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The catalytic semihydrogenation of alkynes to Z alkenes is
widely practiced textbook knowledge.!"! Amongst the various
heterogeneous or homogenous catalysts capable of effecting
this transformation, the use of palladium on CaCO; doped
with lead is particularly popular, and is commonly called
Lindlar catalyst after its discoverer;** variants using BaSO,
as the support material and quinoline as additive are also
popular. The major role of the catalyst poisons is to prevent
over-reduction of the alkene primarily formed,” whereas the
Z selectivity is an intrinsic feature: transition metal catalysts,
be they homogenous or heterogeneous, usually deliver the
two hydrogen atoms of H, suprafacially to the & system of the
substrate by a sequence of hydrometalation/reductive elim-
ination as the elementary step (although the exact processes
on a metallic surface, where multimetallic sites may be
engaged, are still not understood in full detail).!*>® The small
amounts of isomeric by-products that typically accompany the
Z alkenes are thought to derive from secondary processes.
Because of this well-established stereochemical course,
the formation of FE alkenes by catalytic hydrogenation is
inherently difficult and no broadly applicable protocol is
known to date.”-*! In fact, all commonly practiced methods for
the direct conversion of alkynes to E alkenes are stoichio-
metric in nature, with Birch-type reductions using dissolving
metals being the classical incarnation. The use of alkali metals
in liquid ammonia or amines, however, obviously prevents
applications to polyfunctionalized, base-labile and/or sensi-
tive substrates.’”!”) The arguably best catalytic alternative is
a two-step protocol, in which the alkyne is first subjected to
a ruthenium-catalyzed trans hydrosilylation™!! followed by
gentle protodesilylation of the resulting alkenylsilanes with
stoichiometric amounts of a suitable fluoride source.”
Although this indirect approach is largely superior to the
Birch reduction in terms of functional group compatibility
and has served our program well in the past,"*'* we sought to
develop a more direct solution. Outlined herein are our
preliminary results on a rather unique ruthenium-catalyzed
trans-selective alkyne hydrogenation. As this method is
stereocomplementary to the classical Lindlar reduction and
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tolerates a host of reducible functional groups, we believe that
it holds great promise for future applications.

The trans hydrosilylation alluded to above uses [Cp*Ru-
(MeCN);]PF, (1; Cp* =pentamethylcyclopentadienyl; see
Scheme 1) as precatalyst.'"'2 With the isolobal relationship
between R;Si and H in mind, one might envisage that this or
similar complexes could possibly effect trans-hydrogenation
reactions as well. In a pioneering NMR study, Bargon and co-
workers indeed demonstrated that the related cationic sorbic
acid complex [Cp*Ru(n*-CH;CH=CH-CH=CHCOOH)]*
OTI™ (2) catalyzes the trans reduction of substrates such as
2-pentyne or 1-phenyl-1-propyne in [D,]methanol under
a hydrogen atmosphere (1 bar); terminal acetylenes were
found to be unreactive.™ Parahydrogen-induced polarization
(PHIP) experiments demonstrated that the E alkene forma-
tion was intrinsic and not caused by posterior Z— FE isomer-
ization. The PHIP spectra also implied a pair-wise delivery of
the hydrogen atoms of H,. To account for these results, the
authors proposed a mechanism involving p-bridged dinuclear
complexes, but emphasized the somewhat speculative nature
of their proposal.™ This suggestion was also based on earlier
evidence from the rhodium series.”

Free alcohols, a diethyl acetal, and a conjugated ketone
were found to be compatible with this method, although no
yields of isolated products were reported.!'?l Unfortunately,
however, our attempts to translate this methodology to the
semihydrogenation of the lactonic cycloalkyne §, which serves
as a model compound in our ongoing studies on the develop-
ment of ever more effective catalysts for alkyne metathesis,”!
only met with limited success (Scheme 1).

As can be seen from the selected data shown in Table 1,
the hydrogenation of alkyne 5 in the presence of complexes
1 or 2 proceeded with appreciable E selectivity. However, the
sorbic acid complex 2 failed to bring about full conversion
even at a loading of 25 mol % and the reaction was not very
clean either (Table 1, entry1). Although the commercial
acetonitrile adduct 1 was more effective," the mass recovery
was poor in most cases (Table 1, entries 3-5) and the E/Z ratio
provided room for improvement. Careful inspection of the
crude mixtures indicated substantial oligomerization by
transesterification before and/or after the semireduction.
This competing pathway is attributed to an effective activa-
tion of the carboxyl groups by the evidently fairly Lewis acidic
ruthenium species derived from 1 under the reaction con-
ditions. This side reaction was more pronounced in MeOH
than in CH,Cl,, which was therefore chosen as the solvent for
further optimization.!"®!

Another important piece of information came from
experiments with the methoxide-bridged dimer 3. On treat-
ment with TfOH (Tf = trifluoromethanesulfonyl) in CH,Cl,,
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Scheme 1. Model reaction for the investigation of the trans-selective
alkyne hydrogenation effected by [Cp*RuJ-based precatalysts; for the
results, see Table 1.

Table 1: Optimization of the trans-selective alkyne hydrogenation shown
in Scheme 1.1

Entry [Ru] mol% Additive Solvent t  E/Z® Yield By-
(mol %) [h] [%]©  products™
[%]
1 2eM 25 MeOH 0.5 87:13 55/ 5
2 1 25 MeOH 0.5 96:4 35 <2
3 1 10 MeOH 1 94:6 45 2
4 1 5 MeOH 1 94:6 48 128
5 M 25 CH,Cl, 1 88:12 55 1
6 1 2 CH,Cl, 0.5 85:15 86 198
7 3 5 TfOH CH,Cl, 1 58:42 nd. 1
(10)
8 3 5 TFOH/ CH,Cl, 2.5 82:18 82 8
COD (10)
4 5 CH,Cl, 1 982 89 15
0 4 55 AgOTf  CH)Cl, 05 98:2 89- 7-10"
(5) 96!
11 4 22 AgOTf CH,Cl, 0.5 98:2 89 15

(2)
[a] Unless stated otherwise, all reactions were performed under H,
(10 bar) at ambient temperature. [b] Ratio observed in the crude product
prior to work-up. Determined by GC analysis. [c] Combined yield of the
isolated alkenes and alkane. [d] Sum of alkane and isomeric alkenes
formed by double bond migration, which co-elude as a single peak.
Determined by GC analysis. [e] At 55°C. [f] Yield determined by GC
analysis; the reaction did not proceed further when stirred for additional
2 h. [g] GC-MS results suggest that the by-products largely consisted of
isomeric alkenes formed by double-bond migration. [h] At 1 bar H,
pressure. [i] Range observed in several independent reactions on
different scale (0.2-1.3 mmol); n.d.=not determined.

this complex releases unligated [Cp*Ru]" into the solution.["”]
Whereas this free species on its own performed poorly
(Table 1, entry 7), the selectivity was largely restored and the
product yield good when 1,5-cyclooctadiene (COD) was
present (Table 1, entry 8).%) These results suggested that
a chelating diene ligates the active species without interrupt-
ing the hydrogenation; in so doing, it tempers the Lewis
acidity of the Cp*Ru" entity and hence ensures high
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productivity, while assisting the trans-selective course of the
reduction.

As a consequence, we focused our efforts on the use of
commercial [Cp*Ru(cod)Cl] (4) as a defined precatalyst. At
aloading of 5 mol % and a hydrogen pressure of 10 bar,?" this
complex cleanly effected the reduction of § to 6, to afford an
excellent E/Z ratio of no less than 98:2 (Table 1, entry9).
Some over-reduction was noticed, but the alkane by-product
could be partly removed by flash chromatography. Impor-
tantly and in striking contrast to the experiments with 1 or 2,
the competing oligomerization was largely suppressed and the
mass recovery was therefore excellent (89 % combined yield
of alkene and alkane). The reaction could be further
improved upon ionization of 4 with AgOT{?? prior to the
actual hydrogenation step. This allowed the reaction time to
be reduced, without compromising the yield and selectivity
(Table 1, entries 10-11).%°) A control experiment confirmed
that the F selectivity is inherent to the reduction and not the
result of rapid Z— E isomerization.?¥

This favorable outcome encouraged us to investigate the
scope of the method in more detail. As can be seen from the
results compiled in Table 2, a mixture of 4 (5.5 mol%) and
AgOTf (5mol%) in CH,Cl, allowed an assortment of
substrates to be reduced with excellent levels of E selectivity.
Importantly, the yields of the isolated products were high in
all cases investigated and the method was compatible with
a variety of polar substituents, including esters, amides, free
carboxylic acids, ketones,'® a primary alcohol, and methyl
and silyl ethers, as well as an elimination-prone primary
tosylate. Moreover, reducible sites such as a nitro group, an
alkyl bromide, the N—O bond of a Weinreb amide, an
aromatic nitrile, and a terminal alkene remained intact. Even
a thioether moiety in vicinity to the alkyne did not poison the
catalyst; actually, the formation of the sulfide shown in
entry 11 (Table 2) worked particularly well, as virtually no
over-reduction was observed in this case but the high
E selectivity remained uncompromised. In contrast, sub-
strates containing a 1,3-diene or a 1,3-enyne unit could not
be hydrogenated (Table 2, entries 19 and 20), most likely
because of the tight coordination of such conjugated m sy-
stems to the active ruthenium species formed in situ (compare
the sorbic acid complex 2 and complex 11 shown in
Scheme 3); likewise and in analogy to the report by Bargon
and co-workers,”” the attempted reduction of a terminal
alkyne did not work well. In all cases investigated, the
E configuration of the major product was assigned by NMR
spectroscopy and confirmed by direct comparison with the
corresponding Z alkene made by Lindlar reduction. It is
informative to look at the spectra (see the Supporting
Information), which show that the amount of over-reduced
and/or isomeric by-products present in the crude mixtures is
not higher than that obtained in the classical Lindlar
reductions using a commercial Pd(Pb)/CaCO; sample. The
over-reduction of the substrate was typically in the range of 5-
15%; for reasons that are not entirely clear, however, it was
more significant in the reduction of tolane (Table 2, entry 12),
a propargylic silyl ether (Table 2, entry 7), and the strained
cycloalkynes that form the products shown in entries 14 and
18 (Table 2). Despite this minor drawback, the new method
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Table 2: trans-Selective reduction of internal alkynes.?!

Entry  Major Product t[h] E/ZF Yield [%6]
=
1 HOTE TS 05 982 9
o
2 Ho N 05 955 88
5
(o]
3 MeO. A~ 4 96:4 66
\
4 QS;O\/\/\ 2.5 93:7 95
o’ o
[e]
5 . 4OJ'\%\/A 0.5 95:5 87
o
6 m L/ 05 973 60
Ph_Ph
Si
7 tBu™"0 4 93:7 96 (33)lc
ph/\/l\%\
8 /@yo Z 0.5 87:13 95 (21)M
NZ LA v (1)
OMe
9 @(/\ 25 %64 86
o
10 OMe 0.5 97:3 67
=
SMe
. [e]
1 @Q\ 15 973 88
12 O = O 21 95:5 82 (34)¢
Owo
13 g 0 0.5 98:2 89!
NN
14 °© 0.5 96:4 64 (27)<d
15 ° N 16t 97:3 81
16 @ 3 92:8 80
17 K\/\/:{,\/Co 348 919 85
Pz . o NO,
(¢]
O
N
18 4 168l 97:3 77 (26)¢9
/
(o]
19 /\/\)J\O/v\/\/\/ n.r.
A/
20 n.r.

[a] Unless stated otherwise, the reactions were performed with 4

(5.5 mol %) and AgOTf (5 mol %) in CH,Cl, at RT under H, (10 bar initial
pressure); for representative procedures, see the Supporting Informa-
tion. [b] Determined by GC analysis. [c] Combined yield of alkenes and
the alkane (5-15%, as determined by GC analysis); if the amount of
alkane by-product (and/or isomeric alkenes formed by double-bond
migration) exceeds 15 %, the measured GC% are indicated in brackets.
[d] Alkene isomers formed by double-bond migration were detected.

[e] No alkane was detected. [f] 1.3 mmol scale, see the Supporting
Information. [g] Using the neutral complex 4 without AgOTf; n.r.=no
reaction.

constitutes the first practical, efficient, functional-group-
tolerant, broadly applicable, and highly E-selective semi-
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hydrogenation protocol for alkynes. As such, it is strictly
stereocomplementary—but otherwise very well compara-
ble—to the classical repertoire.

The unorthodox stereochemical course of this hydro-
genation raises important questions as to the actual mecha-
nism. Although a final answer cannot be given at this point,
several findings bear relevant information. First, it must be
noticed that a solution of 4 and AgOTf in CD,Cl,, when kept
in the absence of the alkyne substrate under H, atmosphere
(10 bar) in an NMR pressure tube for 1-5h, gives rise to
a mixture containing several discrete species. Three distinct
signals in the high-field region (6y (CD,Cl,): —4.96, —8.02,
—13.42 ppm) indicate that more than one ruthenium hydride
complex is formed. Some reasonable candidates are shown in
Scheme 2; however, they could not be unambiguously iden-

H_H
N\

~"Ru Ru-- '
\ // > 'RU - -Ru
H\H ~ SH N ~ H
H
7 8 9
Sy =-13.98 ppm (CgDg) 8y =-5.74 ppm 5y = -4.81 ppm
(CeDg) (CD,Cl, at 200K)

Scheme 2. Known ruthenium hydride (or hydrogen) complexes that
might possibly form in situ from 4/AgOTf under the conditions of the
catalytic hydrogenation.

tified by comparison with literature data, because the
reported spectra were recorded in a different solvent or at
a significantly different temperature. Therefore we decided to
prepare these complexes by unambiguous routes and indi-
vidually test their catalytic performance.

The conspicuous signal below —13 ppm suggested that the
dimeric dihydride species 7 might be generated from the
precatalyst, if the COD ligand is hydrogenated off (or
replaced by solvent prior to reaction with H,).”! Recalling
that Bargon and co-workers had proposed a bimetallic
mechanism,’ this species seemed a particularly hot candi-
date. Therefore complex 7 was prepared according to
a literature route® but it was found to afford only a dis-
appointingly low selectivity (E/Z =55:45) when used as
catalyst for the reduction of § to 6 under standard conditions
(10 bar H,, CH,Cl,, RT).

Likewise, our control experiments exclude that the
monohydride complex 87 is the operative E-selective
catalyst. This species, for which a convenient new synthesis
route was found using sodium formate as the hydride source
(Scheme 3), resulted only in poor conversion and an unfav-
orable E/Z ratio of 45:55.

Should any complex 8 be formed from [Cp*Ru(cod]OTf
and H,, however, one equivalent of TfOH must also be
generated. Therefore we checked whether the acid plays any
role in the catalytic process. To this end, preformed hydride 8
was protonated with TfOH in CD,Cl, at —78°C to give the
known cationic dihydrogen complex 9 (Scheme 3).%*! This
species is only stable below —40°C, at which temperature it
did not effect any noticeable hydrogenation of the model
substrate 5. In contrast, when a mixture containing 9
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Scheme 3. Fate of the cationic [Cp*Ru(cod)] fragment.

(10 mol%) and alkyne 5 was allowed to reach ambient
temperature under H, (10 bar), product 6 was quantitatively
formed with excellent selectivity (E/Z=95:5).%"1 This result
corresponds closely to the outcome under the standard
conditions used in the preparative experiments (Table 1,
entry 10), thus suggesting that either the cationic dihydrogen
complex 9 itself is in the catalytic cycle and effects the
trans hydrogenation before it decomposes, or that this com-
plex first transforms into another species, which then serves as
the actual catalyst.”

To check this latter possibility, the fate of complex9a (X =
OTf) was further investigated (Scheme 3). It has previously
been reported that its sister compound 9b (X = BF,) converts
into the 1,3,5-cyclooctatriene complex 10b (X =BF,).”
Surprisingly though, we observed a different outcome: thus,
9a was found to afford complex 11a as the only product
detectable by NMR spectroscopy, when a solution in CD,Cl,
was allowed to warm from —78°C to ambient temperature.
This remarkable transformation, during which the COD ring
transforms into an acyclic n*n’-1,3,7-octatriene ligand by
C—C bond cleavage,*?! was also observed upon stirring of
the cationic species generated from [Cp*RuCl(cod)] (4) and
AgOTf for 4 h in CH,Cl, under Ar. Moreover, we confirmed
that it is not the escorting counterion that accounts for this
unusual result, as ionization of 4 with AgBF, furnished the
analogous complex 11b (X =BF,) together with the arene
complex 12b derived thereof.*

Because the complexes 11 and 12 form on a timescale
similar to that of the actual hydrogenation reaction, we tested
whether they exert any catalytic activity. In fact, the use of the
isolated complex 11a (5 mol%) resulted in an E-selective
hydrogenation of the model substrate 5, albeit the E/Z ratio
(86:14) was somewhat less favorable than that obtained with
the in situ mixture 4/AgOTf (Table 1, entry 10). In contrast,
the arene adduct 12b was inactive, which likely explains why
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toluene had been found unsuitable as (co)solvent in the
present hydrogenation.['®!

In any case, the method described above seems to be the
first practical and truly functional-group-tolerant procedure
for the catalytic semihydrogentaion of alkynes to E alkenes,
which is stereocomplementary to the classical Lindlar reduc-
tion or its synthetic equivalents. The active catalyst is
generated insitu from [Cp*RuCl(cod)] (4) and AgOTf
under hydrogen pressure. Although no detailed picture of
the operative mechanism can yet be drawn, the available data
suggest that neither the mononuclear nor the dinuclear
hydride complexes, [Cp*RuH(cod)] and [Cp*Ru(u-
H),RuCp*], respectively, account for the observed results.
Rather, the cationic dihydrogen complex [Cp*Ru(H,)-
(cod)]OTf (9) and/or products derived from this labile
entity seem to play a role. We intend to scrutinize this
notion, with the hope of identifying ligand frameworks that
impart more stability onto the active species and hence better
lend themselves to mechanistic investigations.
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A Functional-Group-Tolerant Catalytic H, (10 bar), CH,Cl,

trans Hydrogenation of Alkynes .
Against the rules: During the hundred has now be found with the use of cationic
years following Sabatier’s groundbreak- [Cp*Ru] templates, which accounts for
ing work on catalytic hydrogenation, the first practical, functional-group-toler-
syn delivery of the H atoms to the 7 sy- ant, broadly applicable and highly E-
stem of a substrate remained the gov- selective semihydrogenation method for
erning stereochemical rule. An exception  alkynes.
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