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Broad-Spectrum Catalysts for the Ambient Temperature Anti-
Markovnikov Hydration of Alkynes**

Le Li, Mingshuo Zeng, and Seth B. Herzon*

Abstract: Anti-Markovnikov alkyne hydration provides a val-
uable route to aldehydes. Half-sandwich ruthenium complexes
ligated by 5,5'-bis(trifluoromethyl)-2,2'-bipyridine are remark-
ably active for this transformation. In the presence of 2 mol %
metal, a wide range of functionalized aliphatic and aromatic
alkynes are hydrated in high yield at ambient temperature.

The discovery of highly active catalysts for the anti-
Markovnikov hydration of terminal alkynes (1—2,
Figure 1), a powerful transformation that provides an atom-
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Figure 1. Prior catalysts for anti-Markovnikov alkyne hydration and the
catalyst precursors and ligand employed herein.

economical! and redox-neutral entry to aldehydes, is
reported.”) These reactions proceed by the addition of
water to metal vinylidene intermediates.” The first catalysts
developed for this reaction, discovered by Wakatsuki and
Tokunaga, consisted of n°-arene™ or n’-cyclopentadienyl®
complexes of ruthenium ligated by electron-deficient mono-
or bidentate phosphine ligands (see 3 and 4). These com-
plexes required elevated temperatures and up to 10 % metal
loadings to obtain useful reaction rates. Contemporaneous
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with the disclosure of 4, Grotjahn reported that cationic
complexes containing P, N-ligands, such as 5 and 6,”
displayed increased activity at lower temperatures (45—
70°C) and broader scope. In a series of detailed mechanistic
studies, it was established that the dramatic rate enhance-
ments observed with § and 6 derive from the generation of
a hydrogen-bonding network that facilitates vinylidene for-
mation and nucleophilic addition.® Subsequently, Hinter-
mann and co-workers showed that mixed phosphine catalysts
such as 7 also displayed high hydration activity.’) Breit and
Chevallier reported that the catalyst 8, which contains a self-
assembled diphosphine ligand, displayed good substrate
scope, but elevated temperatures were required to obtain
high yields (120°C).1"!

The catalysts6 and 7 efficiently hydrate unhindered
aliphatic alkynes, but arylacetylenes and hindered aliphatic
alkynes require extended heating to obtain high conversion.
In addition, hydrations of propargylic alcohols and conju-
gated enynes are complicated by competitive rearrange-
ment' or elimination, and the elevated reaction temper-
atures and Lewis acidity of the catalysts promote aldol
addition reactions. We recently discovered™? that a catalyst
derived from (n’-cyclopentadienyl) tris(acetonitrile)ruthe-
nium hexafluorophosphate (9) or (n’-cyclopentadienyl) (n°-
naphthalene)ruthenium hexafluorophosphate (10) and 2, 2'-
bipyridine (bipy, 11a) mediated the sequential hydration and
hydrogenation of aliphatic and aromatic alkynes (reductive
hydration), to provide linear alcohols, at 55-80°C. The
discovery that the hydration step could be promoted by this
catalyst was surprising in light of the structures of 3-8, which
all contain phosphine-based ligands, and Grotjahn’s compre-
hensive mechanistic model, which established the multifunc-
tional role of the (2-heteroaryl)phosphine ligands in the most
active catalysts 5-7.¥1 As many air-stable bipyridine ligands
are commercially available or readily prepared, further study
of our catalyst system seemed warranted. Herein we report
that complexes formed in situ from 9 or 10 and 5,5'-bis(tri-
fluoromethyl)-2,2"-bipyridine (11n) are remarkably active for
anti-Markovnikov alkyne hydration. A broad range of
aliphatic and aromatic alkynes are hydrated within 824 h at
25°C and at 2 mol % metal loadings. The rate of hydration of
aromatic alkynes is faster than aliphatic alkynes, which is in
contrast to the trend observed with earlier catalysts. The
catalyst can be employed at less than 1 mol % metal loadings
on preparative scales, and an air-stable, single-component
precursor (12) has been developed.

To assess the influence of ligand substituents on hydration
activity, we evaluated catalysts formed insitu from 9 and
a wide array of bidentate nitrogen ligands based on the bipy
structure, using (2-fluorophenyl)acetylene (1a) as substrate at
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Table 1: Evaluation of bidentate nitrogen ligands in the hydration of 1a."”
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[a] All reactions were conducted on a 500 pmol scale. Yields in
parentheses are after 24 h at 25°C. Yields were determined by '"H NMR
analysis using mesitylene as an internal standard.

50°C (Table 1). These experiments revealed a broad range of
activities. Ligands with sterically demanding substituents near
the nitrogen atoms, such as 11h and 115, were inactive (< 1%
yield). This may be due to inefficient coordination of the
substrate to the ruthenium center. Electron-rich ligands such
as 11 g and 11 also displayed poor activity (33 % and 23 % for
11g and 11j, respectively, versus 44% for bipy, 1la).
Electron-deficient ligands displayed good to excellent activ-
ity, with the bromo-, fluoro- carboxy-, carbomethoxy-, and
trifluoromethyl-substituted ligands 11d, 11w, 11f, 111, 11m,
11n, and 110 all providing good to excellent yields of 2a (80—
97 % vyield). These latter ligands were further evaluated at
25°C (yield in parentheses). This second set of experiments
revealed complexes derived from 5,5'-bis(trifluoromethyl)-
2,2"-bipyridine (11m) as the most active at 25°C. Using
2 mol % of 9 and 11n, an 80 % yield of (2-fluorophenyl)ace-
taldehyde (2b) was obtained after 24 h at 25°C.

Additional experiments revealed a useful rate enhance-
ment when tetrahydrofuran was replaced with N,N-dimethyl-
formamide (DMF), N,N-dimethylacetamide (DMA), or N-
methyl-2-pyrolidinone (NMP, see Table S1 in the Supporting
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Information). In the presence of 2 mol % each of 9 and 11n,
the yields of product 2a were 93 %, 97 %, and 94 % in NMP,
DMF, and DMA, respectively, after 6 h at 25°C. The initial
rates were also faster (72 %, 64 %, and 68 % yield of 2a after
3 h for NMP, DMF, and DMA, respectively). The yields of
product correlated with the solvent dielectric constant,’* and
may reflect an increase in the rate of vinylidene formation.!*

A wide array of alkynes undergo hydration at ambient
temperature using the combination of 9 and 11n in aqueous
NMP (Table 2). With the exception of 2n, the yields of each
product obtained by NMR spectroscopy and after purification
(number in parentheses) are reported. High yields were
obtained within 24 h using 2mol% catalyst, and most
arylacetylene substrates proceeded to full conversion within
8 h. Ortho-, meta-, and para-substituted arylacetylenes, which
require elevated temperatures with existing catalysts, are
efficiently converted to product at ambient temperature (2a—
2j, 80-91%). In addition, the unsubstituted aliphatic alkynes
2Kk, 21, and 2m also gave high yields of product (81-95%)
after 24 h. tert-Butylacetylene, which is a particularly chal-
lenging substrate for the hydration reaction,* provided
a 73% yield of 3,3-dimethylbutanal (2n) after 48 h (90%
yield after 72 h). A range of functional groups are compatible
with this catalyst, including alkyl chlorides (20), imides (2p),
alcohols (2q), amines (2r), ketones (2s), esters (2t), amides
(2u, 2z), and carboxylic acids (2v, 82-98%). Aldehydes
derived from enynes (2w—2aa), including a conjugated enyne
(2aa), could be effectively prepared using this catalyst (80—
96 % ). Complexes related to 5 and 6 are remarkably active
catalysts for the isomerization of terminal alkenes!" whereas
isomerization of the terminal alkene in 2w is not observed
using the catalyst derived from 9 and 11 n. In addition, the dial
2ab is formed in 87 % yield from the corresponding diyne. It is
also noteworthy that f-amino or f-hydroxy aldehydes could
be prepared with this catalyst (2ac—2af, 76-96 % ). Unsatu-
rated aldehydes, which are major side products formed in
reactions employing 6 and 7, were produced in only minor
amounts (4% for 2ae and 15% for 2af).

To increase the practical utility of this chemistry, we
developed an air-stable, single component catalyst for this
transformation [Eq. (1)].
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="l o —
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acetone, 25 °C
CF3
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Stirring an equimolar mixture of 10, 11n, and benzyltriethyl-
ammonium chloride in acetone at 25 °C formed the ruthenium
complex 12 in 86 % yield. The complex 12 was isolated by
precipitation of benzyltriethylammonium hexafluorophos-
phate, followed by concentration of the mother liquor and
washing of the solid residue obtained (hexanes) to remove
naphthalene. Notably, all of these manipulations were con-
ducted on the benchtop under air, using reagent-grade (non-
deoxygenated) solvents. As shown below, the catalyst 12 also
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Table 2: Substrate scope of the hydration reaction.!
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[a] 500 umol scale, H,O-NMP (1:4 v/v). [b] NMR yield obtained using
mesitylene as an internal standard. Isolated yield after purification by
flash-column chromatography in parentheses. [c] Reactions conducted
on a 250 umol scale with 4.5 mol % catalyst. [d] 1 equiv PTSA was used.
[e] Reactions were conducted in 0.4 M aqueous NMP. [f] 11a was used
instead of 11n; 1.5 equiv acetic acid, with respect to 2af, was employed.
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displays high activity in the hydration reaction and constitutes
a useful, air-stable precursor for this transformation.

The hydrations of (2-fluorophenyl)acetylene (1a) and 4-
fluoro-dec-1-yne (lag) were monitored continuously by
F NMR spectroscopy using the catalyst derived from 9 and
11n, 6, and 12 at 25°C (Figure 2). In all cases 2 mol % of the
metal precursor and ligand were employed. Using 9 and 11n,

2 mol% 9 +2 mol% 11n
or2mol% 12

F y E H,O-NMP (02m). 25°C T o F
or // - - =~ or o
©/ nhex)\/ or nhex Z

2mol% 6
1a 1ag H,0-acetone, (0.4 m), 25 °C 2a 2ag
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©
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Figure 2. Comparison of the hydration activity of 9411n, 6, and 12.
Conditions: 1a or Tag (300 umol), 9+11n (6 umol each), H,O-NMP
(1:4 v/v, 0.2m), 25°C; T1a or Tag (300 umol), 6 (6 umol), H,O—acetone
(1:4 v/v, 0.4 M), 25°C; 1a (300 umol), 12 (6 umol), H,O-NMP (1:4 v/
v, 0.2 M), 25°C. [a] Employing catalyst that had been aged for one week
under air at 25°C.

the hydration of 1a proceeded in > 99 % yield after 7.6 h, and
the hydration of 1a employing 12 proceeded to 82 % yield
after 10 h. The activity of 12 was unchanged after storing
under air for one week at 25 °C. By comparison, using catalyst
6 (in 4:1 acetone-water),!'” the hydration of 1a proceeded to
only 6 % yield after 13 h. In the aliphatic series, the hydration
of 1ag proceeded to 88% yield after 13 h using 9 and 11n,
while the same reaction proceeded to 40% yield after 13 h
using 6. The hydration of 1ag using 12 proceeded to only 50 %
yield after 13 h, indicating a lower reactivity of this preformed
catalyst toward aliphatic alkynes.

Finally, we conducted the hydration of phenylacetylene
(1b) using 0.8mol% of the air-stable precursor 10 and
0.8 mol % of the ligand 11n on a 10.6 mmol scale [Eq. (2)].
Employing 10 requires preheating of the ligand and the
ruthenium precursor (60°C, 3 h). In this experiment, an 84 %
yield of 2b was obtained after 48 h at 25°C.

0.8 mol% 10, 0.8 mol% 11n
(preheat 60 °C, 3 h)

=
e ph P @
H,O-NMP (0.2 M), 25 °C, 48 h
1b 2b
1.08 g, 10.6 mmol 84%

In summary, we have described a comprehensive evalua-
tion of the activities of catalysts derived from the (1’-
cyclopentadienyl)ruthenium fragment and bidentate nitro-
gen-based ligands for anti-Markovnikov alkyne hydration.
These studies led to the identification of the electron-
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deficient bipyridine ligand 11n as most effective. A broad
array of aliphatic and aromatic alkynes are hydrated at 25°C
using 2 mol % of the ruthenium precursor 9 and ligand 11n.
For many substrates, the hydration is complete within 8 h. The
rate of hydration of aromatic alkynes is faster than aliphatic
alkynes using 9 and 11mn, which is opposite to the trend
observed with earlier hydration catalysts. A single-compo-
nent, air-stable catalyst precursor (12) has been developed,
although the activity of this catalyst toward aliphatic sub-
strates is lower than 9+ 11n. Finally, the reaction may be
conducted on preparative scales with low (0.8 mol % ) catalyst
loadings. These catalysts display the highest efficiencies and
broadest scope of any reported to date, and the mild, practical
conditions of the transformation should promote application
of this chemistry."®

Experimental Section

Representative procedure for the hydration of 1a employing 9 and
11n: In a nitrogen-filled drybox, a 4 mL vial was charged sequentially
with 5,5-bis(trifluoromethyl)-2,2"-bipyridine (11n, 2.9 mg, 10 umol,
0.020 equiv), tris(acetonitrile) (n’-cyclopentadienyl)ruthenium hexa-
fluorophosphate (9, 4.4 mg, 10 pmol, 0.020 equiv), a mixture of water-
N-methyl-2-pyrrolidinone (1:4 v/v, 2.5 mL, deoxygenated by sparging
with nitrogen for 30 min), and (2-fluorophenyl)acetylene (1a,
60.0 mg, 500 umol, 1 equiv). The vial was sealed with a Teflon-lined
cap and the sealed vial was removed from the drybox. The mixture
was stirred for 8 h at 25°C. The product mixture was transferred to
a separatory funnel and diluted with ethyl acetate (20 mL). The
organic layer was washed with brine (3 x 20 mL). Mesitylene (40.0 uL,
288 umol) was added to the washed organic layer, and an aliquot of
this mixture (1 mL) was removed and diluted with chloroform-d
(2.0 mL). The diluted mixture was transferred to an NMR tube and
analyzed by '"H NMR spectroscopy, which indicated an 86 % yield of
2a. To obtain an isolated yield, the NMR sample was combined with
the remaining ethyl acetate layer and the combined solution was
concentrated. The residue obtained was purified by flash-column
chromatography (eluting with 1% ethyl acetate-hexanes initially,
grading to 2% ethyl acetate-hexanes, one step) to provide (2-
fluorophenyl)acetaldehyde (2a) as a clear, colorless oil (56.6 mg,
82%).

Representative procedure for the hydration of 1b employing 10
and 11n: A 100 mL round-bottomed flask fused to a Teflon-coated
valve was charged sequentially with (n’-cyclopentadienyl) (n°-naph-
thalene)ruthenium hexafluorophosphate (10, 37.3 mg, 84.8 pmol,
0.008 equiv), 5,5'-bis(trifluoromethyl)-2,2"-bipyridine (11n, 24.8 mg,
84.8 umol, 0.008 equiv), and a Teflon-coated stirbar. The headspace in
the reaction vessel was purged with nitrogen for 15 min. N-Methyl-2-
pyrrolidone (42 mL, deoxygenated by sparging with nitrogen for
30 min) and water (11 mL, deoxygenated by sparging with nitrogen
for 30 min) were then added in sequence to the flask via syringe. The
Teflon-coated valve was sealed, and the solution was stirred and
heated for 3 h at 60°C. The dark purple mixture that formed was
cooled to 25°C. Phenylacetylene (1b, 1.20 mL, 10.6 mmol, 1.00 equiv)
was added via syringe, and the resulting mixture was stirred for 48 h at
25°C. The product mixture was poured into a separatory funnel and
diluted with saturated aqueous sodium chloride solution (100 mL).
The diluted solution was extracted with ethyl acetate (3 x 50 mL). The
organic layers were combined and the combined organic layer was
dried over sodium sulfate. The dried solution was filtered and the
filtrate was concentrated. The residue obtained was purified by flash-
column chromatography (eluting with 30% ethyl acetate-hexanes
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initially, grading to 50 % ethyl acetate-hexanes, two steps) to afford
phenylacetaldehyde (2b) as a yellow oil (1.07 g, 84 %).
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