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Spirodiphosphines have been successfully applied in various asymmetric catalytic transformations. However,
controlling the coordinating conformations by the direct displacement of the spiro atom remains elusive.
Herein, we report the application of Si-centered spirodiphosphine (Si-SDP) ligands in the enantioselective
hydrosilylation/cyclization of 1,6-enynes. The Si-SDPs showed superior reactivity to existing C2-symmetric
diphosphines, allowing the generation of a range of chiral pyrrolidines with high vyields and
enantioselectivity (up to 96% yield and 92% ee) at room temperature with low catalyst loading. The
mechanistic observations were consistent with the modified Chalk—Harrod mechanism, and the high
reactivity of Si-SDPs was further leveraged for the room-temperature Rh-catalyzed hydrosilylation of alkynes.
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Introduction

Chiral diphosphines with C2 symmetry represent a privileged
class of ligands in asymmetric catalysis." These atropos ligands
(Fig. 1), exemplified by BINAP (L1)* and spirodiphosphines
(SDPs, L2),* help to improve catalyst activity and induce enan-
tioselectivity. In particular, SDPs derived from the rigid 1,1-
spirobiindane backbone are extraordinarily successful.* The
larger bite angles, accompanied by the conformational rigidity
and chemical robustness of SDPs, have contributed to
tremendous advances in enantioselective transformations,
including asymmetric hydrogenation,® allylic alkylation,*
hydrosilylation/cyclization,® and others.”

Effective control over the ligand conformation in chelating
complexes is considered a key concept for ligand design.? Steric
modulation of SDPs (L2) has primarily relied on the installation
of additional substituents, resulting in ligands with various
steric properties.” On the other hand, as the rotation of the
spirocyclic framework is restricted by the tetrahedral structure
of the spiro carbon atom, replacing this conjunct atom would
provide straightforward access to regulating the conformations.
In this context, Wang reported the asymmetric synthesis of
spirosilabiindanes by hydrosilylation.'® This protocol allows for
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the preparation of monodentate phosphoramidites, which
promote asymmetric hydrogenation reactions of olefins and
asymmetric intramolecular carboamination reactions.'**"
However, diphosphine ligands based on the spirosilabiindanes
backbone (Si-SDPs, L3) remain unexplored.” The elongated C-
Si bonds in these ligands should create a robust coordination
space distinct from the carbon-centered L2. Our preliminary
computations suggested that a significantly larger P-M-P bite
angle than SDP (L2) can be achieved with Si-SDP L3 (Fig. S11).
We are interested in the effect of such regulated geometry,
which is indulgent to the required orbital overlap during
various common steps in organometallic chemistry."

In the current study, we chose the Rh-catalyzed asymmetric
silylcyclization of 1,6-enynes'*™® as an optimal reaction to
challenge the effect of Si-SDPs (Scheme 1A). This reaction,
originally developed by Ojima,* is a synthetically useful trans-
formation with the one-step formation of a carbon-carbon
bond and a carbon-silicon bond. The asymmetric versions were
independently reported by Widenhoefer'” and Zhou® (Scheme
1A). The implementation of C2-symmetric diphosphines,
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Fig. 1 Examples of C2-symmetric diphosphines.
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A. Hydrosilylation/Cyclization of 1,6-enynes: model reaction for Rh-SDP catalyzed process

y Rh(cod),BF, (5 mol%) SiEty
/ SDP (L2, 6 mol%)
+ HSEty —————————» «
TN DCE N Y
70°C, 2h Ts
(1eq) (5eq)

60% yield, 98% ee
B. This work: Hydrosilylation/Cyclization of 1,6-enynes using Si-SDP L3

2 Rh(cod),BF, (1.5 mol%) SiEt,
/ L3 (3 mol%)
N + HSiEty ——mm —— *
EEGEN DCE
25°C, 2h T H
(1eq) (2eq)

92% yield, 91% ee

Scheme 1 Rh-catalyzed hydrosilylation/cyclization.

especially Zhou's SDP ligand L2, delivered high levels of ster-
eocontrol at 70 °C. However, mild yields and relatively high
catalyst loadings (5 mol%) of the reaction limit its further
applications. The reaction pathway was assumed to follow

Table 1 Screening of ligands®
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a modified Chalk-Harrod mechanism interrupted by B-
migratory insertion into the Rh-C bond.** We envisioned that
the coordination of L3 with a large bite angle could accelerate
the reductive elimination and migratory insertion steps' in the
catalytic cycle, as well as favoring the formation of the sterically
crowded intermediate required for silylcyclization. Our results
demonstrate the superior reactivity of Si-SDPs compared to the
corresponding SDPs, affording chiral pyrrolidines that are
ubiquitous in natural products and pharmaceuticals at room
temperature with low catalyst loadings (Scheme 1B).

Results and discussion
Effect of ligands

To verify the catalyst activity generated from Si-centered spiro
diphosphines, we prepared Si-SDPs (L3-L6, Table 1) that are

' H
= Rh(cod),BF, (1.5 mol%) SiEtg
// L1-L9 (3 mol%) U X SiEts
+ HSiEty —_— +
TS/NV\ DCE _N " /Nv\
Temp., 2 h Ts
2a 3a 4a

(S)-BINAP (L1)

(5)-SDP (L2) L3

CCDC 2213409

< E O 100+
PAr2 PPh, PPh,  MeO PAr,
WPAr PPh, PPh,  MeO, PAr,

(o} O

L4 Ar = 4-Me-CgH,
L5 Ar = 4-MeO-CgHy
L6 Ar = 3,5-Me-CqHs

(R)-SEGPhos (L7) S) SynPhos (L8)

Reaction at 50 °C

(R)-3,5-t-Bu-MeOBIPHEP
(L9 Ar = 3,5-t-Bu-CgHy) 20

Reaction at 50 °C

100+ == yield of 3a

== yield of 42

@ ®
o -]
1 1

Yield (%)
8
1

L1 L2 L3 L4 L5 L6/ L7 L8 L9

Reaction at 25 °C
== yield of 3a
== yield of 4a

®
-]
1

Yield (%)
8 8
1 1

L1 L2 [L3 L4 L5 L6| L7 L8 L9
Reaction at 25 °C

Reaction at 50 °C

Yield? (%)

Reaction at 25 °C

Yield” (%)

Entry Ligand 3a 4a ee%°’ (3a) Entry Ligand 3a 4a ee%°’ (3a)
1 L1 30 67 n.d. 10 L1 — — —
2 L2 42 — 95 11 L2 27 — 94
3 L3 95 — 91 12 L3 92 — 91
4 L4 82 — 90 13 L4 78 — 90
5 L5 89 — 89 14 L5 78 — 90
6 L6 77 — 91 15 Le 92 — 89
7 L7 — 66 — 16 L7 — — —
8 L8 — 84 — 17 L8 — — —
9 L9 — 20 — 18 L9 — — —

“ Reactions were performed with 1a (0.2 mmol), 2a (0.4 mmol), Rh(cod),BF, (1.5 mol%), and L1-L9 (3 mol%) in DCE (2.0 mL).
ee values were determined by chiral HPLC of the desilylated compounds.

dibromomethane as an internal standard. ¢
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relatively air-stable and easy to handle, based on reported pro-
cedures® for other diphosphines.

Different diphosphines L1-L9 were evaluated using the
reaction of enyne 1a and triethylsilane (2a) (Table 1). As Zhou
reported that SDP L2 displayed the highest yield (62%) at
a reaction temperature of 50 °C,* we first examined the perfor-
mance of L1-L9 at the same temperature using a reduced
amount of Rh(cod),BF, (1.5 mol%). The reaction using BINAP
(L1) gave a mixture of the cyclized product 3a (30% yield) and
the hydrosilylation product 4a (67% yield, entry 1). SDP (L2)
showed good selectivity to silylcyclization, and 3a was obtained
in 42% yield (entry 2). All the tested Si-centered spi-
rodiphosphine ligands gave the desired 3a in high yields (77-
90%) with high ee values (entries 3-6). Ligand L3, bearing
phenyl groups on the phosphorous atoms, showed the highest

yield (95%) and enantioselectivity (91%). Other C2-symmetric

ligands L7-L9 failed to provide the cyclized products. Instead,
the hydrosilylation product 4a was obtained in 20-84% yields
(entries 7-9), indicating distinct chemoselectivity and high
reactivity enabled by the spirosilabiindane structures.

A stark contrast in catalyst activity arose by lowering the
reaction temperature (entries 10-18). Only the ligands L2-L6
possessing spirocyclic scaffolds promoted the conversions of 1a
at 25 °C. SDP ligand L2 gave the cyclized product 3a in 27% yield

View Article Online
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at room temperature for 2 h (entry 11). On the other hand, full
conversion was observed for L3 at 25 °C, giving 3a in 92% yield
and 91% ee (entry 12). Other spirodiphosphines with a Si center
atom (entries 13-15) also allowed the room-temperature silyl-
cyclization reaction to occur with good yields (78-92%) and ee
values (89-90% ee). Ligands L7-L9, which afforded hydro-
silylation product 4a at 50 °C, exhibited marginal reactivity
(entries 16-18).

Reaction scope

The substrate scope of the reaction enabled by the L3-modified
Rh catalyst is outlined in Scheme 2. Chiral 1-sulfonyl pyrroli-
dines with different substituents on the sulfonyl groups reacted
with HSiEt; to afford the cyclized products in satisfactory yields.
The enantioselectivity of the reaction was determined based on
the desilylated products for improved handling. Alkyl (3b),
chlorine (3¢), and phenyl (3d) groups were well tolerated, and
the products were isolated in 90-96% yields. We tested the
electron-donating groups (3e and 3f) and electron-withdrawing
groups (3g-3i) on the phenyl group, and there were no signifi-
cant electronic effects of these substituents on the reaction
yields and enantioselectivity. Including a methyl group (3j) or
a bromide atom (3k) in the meta-position of the phenyl ring also
results in the corresponding products with good yields. The

/ Rh(cod),BF, (1 mol%) o J~SiR,
Q N L3 (2 mol%) Osll_
0=%""X + HSRg — 0809 .
& DCE R
25°C,2h H
1 2 3
A. Variation of 1 B. Variation of 2
R q SiEt 0y (? SiEtg R (? SiEtg
—N —N —N.

g

3bR=H,92%,91% ee
3c R =Cl, 90%, 92% ee
3d R =Ph, 96% 91% ee

(0] 7 SiEty
[oN]]
<sd
SORR

3j R =Me, 71%, 90% ee
3k R = Br, 85%, 91% ee

O\II 7 SiEty 0§g = 7 SiEts
O\II /\fs'Eta

3p 72%, 91% ee

Me
/ Si(OEt)3
Ts—N,
H

3t 60%, 92% ee

g g7

3e R = OMe, 85%, 91% ee  3g R = NO,, 88%, 90% ee
3f R = OCF,, 90%, 91% ee 3h R = CO,Me, 95%, 88% ee
3i R = CF,, 80% 91% ee

0\”

-5

3IR =F, 88%, 90% ee 3n R=H, 75%, 87% ee
3m R = OMe, 90%, 90% ee 30 R = NMe,, 75%, 87% ee

3q 86%, 87% ee
3r R = Me, 82%, 80% ee

EtOOC, S SiEt; 38 R=FEt, 67%, 86% ee

EtOOC

3u 75%, 80% ee

) Y 7
7 "S5 775~R 7 Si~pn
Ts—N, Ts—N Ts—N

H H H

3v R = n-Pr, 50%, 84% ee
3w R = n-Bu, 90%, 76% ee
3x R = n-CgHy3, 92%, 71% ee

OR ,Ot-Bu

7
7 ~Si~Pn /~Si~oR /S~0tBu
Ts—N. Ph Ts— OR Ts— !

H H H

3y R = Et, 86%, 86% ee 3aa 78%, 87% ee

3z R =Bn, 96%, 90% ee

3ac R = Et, 50%, 90%ee

3ab 40%, 91% €6 3.4 R = /-Pr, 56%, 90% ee

3ae 70%, 92% ee

C. Gram-Scale reaction

= Rh(cod),BF, (1 mol%) SiEt
/ L3 (2 mol%) TN 7 °
N + HSiEtg — M8 >
T N DCE
25°C,2h H
1a(1.25g) 2a 3a 83%, 90% ee (1.5 g)

Scheme 2 Scope of Rh-L3 catalyzed silylcyclization =7 Reactions were performed with 1a (0.2 mmol), 2a (0.4 mmol), Rh(cod),BF4 (1.5 mol%),

and L3 (3 mol%) in DCE (2.0 mL).?

© 2023 The Author(s). Published by the Royal Society of Chemistry

Yields of isolated 3.€ ee values were determined by chiral HPLC of the desilylated compounds.
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reductively labile bromide survived under the current condi-
tions. We explored two examples with multiple substituents (31
and 3m), and both reactions proceeded smoothly. Naphthyl-
substituted enyne underwent smooth silylcyclization (3n, 75%
yield, and 87% ee), and comparable yield and selectivity were
observed by introducing an additional NMe, substituent (30).
We also examined several heterocyclic substituents, and both
the thiophenyl (3p) and pyridyl (3q) rings were compatible. The
L3-modified catalyst was also successfully applied to substrates
having aliphatic sulfonyl groups, forming 3r and 3s in good
yields. We found that the substrate with internal alkynes reac-
ted with triethoxysilane smoothly, affording 3t in 60% yield and
92% ee. Notably, no conversion was observed between the same
enyne (1a) with triethylsilane 2a.The catalyst employing L3 is
also suitable for the asymmetric synthesis of substituted
cyclopentanes. The silylcyclization afforded 3u containing
a quaternary carbon atom in 80% ee under the standard reac-
tion conditions.

Using enyne 1a, we next evaluated the influence of different
silanes (Scheme 2B). Different alkyl substitution patterns on the
silicon atom (3v-3z) posed no difficulty for the reactions. The
benzyl group remained intact to deliver 3z in 96% yield and 90%
ee. Attaching a phenyl group to the silicon atom also gave the
corresponding 3aa in 78% yield and 87% ee, but the silane with
multiple phenyl groups led to lower reactivity (3ab, 40% yield,
and 91% ee). Trialkoxysilanes were also applicable, giving the
desired 3ac and 3ad in moderate yields, which are facile coun-
terparts for coupling reactions (ESIf).* Sterically hindered
silane also reacted well to generate 3ae. In order to capitalize on

A. Reaction of model substrates

Rh(cod),BF; (1.5mol%) O O

NY4
Tou L3 (3 mol%) 4 )
NN + HSIE, ——— o NN s
(I DCE |/\H/\
5 2a 50°C,2h 6, 90%
Rh(cod),BF, (1.5 mol%)
L33 19
TS\N/\/ +  HSiEt (8 mol%) no reaction
| 3 DCE (> 95% of 7 recovered)
7 2a 50°C,2h
B. Screen of Rh species
= [Rh] (1.5 mol%) /> SiEt,
L3 (3 mol%) Ts—N
N + HSEty —
TN DCE
25°C,2h H
1a 2a 3a_
- T+ K
[Rh] Yield of 3a . erh :
1 _Ph
Rh(cod),BF 95% . e P’\Rh MS ESl) |
Rh(cod),OTf 93% . p” Calcd: 707.0960 1
X ' "' “ph Found: 707.0951 !
Rh(cod),ClI no reaction ' Ph '
1 '
~
C. Crystal structure of coordinatad 1 2
Fi’h
Pd(MeCN),Cl, P
+ —»t ] ~Si 101°
oluene
L3 1, 12 h .....||:\
Ph
L3-PdCl,

Scheme 3 Mechanistic insights into Rh-L3 catalyzed silylcyclization.

4644 | Chem. Sci, 2023, 14, 4641-4646

View Article Online

Edge Article

the superior reactivity, the scalability of the developed reaction
is illustrated in Scheme 2C. When 1.25 g of 1a was employed,
the silylcyclization with 2a produced 3a in 83% yield with 90%
ee.

Mechanistic insights

To further probe the high activity of the Si-centered ligand L3,
we performed several experiments concerning the mechanistic
details. The hydrosilylation of alkyne 5 was feasible, but the
addition of the H-Si bond to alkene 7 could not operate even at
50 °C (Scheme 3A). Thus, the hydrosilylation/cyclization process
is likely triggered by the migratory insertion of the alkyne into
the Rh-Si bond (modified Chalk-Harrod mechanism). Among
the different Rh species tested, only the cationic Rh(cod),BF,
and Rh(cod),OTf showed conversions of the substrates (Scheme
3B). HRMS analysis also confirmed the formation of Rh-L3 and
the subsequent coordination of 1a (Fig. S87). In addition, we
obtained the cryogenic structure of L3 coordinating with PdCl,
(Scheme 3D). The tailored P-Pd-P bite angle for L3 (101.0°) is
larger than those of BINAP (L1, 92.7°) and SDP (L2, 96.0°)
(Fig. S171). We hypothesize that this large bite angle of L3 could
be replicated in analogous Rh complexes, which would underlie
the high reactivity of L3.

The deuterium labeling experiment suggested that the
alkyne C-H bond remained intact during the enyne cyclization
(Scheme S27). Moreover, we observed a secondary deuterium
kinetic isotope effect (*H KIE) of 1.38 from intermolecular
competition experiments (Scheme 3D). Additionally, we
measured the initial rates of the reaction by varying the

D. Kinetic isotope effect determined from intermolecular competition

H-SiEts Rh(cod),BF4 (1.5 mol%)
cod),BF4 (1.5 mol% SiEt;
2a, 1.0 mmol L3 (3 mol%) Te—N 7
> 4a
1a, 0.25 mmol + _ DCE * (< 5 mol%)
D-SiEty 259, 2 h H/D

2a-D, 1.0 mmol 3a, 2HKIE = 1.38

E. Modified Chalk-Harrod mechanism interrupted by B-migratory insertion

Ts.
N _
SiRg

3a H

Rh(cod),BF, L3

l 1a, HSIR;

[L3-Rh]* H —+

P
Rh-SiR,
A P |
=R

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentrations of 1a and 2a, revealing that the reaction was first
order to the concentration of 1a and zero order to that of 2a
(Fig. S97). As such, the oxidative addition of the H-Si bond
across the cationic Rh species is not involved in the rate-
determining step. Interestingly, a marginal amount of hydro-
silylation product 4a was detected with excess HSiEt; (2a)
(Scheme 3D). These results are consistent with the catalytic
cycle shown in Scheme 3E. Intermediate A formed by mixing L3
and Rh(cod),BF, reacted with silanes in the presence of 1a to
generate intermediate B. The migratory insertion of the alkyne
into the Rh-Si bond forms intermediate C, which is followed by
cyclization achieved by the insertion of the alkene into the new
Rh-C bond. The resulting Rh-alkyl intermediate D having the
pyrrolidine skeleton is ready to produce 3a and regenerate the
active Rh species A via reductive elimination.

Application of Si-SDP to room-temperature hydrosilylation

Finally, we sought to examine the reactivity of Rh/L3-catalyzed
hydrosilylation of alkynes, given the broad application of this
transformation.”® Room-temperature hydrosilylation of 5 using
L3 produced 6 in a 92% yield within 2 h (Scheme 4A). Using L2
gave a limited yield of 22% under the same conditions, which
supports the superior reactivity of Si-centered L3 in Rh-
catalyzed hydrosilylation. The higher reactivity of Si-SDP (L3)
in this hydrosilylation process is qualitatively supported by our
preliminary DFT calculations, using silane and acetylene as
simplified substrates. While such simplifications would
underestimate the energy barriers, the computational results
suggested that the modified Chalk-Harrold mechanism is
viable (Scheme 4B). For the process using SDP (L2), oxidative
addition of the silane is followed by migratory insertion of the

A. Alkyne hydrosilylation

Rh(cod),BF4 (1.5 mol%) o\/o
T L3 (3 mol%) /‘ 4
) g
—_—
rlu/\\\ +  HSiEt — Ts III/YSEQ
25°C,2h
5 2a 6, 92%

Rh(cod),BF, (1.5mol%)  Q O

N\Y/

Ts L2 (3 mol%) Se .
NN+ HSEy ————— s TN sy
[ DCE |/j‘/\

25°C, 2h

6, 22%
B. Energy diagram of alkyne hydrosilylation by DFT calculations
reductive elimination

oxidative addition migratory insertion

= Rh-L3
= Rh-L2

TSc-2
(9:4)

S
94

S
S

)

=
s

TSg-2
(L2) (L3)

Scheme 4 Room-temperature hydrosilylation of alkynes.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

alkyne into the Rh-Si bond. The transition state of this migra-
tory insertion step (TS¢-2) has an energy barrier of 8.2 kcal
mol~%; whereas, in the reaction employing Si-centered L3, the
migratory insertion via TSs;-2 is energetically less demanding
(5.0 keal mol™'). The P-M-P angle increased from 100.3° to
101.1° for L2 and from 107.1° to 111.8° for L3. The large bite
angle of L3 would thus accelerate the migratory insertion to
enable room-temperature hydrosilylation.

Conclusions

We have synthesized a series of Si-centered spirodiphosphines
(Si-SDPs), and their efficiency as ligands in Rh-catalyzed silyl-
cyclization of 1,6-enynes was examined. These Si-SDPs sug-
gested higher reactivity than other C2-symmetric ligands. The
reaction tolerates a wide range of substrates, affording cyclized
pyrrolidines in high yields and satisfactory enantioselectivity at
room temperature. Further experiments revealed the crucial
role of Si-SDP in accelerating the catalytic pathway composed of
a modified Chalk-Harrod mechanism interrupted by B-migra-
tory insertion. With the Si-centered spiro scaffolds of C2-
symmetry, we anticipate that Si-SDPs will find broad applica-
tions in asymmetric catalysis.
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