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A Rh-catalyzed regiodivergent hydrosilylation of acyl aminocyclopropanes has been developed. Acyl
aminocyclopropanes were reacted with hydrosilanes in the presence of Rh catalysts to afford ring-opened
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hydrosilylated adducts through carbon—carbon (C-C) bond cleavage of the cyclopropane ring. The

regioselectivity of the addition of silanes (linear or branched) can be switched by changing the

DOI: 10.1039/c75c00071e

rsc.li/chemical-science of silanediol precursors.

Introduction

Catalytic carbon-carbon (C-C) bond activation can be an effi-
cient way to create valuable bonds from readily available start-
ing materials.” The development of methodologies for both the
breaking of C-C bonds and the forming of new C-C and C-
heteroatom bonds enables the synthesis of complex organic
molecules in a novel and more efficient manner. In previous
studies of transition-metal catalyzed C-C bond cleavage reac-
tions, strained molecules have usually been employed.>?
Particularly, cyclopropanes have been well investigated due to
their high reactivity derived from a high strain energy. Various
types of ring-opening reactions of “activated” cyclopropanes
such as alkylidenecyclopropanes and donor-acceptor cyclo-
propanes have been reported, enabling the construction of
diverse frameworks. mono-substituted cyclopro-
panes, which have inert C-C bonds compared to the “activated”
cyclopropanes described above, are still difficult to function-
alize and have limited application in organic synthesis.* Since
mono-substituted cyclopropanes such as cyclopropylamine are
readily available ($5 per gram from Sigma-Aldrich), its synthetic
utility might be enhanced if it can be coaxed into a new C-C
bond activation mode. Recently, the Bower group reported
excellent examples for a C-C activation/alkene formation
sequence using acyl aminocyclopropanes.¥*

However,
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monophosphine ligand. This C-C bond cleavage/hydrosilylation methodology is applicable to the synthesis
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Hydrosilylation is a classical and well-studied reaction, partic-
ularly for double bonds such as alkenes, alkynes, ketones, and
imines under transition-metal catalysis.” However, regarding the
hydrosilylation of C-C single bonds, only a narrow scope of
selected cyclopropanes has been studied. Catalytic hydrosilylation
of “activated” cyclopropanes is known, and the site-selectivity of
the C-C bond cleavage depends on the substituents on both the
substrate and the catalyst (Scheme 1A).%” Specifically, the catalytic
hydrosilylation of mono-substituted cyclopropanes has only been
demonstrated in one report.” In a related literature precedent, the

A. Transition-metal catalyzed hydrosilylation of activated cyclopropanes

AN [Rh] R AN si
Z Npga+ HSi — N si

R2 RZR4 Ra
RAlorPY
—_— v\/\s’-

+ regioisomers

B. Previous work: Rh-catalyzed two-step hydrosilylation of mono-substituted cyclopropanes

Y
[Rh] [Rh]
thpo\/t%s PRPOTNN H-SiEi thpo\/\/\SiEts
+ internal olefins pBrjoloﬁ

C. This work: Rh-catalyzed hydrosilylation of unactivated cyclopropanes

/% [Rh] HN /\/\Sr HN )\/
HN |'Qa"d HN [Rh] A
R” S0

W|th P(1-nap)3 with PCy3'HBF,

ive C-C bond acti
ion controlled by phosphine ligands

’Bu 0 )\)LHIJ::/H\)L

serine protease human neutrophil
elastase (HNE) inhibitor

D. a-Substituted-aminosilanes: Silanediol protease inhibitors

coH
R, ,(sl/\)L o
HHo OH £
angiotensin-converting
enzyme (ACE) inhibitor
Scheme 1 Transition-metal catalyzed hydrosilylation of cyclopro-
panes via C—-C bond activation.

Chem. Sci., 2017, 8, 3799-3803 | 3799


http://crossmark.crossref.org/dialog/?doi=10.1039/c7sc00071e&domain=pdf&date_stamp=2017-04-26
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc00071e
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC008005

Open Access Article. Published on 15 March 2017. Downloaded on 3/24/2026 2:09:29 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

Chirik group reported a two-step catalytic hydrosilylation of
cyclopropyl alcohol in the presence of Wilkinson's catalyst
(Scheme 1B).*

They discovered that the proximal bond (C(a)-C(B) bond) of
the cyclopropane can be cleaved selectively under the influence
of the Rh catalyst by using PPh, as a directing group, followed
by hydrosilylation of the alkene to give the resulting alkylsilane.

During our efforts to develop C-H functionalization of ami-
nocyclopropanes,® we serendipitously discovered a Rh-catalyzed
hydrosilylation of acyl aminocyclopropanes via C-C bond
cleavage (Scheme 1C). We have found that the regioselectivity of
the addition of silanes can be controlled by changing the
monophosphine ligand to give linear or branched alkylsilanes.
To the best of our knowledge, switching the regioselectivity by
ligand control in a catalytic hydrosilylation of mono-substituted
cyclopropanes has not been reported thus far. Additionally,
since the functional motif of the resulting o-aminosilane is
known to exhibit biological activity and is a prominent feature
in silanediol protease inhibitors (Scheme 1D),” many strategies
for its preparation have been reported.' This hydrosilylation
methodology would introduce various silyl groups in an atom-
economical fashion without the use of organometallic reagents.

Results and discussion

At the outset of our studies, we chose cyclopropylamine 1A and
silane 2a as model substrates (Table 1). To our delight, hydro-
silylated product 3Aa, which was formed through C(a)-C(B)
bond cleavage and addition of the silyl group to the terminal
carbon C(y), was obtained in 40% yield with 2.5 mol% [Rh(cod)
Cl], in THF at 120 °C for 6 h (Table 1, entry 1).**

When examining ligand effects, we observed that 1,10-phe-
nanthroline (phen), which is a bidentate nitrogen ligand, is

Table 1 Investigation of the ligand effect in a Rh-catalyzed hydro-
silylation of cyclopropylamine 1A“

b "
2.5 mol% [Rh(cod)Cl] 1si
HN7G % B 10 mol% ligand HN/\/\[Si] HN)\/
+ H-[Si] ———————» + ,&
Bu” SO 120 ncr,:e h Bu” 0 Bu” ~0O
1A 2a 3Aa 4Aa
2.0 equiv

[Si] = SiMe(OSiMes),

Entry Ligand 3A2°/% 4Aa”/%
1 None 40° <1

2 Phen <1 <1

3 dppb 10 25

4 PCy,Ph 42 6

54 PCy; 61 (56)° <1

6 PPh, 17 83

7 P(1-nap), 9 82 (81)°

% Conditions: 1A (0.35 mmol), 2a (2.0 equiv.), [Rh(cod)Cl], (2.5 mol%),
ligand (bidentate: 5 mol%, monodentate: 10 mol%), THF (2.0 mL),
120 °C, 6 h. ? Yields were determined by 'H NMR analysis of the
crude product using CH,Br, as an internal standard.  Isolated yield.
4 PCy;-HBF, was used as the precursor.
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ineffective (entry 2). When 1,4-bis(diphenylphosphino)butane
(dppb) was employed, a mixture of linear product 3Aa and
branched product 4Aa was obtained (entry 3). The monodentate
phosphine ligand PCy,Ph provided 3Aa as the major product
(entry 4). Moreover, when a more electron-rich and bulky
ligand, PCyj;, was used, regioselective hydrosilylation proceeded
to yield the linear 3Aa in higher yield (56% isolated yield, entry
5).*> On the other hand, when PPh; and tri(naphthalen-1-yl)
phosphine (P(1-nap);) were used as ligands, the regiose-
lectivity dramatically changed: branched product 4Aa, which
has a silyl group at the a position to the nitrogen, was obtained
in high yields (entries 6 and 7). In this manner, we accom-
plished a switching of the regioselectivity when reacting cyclo-
propylamine 1A with hydrosilane 2a via C-C bond cleavage
solely by changing the ligand on the Rh catalyst.

2.5 mol% [Rh(cod)Cll» Si
+ H-Si 10 mol% P(1-nap);
R” é B — RJ\/
'I:HF
1A-1T  2a-2e (2.0 equiv) 110°C,6h 4
Cyclopropylamines
[Si] [Si] [Si] [Si]
HN)\/ HN)\/ HN)\/ HN)\/
o o) \r&o o}
F
F
4Ba: 83% 4Ca: 68% 4Da: 71% 4Ea: 52%P
[Si] [Si] [Si] [Si]
IS SN~ I NS
O ’BuO/gO (¢} O
0.
4Fa: 55%P 4Ga: 69% 4Ha: 55%, 66%" 4la: 65%°
[Si] [Si] [Si] [Si]
N N N N
MeO Bu F
4Ja: 64%P 4Ka: 65%, 79%"? 4La: 60% 4Ma: 79%
[Si] [Si] [Si] [Si]
HN )\/ HN )\/ HN )\/ HN )\/
MeO o | N o) @/&o ~ 0
Nz \_o \e}
OMe
4Na: 70% 40a: 51%9 4Pa: 66%9 4Qa: 71%
1.68 g, 84%¢5d
[Si] [Si] [Si]
NG IS N
Joaliile o e o
N NHB:
npr” 1,5\‘ oC NBoc
o0
4Ra: 50% 4Sa: 52%bde 4Ta: 65%"
Probenecid derivative Aminoacid derivatives
Hydrosilanes
SiMe,'Bu SiPry SiMeEt, SiMe,Ph
HN HN HN HN
'Bu/go ’Bu/go ’Bu/go fBu/gO
4Ab: 46% 4Ac: 96% 4Ad: 99% 4Ae: 61%9

Scheme 2 Scope of cyclopropylamines and hydrosilanes in the
hydrosilylation by a Rh/P(1-nap)s catalyst®. @lsolated yields. °[Rh(cod)
OMel, (1.25 mol%), and P(1-nap)s (5 mol%) were used. “[Rh(cod)Cll,
(1.25 mol%), and P(1-nap)s (5 mol%) were used. 918 h. ®Diastereomer
mixtures. Mixture of diastereomers (60 : 40). 9Rh(cod)Cll, (5 mol%),
and P(1-nap)s (20 mol%) were used. "12 h. [Si] = SiMe(OSiMes),.
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With optimized reaction conditions in hand, we evaluated
the scope of cyclopropylamines and silanes under the [Rh(cod)
Cl],/P(1-nap); catalytic system (Scheme 2).

Cyclopropanes bearing cyclohexyl, isopropyl and tetrahy-
dropyranyl groups were applicable in this reaction (4Ba-4Fa).
Even carbamate 1G performed well to give the corresponding
product 4Ga in 69% yield. Aminocyclopropanes protected by
various benzoyl groups were tolerated to produce the desired
products in good yields (4Ha-4Na). Cyclopropylamines with
heteroaromatic substituents such as pyridine and furan rings
were tolerated under the reaction conditions to afford hydro-
silylated adducts in moderate yields (40a-4Qa). Probenecid
derivative 1R could be transformed to alkylsilane 4Ra. Valine
derivative 1S and proline derivative 1T can also be applied to
this reaction, furnishing 4Sa and 4Ta in moderate yields.
Various trialkylsilanes 1b-1e were also applicable and gave the
corresponding hydrosilylated products in moderate to excellent
yields (4Ab-4Ae). Typically, the regioselectivity of branched:
linear products was in the range of 10: 1 to 3 : 1."

Next, the substrate scope of aminocyclopropanes in the
[Rh(cod)Cl],/PCy; - HBF, catalytic system was examined (Scheme 3).
The reaction of cyclopropylamines bearing various acyl protecting
groups proceeded smoothly with virtually complete regioselectiv-
ities to provide the corresponding linear products (3Aa, 3Ba, 3Ma,
3Na, 3Ua, and 3Va) in moderate yields."

To demonstrate the synthetic applicability of the linear
product 3, alkylsilane 3Ma was converted to the corresponding
alcohol 5Ma by treatment with Bu,NF/H,0,/KHCO; in THF/
MeOH (Scheme 4).** In this manner, this hydrosilylation
methodology can give access to a versatile building block for
further transformation.

To gain insight into the reaction mechanism, several exper-
iments were conducted (Scheme 5). Firstly, we tried to isolate

2.5 mol% [Rh(cod)Cl],

10 mol% PCy3-HBF, P~
+ H-[Si i
R/? [si] —_ R [Si]
. 110°C,6h
1A, 1B, 1M, 1N, 1U, 1V 2a (2.0 equiv) 3
HNSN" s
HN/\/\ Si
HNSNAN s [Si] o
o
Bu” ™0
3Aa: 56% 3Ba: 59%®? 3Ma: 41%°
HNSNA N s
[si] HN/\/\[Si] HN/\/\[Si]
MeO.
o
¢} (¢}
OMe
3Na: 41%° 3Ua: 51%P 3Va: 39%

Scheme 3 Scope of cyclopropylamines in the hydrosilylation by a Rh/
PCys-HBF, catalyst?. @lsolated yields. °12 h. €25 h. [Si] = SiMe(OSiMes),.

HN" " SiMe(0SiMes),  Bu,NF (4.5 equiv) HNN"0H
H,0, (20 equiv)
(6] KHCOj3 (5.0 equiv) (0]
THF/MeOH
3Ma 0°Ctort,9h 5Ma

93%

Scheme 4 Tamao oxidation of aminosilane 3Ma.
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the reaction intermediates. Gratifyingly, hydrosilylated product
4Ab as well as (E)- and (Z)-enamide 6A were isolated when the
reaction of 1A with tert-butyldimethylsilane (2b) in the presence
of [Rh(cod)Cl],/P(1-nap); was terminated at only 3 h of reaction
time (Scheme 5A). This result indicated that the C-C bond
cleavage generates the corresponding olefins in situ. Next, the
reaction intermediates were subjected to our standard condi-
tions (Scheme 5B). When (E)-6A and (Z)-6A were reacted with
silane 2a by using P(1-nap); as the ligand, the branched 4Aa was
obtained in 80% yield. This result is consistent with that of the
hydrosilylation of 1A (Table 1, entry 7). On the other hand,
when PCy;-HBF, was employed, the hydrosilylated products did
not form.” Additionally, when we subjected allylamine 7A,
which is another possible intermediate, under the same reac-
tion conditions,” 3Aa was obtained in 21% yield along with
41% yield of 4Aa. This suggested that the isomerization of the
olefin took place in situ. On the other hand, the hydrosilylation

A. Isolation of intermediates in hydrosilylation of 1A with 2b?

2.5 mol% ) P
[Rh(cod)Cl], SiMe,Bu
10 mol% D
HN P(1-nap); HN HNTY HN/ﬁ
+  H-SiMe;,Bu ——— /g + /g + /&
THF 1 1 y
BU” N0 110°C. 3h Bu” ~O Bu” O Bu” ~O
1A 2b (2.0 equiv) 4Ab: 37% (E)-6A:33%  (Z)-6A: 16%
B. Plausible reaction intermediates® [si]
2.5 mol% [Rh(cod)Cl],
N 10 mol% ligand HNTSN"[si HN
/g + H-[Si] —_—
f THF By o Bu" N0
Bu™ "0 2.0 equiv 110°C, 6 h . .
(E)-6A 2a 3Aa 4Aa
with P(1-nap); % 80%
with PCy3HBF, <5% <5%
[Si]
HN/ﬁ above conditions HNTSN"si HN
P + H-Si] ————————— M
Bu” 0 ) Bu” 0 Bu” 0
2.0 equiv
(2)-6A 2a 3Aa 4Aa
with P(1-nap); 6% 82%
with PCy3-HBF, <5% <5%
[Si]
HNV above conditions HNTN"si] HN
+ H-Si]] ———————— +
’BUAO ) ’BUAO ’Bu/go
2.0 equiv
7A 2a 3Aa 4Aa
with P(1-nap); 21% 41%
with PCy3-HBF, 41%2 <1%
C. Proposed reaction mechanism H-Si
\
Rhln  <==  Si-Rh"Ln
+1 Oxidative A
addition

X
HNT "Rl
— i

2 H
J\/ f b
ri Rh''Ln -

: HN™ “Rh'" Ln
s R Y0 H
R™ ~O P-H elimination RO B-H elimination
c B D
Reductive Reductive
¢ elimination elimination
A
NN =A_ HN Ho XA AN
A S RhLn '
R0 * R” 70 Ng; - R”~0
E G F
Rh-Si Rh-Si
+A insertion insertion y*
Si
HN Si
m — 3 4 - HN
R Yo RULN —RhlLn —RhlLn PR
H Reductive Reductive R \O‘ Rh™Ln
H elimination elimination 1 H

Scheme 5 Mechanistic exploration. ZIsolated yields. °Yields were
determined by *H NMR analysis of the crude product using CH,Br, as
an internal standard.
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of 7A using PCy;-HBF, afforded the linear product 3Aa with
high regioselectivity.”

According to our observations, a possible reaction mecha-
nism is depicted (Scheme 5C). First, oxidative addition of the
C(a)-C(B) bond to the Rh(1) catalyst occurs to generate rhoda-
cycle B. Allylamine E and enamide F could be formed via B-H
elimination, followed by reductive elimination from C and D.
Both E and F would exist in equilibrium through intermediate
G. Subsequently, Rh-catalyzed hydrosilylation of E or F would
proceed by a modified Chalk-Harrod mechanism, giving H and
I."® Finally, a reductive elimination step yields 3 and 4 as the
products.

Although the ligand effect remains unclear, we propose the
following explanation: when PCy; is used as the ligand, an
electron-rich Rh complex with a high reduction ability is formed.
Thus, enamides and imines, generated by isomerization, are
hydrogenated immediately. This undesired pathway competes
with the formation of the branched 4, leading to the high
regioselectivity of the linear 3. On the other hand, enamide 6A
was selectively formed in the reaction of allylamine 7A under
[Rh(cod)Cl],/P(1-nap); catalytic conditions.' This result suggests
that P(1-nap); is promoting the isomerization of allylamines to
enamides. Furthermore, the regioselectivity might be correlated
to the cone angle of the ligands (Fig. 1).*° Ligands with larger
cone angles favor the linear product 3Aa, whereas ones with
smaller cone angles tend to produce branched product 4Aa. Also,
the IR stretching frequency of the Ni(CO);(L) (L = ligand) cata-
lysts did not show any relationship between the regioselectivity
and the electronic cis effect of the phosphines.*® These factors
suggest that the bulkiness of the ligand suppresses the hydro-
silylation of the more sterically hindered enamide 6A compared
to allylamine 7A.

/@ 2.5 mol% [Rh(cod)Cll, [sil
HN"G 3 + Hsi 10 mol% ligand HN/\/\[Si] . HN
’Bu/go 12000 6h By N0 Bu”0
1A 2a 3Aa 4Aa
2.0 equiv
[Si] = SiMe(OSiMe3),
Ligand Cone angle v(COy;)(cm™) 0 50 100
P(o-mesityl); 212" 20642  [—
Plotol)y 194" 20666 [ —
PCy, 170° 20564  [—
PCy,Ph 161° 2060.6 F
P(1-nap), 160" B—
PPhtBu  157° 20047 D —
PPhi-Pr  150° 20657 I —
PPhy 145 20669 [ —
PPhEt, 136" 20637 |y
P(n-Bu), 132" 20603 [
PPhMe,  122° 20653 | =3Aal% =4Aal%

Fig.1 Relationship between the cone angle of ligands, the IR stretching
frequency of the Ni(CO)s(L) catalysts, and the regioselectivity of
hydrosilylation of acyl aminocyclopropanes.
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Conclusions

We have successfully developed a ligand-controlled, Rh-catalyzed
regiodivergent hydrosilylation of acyl aminocyclopropanes with
a wide range of silanes. Initial mechanistic investigations suggest
that selective C-C bond cleavage takes place to generate allyl-
amine and enamide, which are hydrosilylated by the Rh catalyst.
Precise elucidation of ligand effects and application to asym-
metric hydrosilylation are ongoing in our laboratory.
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