Heterobimetallic Control of Regioselectivity in Alkyne Hydro-
stannylation: Divergent Syntheses of a- and (E)-£-Vinylstannanes via
Cooperative Sn-H Bond Activation

Li-Jie Cheng and Neal P. Mankad*

Department of Chemistry, University of Illinois at Chicago, 845 W. Taylor St., Chicago, IL 60607

Supporting Information Placeholder

ABSTRACT: Cooperative Sn-H bond activation of hydrostannanes (BuzSnH) by tunable heterobimetallic (NHC)Cu-
[Mco] catalysts ([Mco] = FeCp(CO), or Mn(CO)s) enables catalytic hydrostannylation of terminal alkynes under mild
conditions, with Markovnikov/anti-Markovnikov selectivity controlled by the Cu/M pairing. By using the M IMesCu-
FeCp(CO); catalyst, a variety of a-vinylstannanes were produced from simple alkyl-substituted alkynes and Bu3;SnH in
high yield and good regioselectivity; these products are challenging to access by mononuclear metal-catalyzed hydro-
stannylation conditions. In addition, reversed regioselectivity was observed for aryl-substituted alkynes under the Cu/Fe-
catalyzed conditions, affording the (£)-f-vinylstannanes as major products. On the other hand, by using the IMesCu-
Mn(CO)s catalyst, a variety of (E)-f-vinylstannanes were produced from primary, secondary, and tertiary alkyl-substi-
tuted alkynes, thus demonstrating divergent regioselectivity for alkyne hydrostannylation controlled by Cu/Fe vs. Cu/Mn
pairing. Both methods are amenable to gram-scale vinylstannane synthesis as well as late-stage hydrostannylation in a
natural-product setting. Mechanistic experiments indicate syn-addition of Bu3SnH to the alkynes and imply the involve-
ment Sn-H bond activation in the rate-determining step. Two distinct catalytic cycles were proposed for the Cu/Fe and

Cu/Mn catalysis based on the stoichiometric reactivity experiments.

INTRODUCTION

Alkyne hydrofunctionalization represents a highly
atom-economical approach for introducing synthetic
functionality to a hydrocarbon functional group. The ma-
jor challenge in alkyne hydrofunctionalization is the con-
trol of product selectivity, both with regard to Markovni-
kov vs. anti-Markovnikov regioselectivity and towards
over-reduction or dehydrogenative coupling (Scheme 1a).
A typical approach for developing selective hydrofunc-
tionalization methods is to identify mononuclear metal
catalysts capable of mediating the desired hydrofunction-
alization, and then optimizing product selectivity through
ligand design.! For cases where this classical approach
has proven ineffective, it is worthwhile to consider alter-
native paradigms for catalyst design that provide new
synthetic parameters with which to control selectivity.

As a case study, one can consider catalytic hydro-
stannylation of alkynes to produce vinylstannanes, which
are of great important in synthetic chemistry due to their
versatile transformations in many reactions,? especially
the well-known Stille C-C cross-coupling reaction.’ The
development of efficient methods for the regio- and ste-
reoselective preparation of vinylstannanes has been a

major area of focus. A variety of catalysts based on e.g.
Pd, Rh, and Mo have been employed in such transfor-
mations and display obvious advantages over radical-ini-
tiated processes in controlling regio- and stereoselectiv-
ity.* However, despite these advances, major voids still
exist and motivate further catalyst development, particu-
larly for controlling Markovnikov vs. anti-Markovnikov
selectivity to produce either a- or S-vinylstananes selec-
tively.® Thus far, most of reported methods lack generality
by requiring alkynes bearing bulky or coordinating
groups to enhance the regioselectivity.® While hydro-
stannylation of simple alkynes to produce (E)-f-vinylsta-
nanes selectively has been recently accomplished
(Scheme 1b),” corresponding methods to provide a-vi-
nylstananes selectively are underdeveloped. Current suc-
cessful methods to synthesize a-vinylstananes from sim-
ple terminal alkynes either rely on the use of specialized
tin hydride reagents (e.g. Bu»SnIH),? or lose the desirable
atom-efficiency of hydrofuncationalization by employing
distannane, silylstannane,’ or stannylmetallic reagents.!”
Known methods for adding readily available hydrostan-
nanes such as BuzSnH directly to alkynes with Markov-
nikov selectivity rely on substrate rather than catalyst
control (Scheme 1c¢), such as exploiting directing effects



for propargyl-functionalized alkynes!' or aryl alkynes
bearing ortho-substituents on the aromatic ring.'? There-
fore, the development of new strategies to enrich the hy-
drostannylation reaction and overcome the unsolved
problem of approaching a-vinylstannanes from simple al-
kynes using R3SnH reagents as the tin source is highly
desirable."

Scheme 1. Hydrostannylation of Terminal Alkynes
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Bimetallic catalysis has emerged as an important strat-
egy in synthetic chemistry, in particular by enabling dif-
ferent reactivity modes and/or selectivity patterns com-
pared to conventional monometallic catalysis.' As bime-
tallic catalysis matures, it can increasingly be viewed as a
tool to solve reactivity or selectivity problems that are
challenging to solve with monometallic catalysis by har-
nessing these new bimetallic reactivity landscapes. Our
group recently developed heterobimetallic catalysts con-
sisting of copper carbene Lewis acids and metal carbonyl
anion Lewis bases, i.e. (NHC)Cu-[Mco],"* wherein two
metal sites within one catalyst could cooperatively acti-
vate H-Bpin or H-H bonds in catalytic scenarios through
tunable bimetallic pairing.'¢ Herein, we report that the
tunable heterobimetallic (NHC)Cu-[Mco] -catalysts
([Mco] = FeCp(CO), or Mn(CO)s) enable divergent syn-
theses of a- and (£)-f-vinylstannanes via catalytic hydro-
stannylation of terminal alkynes under mild conditions,
with the selectivity being controlled by the Cu/M hetero-
bimetallic pairing (Scheme 1d). Several aspects of this
study make it both fundamentally important and also
amenable to complex molecule synthesis. 1) The bimetal-
lic catalyst can be easily generated in situ through salt me-
tathesis between two readily-available pre-catalysts,
(NHC)CuCl and Na[Mco] or K[Mco], which obviates

additional steps for heterobimetallic catalyst preparation
and makes optimization more efficient. 2) Both the a- and
(E)-p-vinylstannanes can be accessed from a conserved
heterobimetallic catalyst design. In particular, this has en-
abled us to develop the first general synthetic method to
provide a-vinylstannanes from simple alkynes using
BusSnH as the tin source. 3) The use of cooperative bi-
metallic catalysis for hydrofunctionalization is conceptu-
ally novel and complements established monometallic ca-
talysis* and recently reported metal-ligand cooperativity
in the dehydrogenative stannylation of alkynes.!” Moreo-
ver, two distinct Sn-H bond activation modes are pro-
posed to account for the divergent selectivity exhibited by
the Cu/Fe and Cu/Mn catalysts.

RESULTS AND DISCUSSION

We began our work by studying the reaction between
I-decyne (1a) and BusSnH using heterobimetallic com-
plexes (NHC)Cu-[Mco] formed in situ through salt me-
tathesis between (NHC)CuCl and Na[Mco] or K[Mco] in
toluene at room temperature.'> The initial investigation of
Na[Mco] in the presence of IPrCuCl suggest that nucleo-
philicity of the metal carbonyl anion'® is a very important
parameter for this reaction. No product was found when
the less nucleophilic metal carbonyl anions such as
[Co(CO)4], [CrCp(CO)3],  [MoCp(CO)s]  and
[WCp(CO)s] were used (Table 1, entry 1-4). Trace a- and
(E)-B-vinylstannanes were detected with [Mn(CO)s]". To
our delight, the use of more nucleophilic [RuCp(CO),]
([Rp]) and [FeCp(CO)2]" ([Fp]) anions gave the a-vi-
nylstannane 2a selectively in 23% and 28% respectively
(Table 1, entry 6-7). Next, we optimized the structure of
NHC ligand to improve the reaction outcome: the yield of
2a was largely enhanced when the IPr was replaced by
IMes, and MeIMes turned out to be the optimal NHC lig-
and for this reaction (Table 1, entry 8-10). The use of
[FeCp*(CO)2] ([Fp*1), which has similar nucleophilicity
as [Fp] but increased steric hindrance, gave a nearly same
result (Table 1, entry 11). Control experiments demon-
strated that both of the copper and iron partners were nec-
essary for the reaction to occur (Table 1, entry 12-13).
Better selectivity and yield were observed after lowering
the temperature to 0 °C or -10 °C (Table 1, entry 14-15).
In addition, increasing the loading of Bus;SnH to 1.5
equivalents resulted in a slightly higher yield (Table 1, en-
try 16). Finally, we also found that use of excess M{IMes-
CuCl relative to KFp provides higher yields compared to
equimolar co-catalyst loadings or with the pre-prepared
Me[MesCu-Fp complex (Table 1, entry 17). We reasoned
this might be due to an unstable organocopper intermedi-
ate during the catalytic cycle necessitating supplemental
copper loading for optimal results.

Table 1. Optimizations for Synthesis of a-Vinylstan-
nane’



BuzSnH (1.0 equiv)

f %
/HN [Cul—[Meol (10 mol%) \H& ¥ \H/\/Snsus
A toluene, T, 12 h 7 7
1a 2a 3a
9] RY R
) e
r-NN-R h M, §
. OoC Cco

IPr: R’= H, R = 2,6-(diisopropyl)phenyl
IMes: R’ = H, R= 2,4,6-(trimethyl)phenyl
CliMes: R’ = Cl, R = 2,4,6-(trimethyl)phenyl

SnBug

Fp:M=Fe,R=H
Fp*: M =Fe, R=Me
Rp:M=Ru, R=H

Me|Mes: R’ = Me, R = 2,4,6-(trimethyl)phenyl

entry [Cu] [Mco] (OE) (%/?) (3/2:)
1 IPrCuCl NaCo(CO); it 0 0
2 IPrCuCl  NaCrCp(CO); 1t 0 0
3 IPrCuCl NaMoCp(CO); rt 0 0
4 [PrCuCl NaMn(CO)s rt <5 6
5 IPrCuCl  NaWCp(CO)s rt 0 0
6 IPrCuCl NaRp rt 23 5
7 IPrCuCl KFp It 28 8
8 IMesCuCl KFp rt 63 11
9 CIMesCuCl KFp it 47 28
10 MIMesCuCl KFp It 67 14
11 MIMesCuCl NaFp* It 67 15
12 -- KFp It
13 MIMesCuCl - It
14 MIMesCuCl KFp 0 70 11
15  MIMesCuCl KFp -10 75 8
16®  M[MesCuCl KFp -10 84 8
175¢  MeIMesCuCl KFp -10 91 8

“Reaction was performed on 0.1 mmol scale. Yields were de-
termined by 'H NMR integration of crude mixtures against an
internal standard. 1.5 equiv. BusSnH was used. ‘12 mol%
MeIMesCuCl and 8 mol% KFp were used.

With the optimal conditions in hand, we next investi-
gated the substrate scope of alkyl-substituted alkynes (Ta-
ble 2). We were delighted to find that a variety of alkynes
underwent hydrostannylation under our catalytic condi-
tions to furnish a-vinylstannanes in high yields with good
regioselectivity. Functional groups such as indolyl (2¢),
silyl ether (2d), benzyl ether (2e), ester (2f) and
phthalimide (2g) were generally well tolerated. Terminal
alkene (2h) was also compatible with the reaction condi-
tions and the C=C double bond remains intact.
(Pseudo)halide groups such as alkyl tosylates and chlo-
rides were also found to be compatible (2i, 2j). Remarka-
bly, the reaction can also be conducted in the presence of
an unprotected alcohol group (2k). Strongly coordinating
alkyl nitriles (21) and aryl nitriles (2n) had little effect on
the results. Substrates bearing remote aryl bromide and
aryl iodide linkages (2n, 20) also worked well, providing
potential synthetic handles for further coupling reactions.
Trace product and low yield was found with the substrates
bearing a remote aldehyde (2m) or aryl ester group (2q).

Under the same reaction conditions, the substrate scope
can be extended to cyclic alkyl-substituted alkynes, alt-
hough the corresponding vinylstannanes (2p, 2q) were
obtained in moderate yield. Interestingly, reversed regi-
oselectivity was observed when fert-butylethyne was
used as substrate, although the (F£)-B-vinylstannane (3t)
was formed in poor yield. This behavior is possibly
caused by the increased steric hindrance of the tertiary-
alkyl substituent. Internal alkynes did not react under
these conditions.

Table 2. Hydrostannylation of Alkyl-substituted Al-
kynes Using [Cu-Fe] catalyst“
BusSnH (1.5 equiv)

Me|MesCuCl (12 mol%) SnBuj
KFp (8 mol%)

toluene, -10°C, 12 h

2a, 96% (10:1) 2b, 99% (10:1) 2¢, 91% (19:1)

SnBujz SnBuy o} SnBuj
Bs0._~_A_ BnO oo
2d, 81% (> 20:1) 2e, 76% (> 20:1) 2f, 98% (5:1)

SnBujy

(0]
M SnBu, SnBuj
N
/\% Tsoi\a&
o) 8 9

2g, 80% (8:1) 2h, 80% (10:1) 2i, 74% (12:1)
SnBu SnB:
M ’ - SnBUs
c HO% ne~ AL
2j, 92% (10:1) 2k, 58% (20:1) 21, 98% (5:1)
H SnBus X SnBu 2N, X = ON, 99% (12:1)
O)\M& M 20, X = Br, 77% (>20:1)
7 (o} 2p, X =1,91% (> 20:1)
2m, < 5%" 2q, X = CO,Me, 10%P? (10:1)
SnBug SnBu,
}/\/SnB%
2r, 60% (7:1) 2s, 53% (> 20:1) 3t, 10%° (> 20:1)°

“The reaction was conducted on 0.2 mmol scale. All yields
are isolated yields unless otherwise noted. The o/f ratios were
determined by 'H NMR from the isolated mixtures and are
given in parentheses. Yields were determined by '"H NMR in-
tegration of crude mixtures against an internal standard. “Ratio
of f/a.

Next, aryl-substituted alkynes were tested under the
same reaction conditions (Table 3). Surprisingly, the (E)-
[S-vinylstannanes were observed as the major products.
This outcome differs from that of previous Cu-catalyzed
hydrostannylation of aryl-substituted alkynes using hexa-
methyldistannane, where the a-vinylstannanes are gener-
ated as the major products.” We speculate the substantial
steric hindrance of the aryl-substitute renders the -SnBus



group more likely add to the f position of the alkynes,
whereas in previous report the use of the relative small -
SnMe; group did not alter the regioselectivity. It is worthy
to note similar reversed regioselectivity was also ob-
served in the hydrostannylation of alkyl- or aryl-substi-
tuted alkynes using stoichiometric stannylcopper rea-
gents.!® Briefly investigating the substrate scope revealed
that an electron-deficient aryl alkyne gave excellent yield
and regioselectivity (3v), while poor regioselectivity was
observed with an electron-rich aryl alkyne (3w).

Table 3. Hydrostannylation of Aryl-substituted Al-
kynes Using [Cu-Fe]| catalyst®
BusSnH (1.5 equiv)

Me|MesCuCl (12 mol%)
KFp (8 mol%)

toluene, -10°C, 12 h

©/\/SHBU3 /@/\/SHBU:; /@NSHB%

3u, 90% (10:1) 3v, 92% (> 20:1) 3w, 85% (2:1)

“ The reaction was conducted on 0.2 mmol scale. All yields
are isolated yields. The f3/a ratios were determined by 'H NMR
from the isolated mixtures and are given in parentheses.

During the course of optimization, the (£)-f-vinylstan-
nanes 3a was observed in low yield as the major product
when NaMn(CO)s instead of KFp was used as the partner
with IPrCuCl (Table 1, entry 4). This result indicated that
the reversed regioselectivity for hydrostannylation of ter-
minal alkyl alkynes might be achieved by tuning one of
the two metal sites within the bimetallic complex. Thus,
we directed our efforts towards optimizing the formation
of (E)-f-vinylstannanes 3a (Table 4). Further investiga-
tion of other NHC ligands revealed the IMesCuCl greatly
enhanced the yield and selectivity (Table 4, entry 2-4).
Performing the reaction at higher temperature (60 °C)
could speed up the reaction and led to a higher yield of 3a
(Table 4, entry 5). In addition, increasing the amount of
BusSnH to 1.2 equivalent resulted in a slightly increased
yield (Table 4, entry 6). While other solvents such as ben-
zene, 1,4-dioxane and THF gave similar result as toluene
(Table 4, entry 7-9), we were delighted to find use of DCE
afforded the (E)-f-vinylstannanes 3a in both higher yield
and better selectivity (Table 4, entry 10).

Table 4. Optimizations for Synthesis of (E)-f-Vi-
nylstannane“

BuzSnH (1.0 equiv)

(NHC)CuCl (10 mol%) SnBu,
NaMn(CO)5(10 mol%) X SNBu
MN . w 3
N solvent, T, 12 h 7
1a 2a 3

T 2a 3a
O ) (%)

toluene rt <5 6

toluene rt 5 79

entry (NHC)CuCl solvent

1 IPrCuCl
2 IMesCuCl

3 CIMesCuCl toluene rt 7 79
4 Me[MesCuCl toluene Tt 6 72
5 IMesCuCl toluene 60 10 86

6 IMesCuCl toluene 60 10 90
7° IMesCuCl benzene 60 12 88
8’ IMesCuCl  1,4-dioxane 60 11 89
ob IMesCuCl THF 60 11 89

10° IMesCuCl DCE 60 7 93

“Reaction was performed on 0.1 mmol scale. Yields were de-
termined by 'H NMR integration of crude mixtures against an
internal standard. ®1.2 equiv. Bu;SnH was used and the reaction
time is 4 h.

Under the optimal conditions, a range of alkynes bear-
ing different functional groups were investigated (Table
5). Almost all the alkynes tested in [Cu-Fe] catalysis
smoothly underwent anti-Markovnikov Bu3SnH addition
under [Cu-Mn]-catalyzed conditions to afford (£)-S-vi-
nylstannanes in high yields with good regioselectivity.
The remote aldehyde (3m) and aryl ester groups (3q) that
were not tolerated in the [Cu-Fe] system were found to be
compatible with the [Cu-Mn] system. While an arylcyano
group (3n) has no effect on the reaction, a remote alkyl-
cyano group (2I) led to only trace product. Under the
same reaction conditions, the substrate scope can be ex-
tended to include secondary and even tertiary alkyl al-
kynes (3t), the latter of which was unsuccessful in the
[Cu-Fe] catalysis. Unfortunately, moderated yield and se-
lectivity were obtained with phenyl acetylene (3u).

Table 5. Hydrostannylation of Alkyl-substituted Al-
kynes Using [Cu-Mn] catalyst “



BusSnH (1.2 equiv)
IMesCuCl (10 mol%)
NaMn(CO)5 (10 mol%)

DCE, 60 °C, 4 h

W\/S”BUS Ph X SNBU; %/\/\/\/SHB%
7 _

3a, 91% (13:1) 3b, 80% (11:1) 3¢, 78% (> 20:1)

(o}

MeO)K/\/\/SnBu3

3f, 79% (17:1)

&/\/\/\/SHBUS WSnBua M/\,Snau3

3h, 88% (16:1) 3i, 81% (17:1)

TBSO. _~_X»SnBuz BnO_ _~_ X SnBus

3d, 94% (13:1) 3e, 90% (16:1)

39, 77% (13:1)

AN X SNBUg HO NrSMBUs NG~ _\-SnBUs
cl /\M;\’

3j, 77% (13:1) 3k, 60% (17:1) 21, < 5%"

3n, X =CN, 91% (12:1)
30, X = Br, 83% (> 20:1)
0\ S1BU; 3p, X =1, 85% (> 20:1)

H X
O)\WS”B% \©\
7

3m, 64% (17:1) 3q, X = CO,Me, 83% (15:1)
O/\/SnBua v/\/SnBug >‘/\/SHBU3 ©A\/Sn8u3
3r, 87% (19:1) 3s, 50% (5:1) 3t, 85% (12:1) 3u, 40%"°(3:1)

“The reaction was conducted on 0.2 mmol scale. All yields
are isolated yields. The f3/a ratios were determined by 'H NMR
from the isolated mixtures and are given in parentheses. *Yields
were determined by 'H NMR integration of crude mixtures
against an internal standard.

To demonstrate the practical utility of this methodol-
ogy, we performed the reaction on large scale. Under the
standard reaction conditions established for [Cu-Fe] and
[Cu-Mn] catalysis, use of 4 mmol of 1b allowed for iso-
lation of 1.7 g of a-vinylstannane 2b and 1.6 g of (£)-f-
vinylstannane 3b, respectively, while maintaining high
reactivity and regioselectivity (Scheme 2a). Moreover,
the mild reaction conditions provide the opportunity for
late-stage hydrostannylation of natural products or drugs.
For example, when Mestranol, an estrogen medication
used in birth control pills, was subjected to the two reac-
tion conditions, the (E)-f-vinylstannane 4 was obtained
as a single isomer in excellent yield under the [Cu-Fe]
catalytic conditions, whereas moderate yield was ob-
served under the [Cu-Mn] catalytic conditions using the
toluene as solvent (Scheme 2b).

Scheme 2. Synthetic Utility

(a) Large scale synthesis
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Ph/\/\\\ _
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3b
1.6 g, 90% yield
B/a=16:1

(b) Late-stage hydrostannylation

—
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[Cu-Mn] (in toluene), 50% yield

Next, some experiments were conducted to explore the
mechanism of bimetallic catalysis. Kinetic isotope effect
(KIE) experiments were performed using BuzSnH and
BusSnD in the [Cu-Fe] catalysis. In these experiments,
the reaction was quenched after 1 h by addition of Et;N.
The KIE value was calculated to be 2.0 and 1.9 from par-
allel and competition experiments, respectively (Scheme
3a). In addition, a relative rate of 1.0 was found in two
parallel experiments using 1a and 1a-D with BuzSnH (see
Supporting Information). These results strongly suggest
the involvement of Sn-H activation in the rate-determin-
ing step during bimetallic catalysis. For [Cu-Mn] cataly-
sis, the selective formation of (E)-f-vinylstannanes
clearly demonstrates the syn addition of the BusSnH to
alkynes. For [Cu-Fe] catalysis, deuterated alkyne 1a-D
was synthesized and subjected to hydrostannylation cata-
lyzed (Scheme 3b). The E-isomer 2a-D was selectively
formed, which demonstrates that syn addition of BuzSnH
to the alkyne also occurs under the [Cu-Fe] catalytic con-
ditions. This result also indicates that formation of a cop-
per acetylide intermediate is unlikely because no occur-
rence of H/D exchange from 1a-D and Bu3;SnH was ob-
served. To further probe the activation modes by two dif-
ferent bimetallic catalysts, we conducted stoichiometric
experiments. For [Cu-Fe] catalysis, according to the pre-
vious literatures involving the stannylcupration of al-
kynes,?’ we assume a [Cu]-SnBus intermediate is gener-
ated upon the activation of BusSnH. However, our at-
tempts to prepare (NHC)Cu-SnBus via many methods
failed, producing Bu3Sn-SnBu; as a decomposition prod-
uct in the absence of alkyne substrate. Nevertheless, we
found no reaction occurred between BuzSn-Fp or Fp*-H
and 1-decyne. These results may exclude the [Fe] partner
interacting with the alkynes and necessity the role of
[Cu]-SnBus. On the other hand, we prepared the alkenyl-
copper 6 from the addition of the [Cu]-H to 1-decyne. The
alkenylcopper 6 readily reacted with the BuzSn-Mn(CO)s
at the room temperature to give the f-vinylstannanes as a
single product in 80% yield. These results support the



intermediacy of (NHC)Cu-H and BuzSn-Mn(CO)s in the
activation of Bu3SnH by the [Cu-Mn] catalyst.

Scheme 3. Mechanistic Studies

(a) Kinetic isotope effect experiments

BU.SND [Cu-Fe] SnBug
% + %M standard conditions ~HD

BusSnH after 1 h 7
10-20% yield

from two parallel experiments: KIE =2.0
from intermolecular competition: KIE =1.9

1a

(b) syn Addition of BuzgSnH to alkyne

(>95% D) [Cu-Fe] SnBus
standard conditions >95% D
/HN / + BugSnH ——m— \% )/( )
D D
1a-D 2a-D

70% yield, a/f > 20:1

(c) Stoichiometric experiment

R
1a
X CulPr R Sl
AV *+ BusSn-Mn(CO)s "¢ b iy h \M;\/

7
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5

CeDs, 1, 1h

Based on the above experiments combined with our
previous work, two distinct mechanisms were proposed
for [Cu-Fe] and [Cu-Mn] catalysis (Scheme 4). For the
[Cu-Fe] catalyst, BusSn-H activation forms protic [Fe]-H
B and Bu3Sn-[Cu] C. Then, syn addition of C to alkyl-
substituted terminal alkynes affords the a-stannylalkenyl-
copper D.? Finally, protonolysis of complex D by [Fe]-H
B gives the a-vinylstannanes and regenerates the bimetal-
lic catalyst. For aryl-substituted alkynes, we hypothesize
that the formation of S-stannylalkenylcopper D’ was fa-
vored due to the increased steric hindrance of the aryl sub-
stituent, thus leading to the S-vinylstannane product after
protonolysis by B. For the [Cu-Mn] system, we instead
propose that BuzSn-H activation forms BuzSn-[Mn] F
and [Cu]-H G intermediates. The addition of the [Cu]-H
G to the alkyne gives alkenylcopper H, which reacts with
the F to deliver the (E)-f-vinylstannanes and regenerate
the bimetallic catalyst. At this time, we do not have a clear
understanding of the factors that control the divergent Sn-
H activation behavior of catalysts A and E, and further
experimental and computational studies probing this is-
sue are underway.

SUMMARY

! (a) Yadav, J. S.; Antony, A.; Rao, T. S.; Reddy, B. V. S. Recent
progress in transition metal catalyzed hydrofunctionalization of less ac-
tivated olefins. J. Organomet. Chem. 2011, 696, 16. (b) Ananikov, V.
P.; Tanaka, T. Hydrofunctionalization, Springer, Heidelberg, 2013. (c)
Zheng, Y.; Zi, W. Transition-metal catalyzed enantioselective hydro-
functionalization of alkynes. Tetrahedron Lett. 2018, 59, 2205. (d)
Chen, J.; Guo, J.; Lu, Z. Recent Advances in Hydrometallation of Al-
kenes and Alkynes via the First Row Transition Metal Catalysis. Chin.
J. Chem. 2018, 36, 1075.

In summary, we have developed an unprecedented pro-
cedure for divergent synthesis of the a-vinylstannanes
and (E)-f-vinylstannanes via hydrostannyaltion of termi-
nal alkynes mediated by a tunable heterobimetallic cata-
lysts. By using M’ IMesCu-FeCp(CO); as a catalyst, a va-
riety of a-vinylstannanes can be synthesized in high yield
and good selectivity under mild reaction conditions. This
protocol represents the first general synthetic method for
preparation of a-vinylstannanes from simple alkyl-substi-
tuted alkynes using readily available BuzSnH as the tin
source. In addition, reversed regioselectivity was found
for aryl-substituted alkynes, affording the (£)-f-vi-
nylstannanes as major products. Further investigation of
heterobimetallic catalysts revealed IMesCu-Mn(CO)s
was an efficient catalyst for synthesis of (£)-f-vinylstan-
nanes. Primary, secondary and tertiary alkyl-substituted
alkynes are all applicable under the reaction conditions.
The utility of this method was demonstrated by the large-
scale synthesis of vinylstannanes and by late-stage hydro-
stannylation of Mestranol. Mechanistic experiments sup-
ported the syn addition of BusSnH to the alkynes and in-
dicated the involvement Sn-H bond activation in the rate-
determining step. Two distinct Sn-H bond activation
modes were proposed based on the stoichiometric exper-
iments. In the [Cu-Fe] catalytic cycle, [Cu]-SnBus and
protic [Fe]-H were likely formed upon the activation of
BusSnH; however, the selectivity was reversed in the [Cu-
Mn] catalytic cycle, where [Cu]-H and [Mn]-SnBus were
likely generated as the key intermediates. This divergent
reactivity with BusSnH is the source of the heterobime-
tallic control of regioselectivity.
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Scheme 4. Proposed mechanisms for heterobimetallic alkyne hydrostannylation.



BuzSn—H

BuzSn—H
H A
Ar AN : N '
N : [ -Mn(CO
| )-cu-Fe., ! | N)>—Cu (CO)s
N | "co : N
y 1
A, R . " E
BugSn H H-Fe., : SnBug A ~
— /Ar B (I:O’fco E ):/ N, BuzSn—Mn(CO)s
Ralkyi Ar N iR [ Cut
or )IN»_ Rayi | N)>—Cu—SnBu3 ’3>_
H SnBu Cu ' Y G
— : N N A C ! r
\ i
Raryi Ar BugSn .
o ; R—=
or R—= E Ar
Ar E N Bu3Sn—Mn(CO)5
N Q . [ »—Cu F
I )—ou N\ H—Fe 5 N _\>~R
N Raiy |"co ; Ar H
Ar BuszSn Cco ! H
D B
TOC graphic:
i [Mleo = FeCp(CO) /LHB”""
~ N co = 2 2. SnBuy
f t-Mellr— R or BTN 3
ll“l\P_ u—[Mlco P &9
R—= Ar R=1°,2° alkyl R=aryl
+
BusSnH
Mlco=Mn(CO)s  ox,,5nBUy
v'cheap and tunable bimetallic catalyst (B¢

v different reaction modes

vaccess to a- and f-vinylstannanes
vhigh yields and good selectivities
v'broad substrate scope

R =19, 2° 3°alkyl




