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ABSTRACT: The catalytic generation of a stannylium-ion-
like tin electrophile by heterolytic cleavage of the Sn-H bond
in hydrostannes at the Ru-S bond of Ohki-Tatsumi com-
plexes is reported. Reacting these activated hydrostannanes
with terminal acetylenes does not lead to hydrostannylation
of the C-C triple bond but to dehydrogenative stannylation
of the alkyne terminus. The scope of this rare direct C(sp)-H
bond stannylation with hydrostannanes is broad, and a
mechanism involving a f3-tin-stabilized vinyl cation having a
bridged structure is presented.

One way to achieve cross-coupling at an sp-hybridized car-
bon atom' is by the Stille reaction.” The necessary coupling
partner is an alkynyl-substituted tin compound, and these
are commonly prepared by the reaction of an (earth) alkali
metal acetylide with a tin electrophile such as R;SnCl and
R;SnBr (R = alkyl and aryl)? Alternatively, tin amides* and
alkoxides® engage in direct bond formation with terminal
acetylenes. Recently, the limited scope of these methods was
greatly expanded by Baba and co-workers who discovered
that ZnBr, catalyzes the stannylation of terminal alkynes
with nBu3SnOMe.6 We are aware of an unexpected finding by
Mitchell where the use of Me;SnH instead of nBu,SnH in the
planned rhodium-catalyzed hydrostannylation of the termi-
nal triple bond of propargyl ethers resulted in unexpected
dehydrogenative C(sp)-Sn coupling.” Aside from this isolated
report, the formation of vinyl stannanes is the usual outcome
of reactions of alkynes and hydrostannanes.

Inspired by the recent work of Stoltz and Grubbs,’ we tested
alkali metal hydroxides and tert-butoxides as catalysts in the
C(sp)-H bond stannylation of alkynes 1 with hydrostannanes
2 but that merely led to decomposition of 2 (Table 1, entries
1-3); the same setup had allowed for efficient C(sp)-H bond
silylation. We then turned toward Ohki-Tatsumi complexes
[5]'[A]” as catalysts (Figure 1).”° The Ru-S bond in [5]"[A]”
mediates the cooperative activation of main-group metal
hydrides,” and we have been able to develop several dehy-
drogenative couplings based on this activation mode, partic-
ularly with hydrosilanes.” To our delight, any of our typical
catalysts [5]+[BArF4]_ promoted the C(sp)-Sn coupling (1a —
3aa; Table 1, entries 4-7). The yield was highest with
[5b]*[BArF4]' (entry 5), and hydrostannylation became a
minor pathway with [5d]+[BArF4]7 (1a — 4aa; entry 7).
[5b]"[B(CFs),]™ with a different counteranion performed
equally well (entry 8). Changing the hydrostannane from

nBu,SnH (2a) to Et;SnH (2b) or Ph;SnH (2¢) afforded lower
yield and diminished selectivity (entry 9) or resulted in hy-
drostannane degradation (entry 10). When using hydrostan-
nanes 2a and 2b, the corresponding distannanes did form in
trace amounts but cleavage of the Sn-Sn bond by [5][A]” did
not occur as verified by independent experiments.—We note
that 2 was used as the limiting reagent for practical reasons;
full consumption of the hydrostannane 2 avoided its remov-
al.

Table 1. Optimization of the Dehydrogenative C(sp)-
Sn Coupling”

catalyst (10 or 1.0 mol %) H
_ H  R,Sn-H (2, 1.0 equiv) _ SnRs . S__H
= S 7 Ph
DME at 80 °C
Ph Ph
or SnRy
1a CH,Cl, at 30 °C 3a 4a

(1.1 equiv) dehydrogenative hydro-

coupling (- H-H)  stannylation

I
5b]"

5b]'[BAr",]” (1.0) Et(2b) 24 937  >99 (66)
5b]+[BArF4]’ (1.0) Ph (2¢)

[B(CeFs),]” (1.0) nBu(2a) 18 >99:1  >99

entry catalyst stannane t 3ai4a  conv.
(mol %) (Rin2) (h) (%" (%)

1 NaOH (10) nBu(2a) 72 — >99°

2 KOtBu (10) nBu(2za) 72 — >99°

3 NaOtBu (10) nBu(2a) 72 — >99°

4 5a]"[BAr",]” (1.0) nBu(2a) 18 >991 32

5 5b]"[BAr",] (1.0) nBu(2a) 18 >991 >99(90)

6 5¢]*[BAr",]” (1.0) nBu(2a) 18 >991 8o

7

8

9

[
[
[
[5d]*[BAr",]” (1.0) nBu(2a) 18 9614 32
[
[
[

10 24 — 90’

“All reactions were performed according to the reported
procedure (entries 1-3; Ref. 9) and General Procedure 1 (en-
tries 4-11; see the Supporting Information for details). "Ratios
and conversions were determined by GLC analysis using
tetracosane as an internal standard. ‘Isolated yield after
filtration over ALO;. ‘Decomposition of the hydrostannane
was observed.
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| O —I /[R@ [(EtsP)Ru(SDmp)|* = [5a]*
P

Rjl AF [(iPr3P)Ru(SDmp)]* = [5b]*

_Ru—g = [(CysP)Ru(SDmp)]” = [5¢]*

RsP [{(p-FCeHs)3P}Ru(SDmp)]" = [5d]*
(A"

[51'IAI" [AI" = [BA"]" or [B(CeFs)al”

Figure 1. Coordinatively unsaturated Ru-S complexes for
cooperative activation of main-group metal hydrides. Ar" =
3,5-bis(trifluoromethyl)phenyl.

With proper catalysts [5b][A]” identified (Table 1, entries 5
and 8), we assessed the functional-group tolerance of the
method (Table 2). High yields and selectivities were obtained
for essentially any of the phenyl acetylene derivatives used
(1a-1k — 3aa-3ka; entries 1-11). The general trend was that
reactions were slower with electron-withdrawing and vice
versa with electron-donating substituents in the para posi-
tion, providing early indication of a cationic intermediate
(for an intermolecular competition experiment, see the Sup-
porting Information). However, the counteranion [A]™ of the
catalyst had an influence on the selectivity. This generally
dropped to approx. 9o:10 with [5b]+[BArF4]7 but the high
selectivity previously seen in the model reaction was restored
with [sb]*[B(C4Fs),]". Alkyl- and likewise silyl-substituted
alkynes 11-1s converted into alkynyl stannanes 3la-3sa exclu-
sively (entries 12-19). An enyne reacted also in good yield (1t
— 3ta; entry 20).—For comparison only, the hydrostannyla-
tion of an internal alkyne was tested; at 8o °C, 1-phenylprop-
1-yne afforded the vinyl stannane as a 3:1 mixture of regioi-
somers (see the Supporting Information for details).

Table 2. Scope of the Dehydrogenative C(sp)-Sn Cou-
pling”
[5bI*TAI™ (1.0 mol %)

_ i SnnBuj AN
/ nBu3Sn-H (2a, 1.0 equiv) / +R/\
R CH,Cl, R SnnBuj

1a—1t 30°Cfor24 h 3aa-3ta 4aa-4ta
(1.1 equiv)
X gz g7
o O
1a-1k 1-1s 1t
entry alkyne 1 counter- 3:4 yield of 3
anion [A]” (%) (%)°
1 1a (X =H) [BArF4]’ >99:1 90‘1 (3aa)
2 1b (X = 4-F) [B(CeF5),]”  >99:1 9o (3ba)
3° 1c (X = 4-CF;) [B(CeF5),]” 992 82 (3ca)
4 1d (X=4-CO.Me) [BAr",]”  >95:5 75(3da)
5 1e (X =4-Cl) [B(CeF5),l”  96:4 86 (3ea)
6 1f (X = 4-Br) [B(CsFy),]”  >95:5 83 (3fa)
7 1g(X=4-OMe)  [B(CF,), >955 85(3ga)
8 1h (X = 4-Ph) [B(CeF5),]” 973 90 (3ha)
9 1i (X = 4-Me) [BArF‘,]’ 97:3 86 (3ia)
10 1j (X =3-Me) [BAI",] >99:1 86 (3ja)
n 1k (X = 2-Me) [BArF4]_ >99:1 94 (3ka)
12 1l (R =Bn) [BArF,]” >95:5 88 (3la)

13 1m (R = cPent) [BArF4]' >99:1 9o (3ma)
14 m (R=Cy) [BArS,]” >99:1 89 (3nma)
15 10 (R = nBu) [BArS,]” >99:1 92 (30a)
16 1p (R = (CH,);C1) [BArF‘,]’ >99:1 88 (3pa)
17 1q9(R=(CH,),Br) [BAr,]” 991  66(3qa)
18° 1r (R = SiMe,) [B(CeF5),l”  >991 87 (3ra)
19 1s (R = SiiPry) [BAr",]”  >991 45 (3sa)
20 1t [BArF,]” >99:1 84 (3ta)

“All reactions were performed according to General Proce-
dure 1 (see the Supporting Information for details). "Unless
otherwise noted, ratios were determined by GLC analysis
using tetracosane as an internal standard. ‘Reactions were
run until complete consumdption of nBu;SnH; isolated yields
after filtration over Al,O;. “91% isolated yield were obtained
on a 1.o mmol scale. ‘Reaction was quenched after 48 h.
fRatio was determined by 'H NMR analysis (no baseline sepa-
ration in the GLC analysis).

To understand the reaction mechanism, we began with an
investigation of the Sn-H bond activation. We had shown
before that the Ru-S bond in cationic Ohki-Tatsumi com-
plexes [5]"[A] splits dihydrogen™ as well as main-group met-
al hydrides with Si-H,"™" B-H,"* and Al-H"® bonds into the
corresponding neutral ruthenium(II) hydride and the sulfur-
stabilized main-group electrophile. Hence, combining com-
plexes [5]'[A]” and hydrostannanes 2 in CD,Cl, at -78 °C
instantly ~ delivered  the  hydrostannane  adducts
[5-R;SnH]"[A]". These fleeting intermediates were fully char-
acterized by NMR spectroscopy at —20 °C or -60 °C (Table
3).” The observed hydride shifts at 5('H) ~ -8.5 ppm and *J;1
coupling constants of ~48 Hz were similar to those found for
hydrosilane adducts.”®® The A5 value in the "Sn NMR spec-
trum for the adduct formation of nBu,SnH (2a) is approx.
246 ppm, arising from -86.6 ppm for 2a to approx. +155 ppm
for [5-nBu,SnH]'[A]” (entry 1 vs entries 3-6). Et;SnH (2b)
exhibited the same trend (entry 7), and Ph;SnH (2¢) again
led to decomposition (entry 8). Those downfield shifts are
strong evidence for the formation of stannylium-like electro-
philes.® For comparison, the resonance signal of neutral
DmpSSnnBu, (Dmp = 2,6-dimesitylphenyl) is at &("°Sn) +79.6
ppm (entry 2), and other known heteroatom-stabilized
stannylium ions are in the same range, e.g., 8("°Sn) +165 ppm
for [nBu3Sn(OEt2)]+[BArF4]' (entry 9).® The chemical shifts
of benzene-coordinated [nBu,Sn(C¢He)]" [B(C4F5),]” and free
[nBu3Sn]+[BArF ]” have been detected at &"°Sn) +263 ppm16b
and +356 ppm,” respectively (entries 10 and 11).

Table 3. Sn-H Bond Activation at the Ru-S Bond: *Jy p
Coupling Constants as well as 'H and "?Sn NMR Shifts
of the Hydrostannane Adducts®

/[R/\—r [R@+

ul —SAr

+ RsSn-H — SAr [XI-
RsP e 3 CD,Cly R3P/H/ I r [X]
20 °C SnR3
[81'AI” 2 [5-R3SnH'[A]
entry adduct Jup 'HNMR "Sn NMR
(Hz] ~ [ppm]  [ppm]
1 nBu;SnH (2a) — +4.7 -86.6
2 DmpSSnnBu, — — +79.6
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3 [5a-nBu,SnH]"[BAr",]" 49.7 -8.6 +158.1
4 [5b-nBu,SnH]*[BAr",]” 47.7 -8.4 +156.5
5 [5c-nBu,SnH]*[BAr",]” 48.7 -8.6 +151.1
6 [5d-nBu,SnH]"[BAr",]” 49.5 -83 +154.5
7 [5b-Et,SnH]"[BAI",]" 47.0 -8.4 +150.2
8° [5b-Ph,SnH]"[BAI",]" — — —
9 [nBu,Sn(OEL,)]*[BAr",]” — — +165
10 [nBu,Sn(CeHe)I'[B(CeFs),]” — — +263
' [nBugsn]*[BArFJ — —_ +360

“Experiments were performed in a J. Young NMR tube us-
ing complexes [5]'[A]” (1.0 equiv) and hydrostannane 2 (1.2
equiv).’"NMR characterization performed at -60 °C ‘Decom-
position was observed.

As for the hydrosilane activation,'® [5b]+[BArF4]' promoted
'H/’H scrambling between nBu,SnD (2a-d,) and Et,SnH (2b).
In our hands, no deuterium exchange occurred in the ab-
sence of the catalyst at 30 °C” (see the Supporting Infor-
mation for details).

That proven Sn-H bond activation competes, however, with
the addition of the Ru-S bond across the C-C triple bond of
the substrate. Ohki and Tatsumi had described the adduct
formation of [5]+[BArF4]' and an aryl- as well as an alkyl-
substituted acetylene before; the molecular structure of the
resulting Markovnikov adduct [5-PhCCH]*[BAr",]” with Ph,P
as ligand was crystallographically secured. The interconver-
sion of [5b-PhCCH]+[BArF4]7 and [5b-nBu3SnH]+[BArF4] by
dissociative processes was then demonstrated by us (Scheme
1). Both setups, that is premixing [5b]+[BArF4]7 with either
phenyl acetylene (1a) or nBu,SnH (2a) prior to the addition
of the other reactant, led to the formation of the alkynyl
stannane 3aa (see the Supporting Information for details).
This is further evidence of the reversibility of both the addi-
tion across the C-C triple bond and the Sn-H bond. We also
found that the reaction is faster starting from [5b-nBu,SnH]J"
[BArF4]', indicating that the generation of [5b-1a]+[BArF4]' is
favored over [5b-2a]+[BArF4]7.

Scheme 1. Competitive Activation of the Hydrostan-
nane and the Terminal Alkyne

nBuzSn-H ///

+ 2a 1a +
w2 ey,

PrsP™ l— =, PPy
SnnBuj

BACL  ph  nBusn-H 7 [BAFJ

[5b-PhCCH]*[BAIF ] 2a 1a [5b-nBugSnH] [BArT ;]

Based on the above and our earlier'” observations, we deline-
ate the following catalytic cycle (Scheme 2). Alkyne adduct
[5-1]+[BArF4]_ is an off-cycle intermediate, reversibly convert-
ing into the stannane adduct [5-2]+[BArF4]7 through catalyst
[5]+[BArF4]' (cf. Scheme 1). The stannylium-ion-like electro-
phile [5-2]+[BArF4]7 is then nucleophilically attacked by the
C-C triple bond of 1 to yield a f-tin-stabilized"® vinyl cation'®
along with the ruthenium(Il) hydride 6. According to
Wrackmeyer’s work,* that vinyl cation is best represented as
the bridged structure [7]+[BArF4]7. These neutral complexes 6
are rather poor hydride donors,” and the sulfur atom in 6
serves as an internal Breonsted base instead.” Hence, 6 ab-
stracts the proton « to the tin atom in [7]+[BArF4]' to reestab-

lish the C-C triple bond ([7]+[BArF4]’ — 3, deprotonation
pathway). The resulting dihydrogen adduct [5~H2]+[BArF4]_ of
catalyst [5]+[BArF4]7 eventually releases H, gas, thereby com-
pleting the dehydrogenation.” The vinyl stannane 4 is, if at
all, seen in minor quantities and likely stemming from the
competing but disfavored hydride transfer ([7]+[BArF4]‘ — 4,
reduction pathway). To exclude the possibility of dehydro-
genation followed by hydrogenation (1 — 3 — 4)** or hydro-
stannylation followed by dehydrogenation (1 — 4 — 3), we
performed two control experiments (Scheme 3). Catalyst
[5b]+[BArF4]7 was neither able to reduce the alkynyl stannane
(3aa — 4aa; top) nor to dehydrogenate the vinyl stannane
(4aa — 3aa; bottom).

Scheme 2. Catalytic Cycle for the Dehydrogenative
Stannylation of Alkynes®

al

a1 —sAr
3
H
Ph
51"
+1 L -1
+
R
RsP
H-H [51° H-SnRg
r 2
reduction H
pathway R XM
_I (hydro- R _I
/\ *  stannylation) {” SnRg /\ +
4
i P/[/Ru]\?/_\r . [lRu]\?Ar
3 3
H H H SnR3
[5-Hal" [5-21"
SnR3 H
=z =
R' R'
3 R P/[,R”]\g,Ar 6 1
deprotonation T H
pathway SnRs
(dehydro- 1y —H
genation) =
R .
[7]

“The BArF4_ counteranion was omitted for the sake of clarity.

Scheme 3. Attempted Hydrogenation of an Alkynyl
Stannane and Dehydrogenation of a Vinyl Stannane

[5b]'[BArT 4] (1.0 mol %) H
SnnBug H, (1.0 bar)
X _H
/ Ph
Ph CH,Cl,
rt. for18 h SnnBus
3aa 4aa

no conversion

H
5b]*[BAr 4] (1.0 mol % SnnBuj
~__H [Sb][BAr"4]” ( O) _ + Hy
Ph 4
CH,Cl, Ph
SnnBuy rt for 18 h
4aa 3aa

no conversion

To summarize, we reported here the catalytic activation of
the Sn-H bond in hydrostannanes (tin hydrides) by hetero-
lytic cleavage at the Ru-S bond of cationic ruthenium(II)

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

complexes. This cooperative bond activation" leads to a
stannylium-ion-like tin electrophile together with the corre-
sponding neutral ruthenium hydride. With this catalyst-
hydrostannane adduct terminal acetylenes are converted into
alkynyl stannanes; hardly any or no vinyl stannane is detect-
ed. This outcome, that is the preference of dehydrogenation
over reduction, has been rationalized by the intermediacy of
a tin-bridged vinyl cation which is deprotonated by the sul-
fur atom in the ruthenium(II) hydride rather than reduced
by the ruthenium(II) hydride. The mild method is of broad
scope and a rare example of a direct C(sp)-H stannylation
with hydrostannanes.
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+ catalytic activation

H [RG]:\_l SnR; of hydrostannanes:

/ — RsP” SAr . / dehydrogenative
R (1.0 mol %) R +H-H  ¢(sp)-H stannylation

R3Sn-H (1.0 equiv) w/ stannylium ion

+

+

), TR Y

- SAr - R _— [Ru]l_
RsP™ [— = _ Rul_g AT SAr
Z Rrp” ' RPH L
R 3 SnR;

R’
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