PPh,Cy favored the prenylation and PPhCy, favored
geranylation (entries 2-4). Notably, up to six isomers (3a—
8a) could be observed in the presence of P(2-furyl),
(entry 5). The investigation on the substituent effect on PPh;
showed that electron-rich phosphorus ligands had higher
catalytic activities (entries 6-10). To our delight, mono-
phosphine L5 facilitated the formation of geranylated

Table 1: Bioinspired prenylation and geranylation of oxindole.”!
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product Sa in 61 % yield with high chemo- and regioselectiv-
ity (entry 10). And the electron-poor phosphorus ligand L2
could not promote the desired transformation (entry 7). By
reducing the loading of LS, the yield of Sa had been
significantly increased to 87 % (entry 11). Interestingly,
switching to bidentate ligand significantly favored the
formation of prenylated (Cs) products (3a and 4a) over
geranylated (C,y) products 5a-8a (entries 12-15). Delight-
edly, 1,4-adduct prenylated product 4a was obtained in 77 %
yield with high regioselectivity using d(‘Pr)pf as the ligand
(entry 14). The yield and selectivity of 4a could be further
improved by increasing the reaction temperature to 80°C
(85 % yield, >20:1 rr, entry 16).

With the optimized conditions in hand, the generality of
oxindole substrates was subsequently tested (Table 2A). For
Pd-catalyzed 1,4-addition, the 3-Bn oxindole 1a was con-
verted to the desired product 4a in 83 % yield and >20:1 rr.
The stereo configuration of 4a was unambiguously deter-
mined by two-dimensional nuclear magnetic resonance
(NOESY) spectroscopy and X-ray analysis (Table 2A).I'
Similarly, oxindoles with different substituents (CF;, F, Ph,
‘Bu or Me) in the para position of the benzyl group, could

Bn _ N &
N Pd;(dba); (2.5 mol%) H 3a H 5a, H-H
1a H Ligand (5-10 mol%) —
+
s 24 MeOH, 60 °C B ( Bn Vi
2 H 4a H 6a, T-H
Entry Ligand Yield [%]"!
3a 4a 5a 6a 7a 8a

1 PPh, 4 10 1 1
2 PPh,Cy 3 12 1 5 1 -
3 PPhCy, - 10 18 - 1
4 PCy, - - 3 4 - -
5 P(2-furyl), 2 4 5 18 4 5
6 L1 18 26 3 4 - -
7 L2 - - - - - -
8 L3 20 27 6 12 — 1
9 L4 12 19 28 24 - -
10 LS - - 61 - - -
116 LS - - 87 - - -
12 dppf 25 27 - - - -
13 depf 6 65 - - - -
14 d(Pr)pf 4 77 - - - -
15 BINAP 8 10 - - - -
161 d(Pr)pf 3 85 - - - -

< @P Qe LSpr, pp, OO

RS / 3 p Fe Fe . PPh;

L1: R = 4-Me o>Pr, PP PPh,

L2: R = 4-CF4 ONe OO

L3: R = 4-MeO dppf: R =Ph

L4: R = 2-MeO L5 depf: R = Cy d(Pr)pf BINAP

[a] Conditions: Ta (0.10 mmol), 2 (0.40 mmol), Pd,(dba); (2.5 mol%), Mono P (10 mol%) or Bis P (5 mol%), MeOH (0.4 mL), 60°C.
[b] Determined by GC-FID analysis of the crude product mixture using mesitylene as internal standard. [c] L5 (5 mol %). [d] 80°C; H-H: Head to
Head, T-H: Tail to Head, H-T: Head to Tail, T-T: Tail to Tail. Cy = Cyclohexyl, Bn =Benzyl, dba =dibenzylideneacetone.
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Table 2: Oxindole scope for Pd-catalyzed unnatural prenylation and geranylation.

f
> —pipr, Pda(dba)s (2.5 mol%) R Pdj(dba); (2.5 mol%)
e d(Pr)pf (5 mol%) 0 * J\? L5 (5 mol%)
@—P’Prz MeOH, 80 °C u MeOH, 60 °C
) H Conditions A Conditions B
d('Pr)pf 4 1 2

— A) Biomimetic prenylation of oxindoles under Conditions A

R ='Bu, 4e, 81%
= Me, 4f, 78%

CCDC 2127637

4d, 86%, 19:1(2

N
H

R = Me, 41, 67%, 10:11]

4g, 74%
g, 14k = Et, 4m, 79%, 15:11)

4i, 82%,19:16 4j, 65%, 17:10 4k, 67%, 14:101

MeO

Me
4n, 84% 40, 82%, 17:10! 4p, 86% 4q, 78% ar, 82%

— B) Biomimetic geranylation of oxindoles under Conditions BI°!

MeO FsC F
-~ -~ -~ -~
Y Y Y Y
(Lo (Lo (Lo (Lo
5a, 83% 5b, 79% 5c, 78% 5d, 76%
Ph Bu Me
— " - ~
Y 7 / Me 7
(L= (L= (L o (L o
5e, 82% 5f, 77% 5g, 78% 5h, 85%
F
SSSPON o I
o)
o N
H H
5i, 74% 5§, 73% 5k, 73%, 6:1(° 51, 94%, 18:11
—_——
Me, ~_/ - Et. - MeO g - Bn .~
o 0 0 MeO N
5m, 65%, 16:11 5n, 76%, 15:10 50, 87%, 10:1(
Megn -
o)
N
H
5q, 85% 5r, 89% 5s, 95% 5t, 92%

[a] Minor product is prenylation product 3; [b] Minor product is reverse-prenylation product; [c] All the dr of 5 is 1:1; [d] Minor product is T-H (6) product.
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all be well adapted to the reaction process (4b—f). In
addition, substrate bearing meta-substituted group also
showed good performance on both reactivity and selectivity
and exclusively delivered 4g in 74 % yield. It was worth
noting that 3-(2'-F-Bn), 3-(CH,CN), 3-Me and 3-Et sub-
stituted oxindoles would generate a little corresponding
reverse-prenylation products (4h, 4j-m). Naphthyl or pyr-
idyl instead of phenyl of benzyl all reacted smoothly under
the current condition (4i-j). Besides, oxindoles having a
substituent on the benzene ring were further investigated,
which could successfully generate the desired products (4n—
0). Me group on the phenyl ring, regardless of their
positions, were all well-tolerated (4p-r). Finally, when the
N-H on the oxindole was protected by methyl, the reaction
process could still proceed well (4s).

We next set about to assess the scope of oxindoles with
respect to the geranylation (Table 2B). Firstly, subjecting 3-
Bn substituted oxindole la to the standard conditions
furnished geranylated oxindole Sa in 84 % yield. Also, the
stereo configuration of product 5a was determined as single
E-type via NOESY. 4-MeO-Bn substituted oxindole also
underwent the geranylation smoothly to provide Sb in 81 %
yield. The benzyl groups, bearing regardless of the electron
withdrawing groups (CF;, F, or Ph) or the electron donating
groups (‘Bu or Me) on the para position, were all well-
tolerated under this protocol (5¢-g). Moreover, 3-(3'-Me-
Bn) and 3-(2'-F-Bn) substituted oxindoles were both suitable
substrates as well (5h-i). When the naphthyl replaced the
phenyl on benzyl, compound 5j could also be delivered in
good yield. It was worth mentioning that the heterocyclic
substituent was also compatible with the catalytic system,
but the selectivity was significantly decreased (5k). Addi-
tionally, alkyl (such as methyl and ethyl) and 3-cyanomethyl
substituents were all compatible with the process, providing
the corresponding products 51-n in acceptable to good yields
(65-95 %). Methoxy group on the benzene ring could also
proceed smoothly accompanied by a small amount of 60 (7-
H). Oxindoles with different substituents on the benzene

Table 3: Bioinspired geranylation through relay Pd catalysis.?!
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ring were suitable substrates as well (5o0-r). The reactivities
could be further enhanced through the protection of N atom
on oxindole (5s-t).

To further showcase the applicability of the method,
gram-scale experiments (5.0 mmol) were performed for
oxindole 1a and isoprene 2. The desired prenylated product
4a and the geranylated product Sa could both be obtained
in higher yield (88 %, 1.285 g and 94 %, 1.690 g, respectively)
with only the half loading of the catalyst (Scheme 2a).

To gain insight into the mechanism of the bioinspired
prenylation and geranylation, deuterium-labeled experi-
ments were conducted (Scheme 2b). Using CD;OH as
solvent, there was no deuterium observed in the product 4a.
But when MeOD was employed as the solvent in the
standard condition A, 20 % and 85 % of deuterium incorpo-
ration were observed respectively at the two methyl groups
of the obtained product 4a-d. Among them, deuterium
mainly exists on the C4 position, indicating that Pd—H and
isoprene mainly undergo 4,3-insertion during the reaction.
Besides, the presence of deuterium on both methyl groups
indicates that there is a hydrogen tautomerism process in
the reaction. In comparison, under the condition B, using
MeOD instead of MeOH yielded the target product Sa-d
with 91 % of deuterium on tertiary carbon. It suggests no
hydrogen tautomerism process occurs on the isoprene 2 and
a protonation probably be involved in the geranylation.

With the intention to understand the mechanism of the
prenylation, additional mechanistic experiments were de-
signed (Scheme 2c¢). Owing to a transient property of active
Pd—H species, we were not able to observe it from 'H NMR
spectroscopy under standard condition or related control
experiments. However, a stabilized Pd—H species could be
detected with the help of additional phosphine ligand
PCy,." The 'HNMR spectrum displayed a unique reso-
nance centered at —7.55ppm characterized with three
different Jy p coupling constants (172.9, 19.7 and 9.2 Hz,
Scheme 2¢). The largest splitting (Jy_p=172.9 Hz) of the
hydride resonance resulted from a trans influence on its

Pd,dbag (2.5 mol%)
L5 (5 mol%)

Pd,dbag (2.5 mol%)
‘BugP (10 mol%)

MeOH, 60 °C, 20 h

R1
Ol * Mo
N
H
1

IPrCOCI (10 mol%)

2
O MeO
Y 4 2 4
OIS Cré
N N
H H

9a, 85% 9b, 73%
Bu Me
O o~y O
O o O O
9e, 80% of, 81%

0O
Tol., 80°C, 20 h 0 L5
F O Ph Q
Y 4 P %
(Lo (L o
N N
H
9c, 80% 9d, 84%
F
e O P 4 O P %
(L o (L o
N N
H H
9g, 83% 9h, 75%

[a] 6E/6Z of 9 is between 2:1 and 3:1.
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a) Gram-scale reactions

d) Proposed ism for biomi ic prenylation and g

i‘m
S
Z

)‘\4 d(Pr)pf (2.5 mol%)
80°C 4

c) The detection of Pd-H species and its catalytic performance
MeOH
CyP” >"PCy, + Pd(PCys)y —————= [(dcpp)(PCys)PdAH](OMe]
dcpp 5-7.55 ppm
(ddd, Jyp.p = 172.9, 19.7, 9.2 Hz).

a, 1.285¢g 3
2 Pddbaz H 88%, >20:1 rr
(1.25 mol%) b
H30H
Bn CH30 Bn ~ -y p_ OMe
. \
L5, o v.owpd!l L = Mono P PdOL, L=BisP ( Pd-H ¢
N 60°C N 52,1690 g A =
1a H o 94% 2001 \ |
b) Isotopic labeling studies /P{j 1 | p’Pd ‘ MeOH
=
Bn (w/o D) E 18e 2> s 4 B, 16e
d('Pr)pf (5 mol%) —» (wlo D)
M i e 0 e) Proposed potential intermediate in the presence of bisphosphine ligand
CD40H, 80 °C .
H 4a, 59% A~
)‘\/ .
P OMe 3,4-adduct
(85% D) P\P = MeO. /P’D
2 Pd,dbag Bn SFiH e PI—F  1a N \)v
(2.5mol%) | d(Prpf (5 mol%) o~ (20%D) :>: 4/\J“r1 1,4-adduct (E) ! 43\
o
Bn CH30D, 80 °C N
H  4a-d, 67% D1 L~ Nu_A
N o 1,4-adduct (2) )
H ~
ta N~ |
L5 (5 mol%) n OMe L N PR
e 91% D, S
CH40D, 60°C N (91%D) “pd-H 2 weo [ ga | 41-adduct -
N 5ad,81% P - PP \
4 b2 Nu

2,1-adduct

f) Proposed potential intermediate in the presence of monophosphine ligand

HNMR MM MM | / G1
\ il &
\W W}\ P Meo, 1a o
“ “ “ ‘ o \ , "P"/pd e NN
\ /| E1 =
siimeneifibt .o e— S G2 6a Tail-to-Head
6.5 7.0 W75 8.0 8.5 AN Ny |
(ppm) MeO,_ 3 1a PN
- . "o N NP\
‘ 2 HJ\ G2 7a Head-to-Tail
)\? Pd(Cys), (2.5 mol%) Bn Bn -@P i
+ Bn dcpp (5 mol%) | \ 3
CH40H, 65 °C o o P MeO, N 1a
@ES:O N N E2 P'—Pd wpn PO Nu
N
o 3a, 5% 40, 20% ‘;3 o 8a Tail-to-Tail

3
S MeO, N 1
"P'—Pd. — L. Pd, = N
X P X
g1 5a Head-to-Head

Scheme 2. Scale up reactions and mechanistic studies.

coupling with a phosphorus atom of the dcpp ligand. The
presence of multiple cyclohexyl groups on the phosphine
ligands probably makes the palladium center too crowded to
coordinate directly with the methoxy anion. Further
control experiments also confirmed the catalytic ability of
the obtained Pd—H in prenylation (Scheme 2c).

On the basis of experimental observations and previous
reports,'”! a plausible mechanism for this chemo- and
regiodivergent couplings was shown in Scheme 2d. For
prenylation facalitated by bisphosphine ligand, Pd’ species
A coordinates with one molecule of isoprene to form species
B. Subsequently, MeO—Pd"-H intermediate C is generated
via the oxidative addition of MeOH with Pd’ species B. A
subsequent migratory insertion of isoprene into Pd"-H C
delivers n-allyl-Pd" species D, which is attacked by oxindole
la to furnish the desired 1,4-addition product 4a and
regenerate the Pd° species A. For geranylation promoted by
monophosphine ligand, the spared vacant coordination site
allows Pd’ to interact with two molecules of isoprene
simultaneously. Next, the formed Pd” species E undergoes
oxidative cyclopalladation to give bis-n-allyl-Pd" intermedi-
ate F. Then, intermediate G is delivered by protonolysis of
Pd" complex F in the presence of MeOH. A final

Angew. Chem. Int. Ed. 2022, 61, €202207202 (5 of 7)

nucleophilic substitution of G with oxindole affords the
product 5a and regenerates the Pd’ catalyst.

Based on the analysis of coordination geometry of Pd
complex, the potential intermediates for the elucidation of
regioselective manipulation were purposed in Scheme 2e
and f. In the presence of bisphosphine ligand, although Pd’
could coordinate with two molecules of isoprene or chelate
with one molecule of isoprene, it tends to form inactive
resting species off the catalytic cycle. Instead, Pd"-hydride
intermediate C1 or C2 in which palladium coordinates with
one molecule of isoprene will be expected to form in the
catalytic cycle. Subsequently, the allyl-Pd species D1 or D2
could be generated and delivers five regioselective and
constitutional isomers. In the presence of d(‘Pr)pf, since the
hydride in Pd—H is relatively nucleophilic, the migration
insertion into the relatively electron-deficient double bond is
preferred (Scheme2e, C1 vs. C2). Besides, deuterium
experiments (Scheme 2b) further support this speculation.
When two methyl groups are orientated in a syn form of the
n allyl group, the intermediate D1 is more thermodynamic
stable. At last, the nucleophilic substitution occurs at the
less hindered site and gives 4a as preferential product.

© 2022 Wiley-VCH GmbH
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On the contrary, with the aid of the monophosphine
ligand, one extra coordination site is spared to facilitate the
complexation of two molecules of isoprene with Pd’
(Scheme 2f). Therefore, it provides the possibility for the
dimerization of isoprene. Due to the different coordination
modes of isoprene and Pd’ (E1 and E2), three different
palladacycles F1-3 can be produced through oxidative cyclo-
metallation. Structurally, intermediates F1 and F3 are
symmetric while F2 is nonsymmetric. Therefore, the subse-
quent protonolysis of F2 could theoretically give two differ-
ent allyl palladium species G2 and G2'. Eventually, 4
different products (5a-8a) could be delivered via the
coupling of allyl palladium G and la. The presence of
methyl group on the C2 position of isoprene make the
attached C=C bond with higher electron density than the
other one. Therefore, more electron-rich complex E1 is
favored over E2 to undergo oxidative cyclometallation.
With the increasing the steric hindrance effect between the
monophosphine ligand (L3-5, Table 1, entries 8-10) and
substrate, the intermediate F1 with two distant methyl
groups is more preferred than F2 for the cross coupling.
Overall, the regulation of prenylation (Cs) and geranylation
(Cyp) is accomplished by tuning the coordination geometry
of Pd catalytic center.

Olefins represent key structural features in a plethora of
naturally and non-naturally occurring compounds,™ as well
as being precursors for the industrial synthesis of polymers.
What’s more, catalytic isomerizations are perceived as
nearly ideal transformations due to atom economy and
institutional diversity.'”) The geranylated product 5a can be
further isomerized to generate internal skipped diene 9a
under Pd catalyst. After further optimization, 9a could be
obtained with 85 % yield in one pot transformation from 1a
with good substrate applicability (Table 3). For example,
substrates bearing with either electron donating groups (9b)
or electron-withdrawing groups (9¢, 9d, 9h) were all
compatible under current process and provided the corre-
sponding products in acceptable to good yields (73-84 %).
Obviously, substrates containing alkyl substituent (such as,
‘Bu, Me) delivered 9e in 80 % yield, 9f in 81 % yield and 9g
in 83 % yield, respectively.

In conclusion, a practical strategy has been developed
for ligand-regulated chemoselective unnatural prenylation
and geranylation of oxindoles with isoprene under Pd
catalysis. Manipulation of the selectivity was governed by
modulating the coordination geometry of Pd catalyst.
Utilization of bisphosphine ligand d(‘Pr)pf afforded 1,4-
addition products (with Cs; added) with high selectivity,
while monophosphine ligand L5 enabled selective synthesis
of the geranylated products (with C,, added). Additionally,
the geranylated products can be further isomerized to
internal unconjugated dienes in the presence of Pd—H
catalyst. Furthermore, the reaction process features high
atom economy without stoichiometric by-product formation.
Further studies on regiodivergent telomerization of oxindole
with isoprene are underway in our laboratory.
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