
Temporal separation of catalytic activities allows
anti-Markovnikov reductive functionalization
of terminal alkynes
Le Li and Seth B. Herzon*

There is currently great interest in the development of multistep catalytic processes in which one or several catalysts act
sequentially to rapidly build complex molecular structures. Many enzymes—often the inspiration for new synthetic
transformations—are capable of processing a single substrate through a chain of discrete, mechanistically distinct catalytic
steps. Here, we describe an approach to emulate the efficiency of these natural reaction cascades within a synthetic
catalyst by the temporal separation of catalytic activities. In this approach, a single catalyst exhibits multiple catalytic
activities sequentially, allowing for the efficient processing of a substrate through a cascade pathway. Application of this
design strategy has led to the development of a method to effect the anti-Markovnikov (linear-selective) reductive
functionalization of terminal alkynes. The strategy of temporal separation may facilitate the development of other efficient
synthetic reaction cascades.

M
any natural enzymes are capable of processing a substrate
through two or more sequential reactions1. Chemists
have attempted to emulate the power of these natural reac-

tion cascades by developing auto-tandem catalytic reactions2,
wherein a synthetic catalyst transforms a substrate through two or
more mechanistically distinct reactions, without the intervening
addition of reagents or catalysts, or alteration of the reaction
conditions (for selected examples see refs 3–13). However, the
development of auto-tandem catalytic processes is challenging.
The manifestation of multiple activities concurrently2 complicates
analysis and development, because the rates of each step are
interrelated, and the starting material and intermediates need to
be selected for a particular activity in the presence of others
(Fig. 1a). To address this, one could optimize each step separately,
but the observed activities may not accurately reflect the behaviour
of the catalyst in the presence of all the reagents. Moreover, the
presence of multiple orthogonal activities in a single catalyst
structure is not assured.

We envisioned an alternative strategy wherein the activities of the
catalyst are separated in the time domain (Fig. 1b). Under these con-
ditions, each intermediate encounters one catalytic activity, thereby
diminishing the potential for off-pathway reactions. This approach
also decouples the reactions, which facilitates analysis and the
optimization of each step. To achieve temporal separation of cataly-
tic activities, we sought to devise a catalyst such that the resting
states within each cycle constitute metal–substrate complexes that
increase in energy. In this way, the catalyst will be constrained
within one cycle until the corresponding substrate is consumed.
In addition, because the intermediates accumulate, they may be
functionalized by stoichiometric reagents, thereby diverting the
pathway in a distinct direction and increasing the scope of products
accessible from a single catalyst.

Results
To evaluate the feasibility of this strategy, we investigated the anti-
Markovnikov reductive functionalization of terminal alkynes
(Fig. 1c). We were motivated by our discovery that two

monofunctional ruthenium-based complexes could be used in
tandem to effect the reductive hydration (addition of water and
dihydrogen) of alkynes to form linear alcohols14. This suggested it
might be possible to identify a single multifunctional catalyst
possessing hydration and hydrogenation activities. We envisioned
that the stable (often isolable) metal vinylidene and/or metal–alkyne
intermediates15 involved in the metal-catalysed anti-Markovnikov
hydration of alkynes might present a lowest-energy resting state
for the catalyst. This would engender temporal separation of
the activities, facilitating reaction optimization and allowing for
functionalization of the aldehyde intermediate. The realization of
catalytic processes for the conversion of unsaturated hydrocarbon
feedstocks to functionalized building blocks are longstanding
goals in synthetic chemistry16–23, and the reductive functionalization
of alkynes remains underdeveloped.

Catalyst design and development. Our initial studies focused on
developing an anti-Markovnikov reductive hydration reaction
using a single multifunctional catalyst. Owing to the unrivaled
efficiencies of piano-stool ruthenium complexes as catalysts for
alkyne hydration24–28, we began with precursors incorporating this
metal–ligand framework. After an extensive evaluation of metal–
ligand complexes, solvents and reducing agents, we identified
tris(acetonitrile) (h5-cyclopentadienyl)ruthenium hexafluorophos-
phate (2) in combination with various nitrogen-based ligands,
water and formic acid (as reductant) as effective for the reductive
hydration of (2-fluorophenyl)acetylene (1a). Selected ligands we
evaluated are shown in Fig. 2a. To find the optimal balance in
activity for both steps simultaneously, we collected two data
points for each ligand evaluation: hydration activity (left-hand
y-axis, blue bars, Fig. 2a) was measured as the time required to
achieve .95% of 1a; hydrogenation activity (right-hand y-axis,
purple bars, Fig. 2a) was assessed as the yield of 2-(2-fluoro-
phenyl)ethanol (5a) after 24 h by catalysts possessing hydration
activity. When viewed in this way, the optimum catalysts have the
smallest value along the time axis and the highest value along the
yield axis. These studies demonstrated that transfer hydrogenation
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activity is sensitive to the electron density of the ligand, while
responses in the hydration domain were less pronounced. For
example, complexes derived from the electron-rich ligand
4,4′-dimethoxy-2,2′-bipyridine (3a) displayed reasonable hydration
activity (5.5 h for full conversion of 1a) but low hydrogenation
activity (34% yield of 5a after 24 h). Conversely, complexes
derived from the electron-deficient ligands 4,4′-dicarbomethoxy-
2,2′-bipyridine (3c) and 6-bromo-2,2′-bipyridine (3f ) displayed
high hydration activity (complete hydration within 4 h), but were
ineffective promoters of the reduction step (34% and 18% yield of
5a after 24 h for 3c and 3f, respectively). Ultimately, the
inexpensive, air-stable ligand 2,2′-bipyridine (3b) emerged as
optimal. Using this ligand, the hydration was complete
within 2.5 h, and a 92% yield of 2-(2-fluorophenyl)ethanol (5a)
was obtained after only 17 h. The commercially available,
air- and moisture-stable precursor (h5-cyclopentadienyl)
(h6-naphthalene)ruthenium hexafluorophosphate (6)29 could be
used in place of the air-sensitive complex 2. In this case, 2 equiv.
of 2,2′-bipyridine (3b, with respect to ruthenium) led to improved
yields, presumably because displacement of the h6-naphthalene

ligand from 6 is slow. This precursor was employed in
subsequent studies.

Spectroscopic studies establish temporal separation. In our
optimization experiments, we did not observe production of 5a
until 1a was almost consumed, suggesting temporal separation of
the steps. To probe this, the reductive hydration of 1a was
monitored continuously by 19F NMR spectroscopy (Fig. 2b).
Complete conversion of 1a occurred within 16 h, and the
reduction product 5a did not form until nearly all 1a was
consumed, which is consistent with stepwise catalytic processing.
In a separate experiment, the reductive hydration of 1a
was allowed to proceed until the mixture consisted of
(2-fluorophenyl)acetaldehyde (4a, 44%) and 5a (53%, Fig. 2c). An
equimolar amount of 3-fluorophenylacetylene (1b, based on 1a)
was added. The second alkyne substrate 1b arrested the
hydrogenation activity, and reduction of 4a did not resume until
all of 1b had been converted to (3-fluorophenyl)acetaldehyde (4b).
Additionally, an ion corresponding to an (h5-cyclopentadienyl)
ruthenium cation coordinated to the ligand 3b and the
substrate (presumably, a metal alkyne or vinylidene complex) was
observed by high-resolution electrospray mass spectrometry
immediately after mixing, suggesting the resting state of the
catalyst consists of an intermediate in the hydration cycle. These
experiments demonstrate that the catalyst is sequestered within
the hydration cycle and that hydrogenation activity does not
manifest until the alkyne is almost consumed. The experiment in
Fig. 2c also establishes that the oscillation between catalytic
activities is reversible.

Influence of reaction parameters and substrate scope (reductive
hydration). The experiments shown in Table 1 were conducted to
interrogate the influence of catalyst loading, temperature and
scale. Decreasing the catalyst loading to as little as 1 mol% 6
resulted in only a small diminution in yield (entries 1–3). On
increasing the reaction temperature to 80 8C, the reductive
hydration was complete within 2 h using 4.5 mol% of 6 (entry 4).
Finally, the reaction was readily-scaled; using the conditions of
entry 1, the reductive hydration proceeded in 90% yield on a
10 mmol scale (entry 5).

The scopes of alkynes that undergo reductive hydration are
shown in Table 2. Electron-neutral, electron-deficient, and electron-
rich aryl acetylenes (1a–1j) and the hindered substrates (2-methyl-
phenyl)acetylene (1c) and (2,4,6-trimethylphenyl)acetyl ene (1j)
undergo efficient reductive hydration (81–97%). Silyl (1k, 95%)
and aliphatic alkynes (1l–1u) were also competent substrates.
Alkyl chlorides, phthalimides, alcohols, carboxylic acids, secondary
amides and amines are accommodated by this system (80–90%).
Several other substrates that are not compatible with the dual cata-
lytic approach we reported14 were suitable with this single catalyst.
For example, the ynone 1q is efficiently converted to the hydroxyke-
tone 5q (87%), without detectable ketone reduction. Alkyl esters
such as 1s, which underwent transesterification using our dual cat-
alytic system14, are viable substrates (90%). The enyne 1x, which
bears a terminal alkene, underwent extensive isomerization during
the reductive hydration using our dual catalyst system14. Using
this single catalyst, no alkene isomerization was detectable (by
proton NMR analysis), and the substrate was efficiently converted
to product 5x (90%). Finally, the propargylic sulfonamide 1y and
alcohol 1z underwent high-yielding reductive hydration (83 and
72%, respectively).

Reductive alkylation: development and scope. As outlined, the
temporal separation of catalytic activities provides the opportunity
to divert the reaction cascade by stoichiometric functionalization of
the intermediates, thereby increasing the diversity of products
produced from a single substrate and catalyst. In the present study,
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Figure 1 | Comparison of previous auto-tandem catalytic reactions and

tandem reactions exhibiting temporal separation of catalytic activities.

a, Previous auto-tandem catalysts display two or more activities

simultaneously. This complicates reaction optimization because the rates of

product formation for each step are co-dependent, and can lead to

undesired side reactions, decreasing efficiency. Coloured arrows represent

discrete catalytic activities (A, B and C). b, Temporal separation of these

activities reduces the number of pathways presented to each intermediate,

facilitating reaction optimization and creating higher overall efficiency by

minimizing the production of side products. c, Anti-Markovnikov reductive

functionalization of terminal alkynes by a catalyst exhibiting temporal

separation of activities.
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we envisioned that the reactive aldehyde intermediate could serve as a
precursor to a wide array of products by 1,2-nucleophilic addition,
followed by reduction. To illustrate this, we developed a triple-
cascade reductive alkylation reaction comprising anti-Markovnikov
hydration, olefination of the intermediate aldehyde4 and 1,4-
reduction of the resulting a,b-unsaturated ketone (Fig. 3).

We investigated the reductive alkylation of octylacetylene (1l)
and decanal (4l) under the conditions of the reductive hydration
(Fig. 3b). Reductive alkylation of octylacetylene (1l) provided a
7:1 ratio of the triple-cascade product 7a and the primary alcohol
5l. Under identical conditions but starting from decanal (4l), the
reaction proceeded with lower selectivity (7a:5l¼ 2:1). These
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Figure 2 | Optimization and spectroscopic studies of the reductive hydration reaction. a, Bipyridine ligands 3a–f were evaluated for their ability to promote

the reductive hydration of (2-fluorophenyl)acetylene (1a) using catalyst precursor 2. Two data points are reported for each experiment: blue bars denote the

time required to achieve .95% conversion of 1a to (2-fluorophenyl)acetaldehyde (4a), and purple bars denote the yield of 2-(2-fluorophenyl)ethanol (5a)

after 24 h (except for ligand 3b, yield after 17 h). General conditions: 1a (250 mmol), 2 (4.5 mol%), 3a–f (4.5 mol%), HCO2H (2.50 equiv.), THF–H2O (4:1

vol/vol; [1a]¼0.4 M), 60 8C. Error bars represent 5% uncertainty in NMR integration. b, Reductive hydration of 1a, monitored every 30 min by 19F NMR

spectroscopy. Conditions: 1a (250 mmol), 6 (4.5 mol %), 3b (9.0 mol%), HCO2H (1.50 equiv.), THF–H2O (4:1 vol/vol; [1a]¼0.2 M), 60 8C, 47.5 h.

c, Partial reductive hydration of 1a, followed by addition of (3-fluorophenyl)acetylene (1b), monitored every 30 min by 19F NMR spectroscopy. Conditions:

1a (125mmol), 6 (9.0 mol%), 3b (18 mol%), HCO2H (1.50 equiv.), THF–H2O (4:1 vol/vol; [1a]¼0.1 M), 60 8C, 14 h, then add 1b (125mmol), HCO2H

(1.50 equiv., 188 mmol), 60 8C, 47.5 h total reaction time. Yields were determined using (trifluoromethyl)benzene as an internal standard.

Table 1 | Influence of reaction parameters on the reductive hydration of (2-fluorophenyl)acetylene.

6, 2,2ʹ -bipyridine (3b)

HCO2H (1.5 equiv.)
H2O–THF

Ru
PF

–
+

6

6

OH

5a1a

F F

Entry Scale (mmol) 6 (mol%) 3b (mol%) Temperature (88888C) Time (h) Yield (%)

1 0.250 4.5 9.0 55 48 97
2 0.500 2.0 4.0 70 72 88
3 0.500 1.0 2.0 70 96 80
4 0.250 4.5 9.0 80 2 85
5* 10 4.5 9.0 55 48 90

Conditions: alkyne, 6, 3b, HCO2H (1.50–2.50 equiv.), THF–H2O (4:1 vol/vol; [alkyne]¼ 0.2–0.4 M). All yields are of spectroscopically homogeneous material, after purification by flash-column chromatography.
*Using phenylacetylene (1f) as substrate.
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experiments demonstrate an enhancement in selectivity starting from
the alkyne, which we attribute to the delayed onset of hydrogenation
activity by the catalyst. By decreasing the reaction temperature to
55 8C, a higher selectivity for the homologation product 7a was
obtained (75% isolated yield of 7a, 7a:5l ¼ 11:1, Table 3, entry 1).
Under these conditions, both aromatic (entry 1) and aliphatic
(entries 2–5) alkynes undergo efficient reductive homologation
(70–76%). Although the substrate scope was not intensively investi-
gated, phthalimide (entry 4) and ester (entry 5) substituents were
shown to be compatible. Importantly, hydrogenation of the ketone
functional group was not observed in any of the products.

Discussion
The cyclopentadienylruthenium–bipyridine system we have devel-
oped constitutes a useful catalyst for the reductive functionalization
of terminal alkynes. Both the ligand and metal precursor are air-
stable, and a mixture of 6 and 3b is now commercially available

(Aldrich, catalog # L511692). The catalytic transformation proceeds
at convenient concentrations (0.2–0.4 M), and the system displays
broad substrate scope. Longer reaction times were used to ensure
full conversion of all substrates, but the data in Table 1 reveal that
the reductive hydration of 1a is complete within 2 h at 80 8C.
Additionally, the reaction proceeds with as little as 1 mol% of the
ruthenium precursor (Table 1, entry 3), and comparable yields are
obtained on a 10 mmol scale (Table 1, entry 5).

More broadly, the temporal separation of catalytic activities pro-
vides a strategy to identify the optimum catalyst structure, increase
the overall efficiency, and modulate the pathways of multistep
sequences mediated by a single catalyst. In the current system, we
hypothesize that the formation of a stable ruthenium–alkyne or
ruthenium–vinylidene complex impedes reduction of the inter-
mediate aldehyde, thereby blocking the hydrogenation activity of
the catalyst. The generality of this concept remains to be defined,
but as noted by Fogg, auto-tandem catalytic processes are ‘normally

Table 2 | Scope of the single catalyst reductive hydration.
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Conditions: alkyne (250 mmol), 6 (4.5 mol%), 3b (9.0 mol%), HCO2H (1.50 equiv.), THF–H2O (4:1 vol/vol; [alkyne]¼ 0.2 M), 55 8C, 48 h. All yields are of spectroscopically homogeneous material, after
purification by flash-column chromatography. *Conditions: alkyne (250 mmol), 2 (4.5 mol%), 3b (9.0 mol%), HCO2H (2.50 equiv.), THF–H2O (4:1 vol/vol; [alkyne]¼ 0.2 M), 80 8C, 48 h. **Conditions:
alkyne (250 mmol), 2 (4.5 mol%), 3b (9.0 mol%), HCO2H (2.50 equiv.), THF–H2O (4:1 vol/vol; [alkyne]¼0.4 M), 70 8C, 48 h. †Conditions: alkyne (250 mmol), 6 (4.5 mol%), 3b (9.0 mol%), HCO2H
(2.50 equiv.), THF–H2O (4:1 vol/vol; [alkyne]¼ 0.2 M), 55 8C, 48 h. ‡Conditions: alkyne (250 mmol), 2 (4.5 mol%), 3b (9.0 mol%), HCO2H (2.50 equiv.), THF–H2O (4:1 vol/vol; [alkyne]¼0.4 M),
80 8C, 48 h. §Conditions: alkyne (250 mmol), 2 (9.0 mol%), 3b (18.0 mol%), HCO2H (5.00 equiv.), THF–H2O (4:1 vol/vol; [alkyne]¼0.4 M), 80 8C, 48 h. }Conditions: alkyne (250 mmol), 2 (9.0 mol%),
3b (18.0 mol%), HCO2H (5.00 equiv.), THF–H2O (4:1 vol/vol; [alkyne]¼ 0.2 M), 80 8C, 48 h.
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concurrent in the macroscopic sense’2. A survey of the literature
would seem to support this, as in instances where the reaction com-
position is monitored as a function of time, simultaneous processing
of the substrate and intermediates is reported (for examples see refs
3, 8, 9, 12 and 13). Conceptually, approaches to metal-catalysed,
temporally separated systems might begin by identifying pairs of
reactions that are conducted by transition-metal complexes with
similar coordination environments. These initial candidates could
be further prioritized by the presence or absence of isolable
(stable) substrate–catalyst intermediates in the first catalytic cycle.
Monitoring the composition of multistep reactions as a function
of time can provide evidence for temporal separation. This was
demonstrated herein using NMR spectroscopy, although other
common analytical methods (infrared and ultraviolet/visible spec-
troscopy, and tandem liquid chromatography–mass spectrometry)
are likely to be suitable. The experiment outlined in Fig. 2c provides
an unequivocal test for temporal separation. By adding a second
substrate to the reaction mixture after processing of the first sub-
strate is under way, one can determine if the activity of the sub-
sequent step is arrested. In this work we have used this design
strategy to develop a useful catalyst for the anti-Markovnikov reduc-
tive functionalization of alkynes. The discovery that catalyst activity
can be modulated as a function of time may create new opportu-
nities for the development of tandem reaction processes.

Methods
Full experimental details and characterization data for all new compounds are
provided in the Supplementary Information.

Received 10 June 2013; accepted 11 October 2013;
published online 17 November 2013

References
1. Bornscheuer, U. T. & Kazlauskas, R. J. Catalytic promiscuity in biocatalysis:

using old enzymes to form new bonds and follow new pathways. Angew. Chem.
Int. Ed. 43, 6032–6040 (2004).

2. Fogg, D. E. & dos Santos, E. N. Tandem catalysis: a taxonomy and illustrative
review. Coord. Chem. Rev. 248, 2365–2379 (2004).

3. Pittman, C. U. & Liang, Y. F. Sequential catalytic condensation–hydrogenation
of ketones. J. Org. Chem. 45, 5048–5052 (1980).

4. Breit, B. & Zahn, S. K. Domino hydroformylation–Wittig reactions. Angew.
Chem. Int. Ed. 38, 969–971 (1999).

5. Edwards, M. G. & Williams, J. M. J. Catalytic electronic activation: indirect
‘Wittig’ reaction of alcohols. Angew. Chem. Int. Ed. 41, 4740–4743 (2002).

6. Seayad, A. et al. Internal olefins to linear amines. Science 297, 1676–1678 (2002).
7. Chen, J.R. et al. Ru-catalyzed tandem cross-metathesis/intramolecular-

hydroarylation sequence. Angew. Chem. Int. Ed. 47, 2489–2492 (2008).
8. Cadierno, V. et al. Ruthenium-catalyzed redox isomerization/transfer

hydrogenation in organic and aqueous media: a one-pot tandem process for the
reduction of allylic alcohols. Green Chem. 11, 1992–2000 (2009).

9. Behr, A., Reyer, S. & Tenhumberg, N. Selective hydroformylation–
hydrogenation tandem reaction of isoprene to 3-methylpentanal. Dalton Trans
40, 11742–11747 (2011).

10. Kanbayashi, N., Takenaka, K., Okamura, T. & Onitsuka, K. Asymmetric auto-
tandem catalysis with a planar-chiral ruthenium complex: sequential allylic
amidation and atom-transfer radical cyclization. Angew. Chem. Int. Ed. 52,
4897–4901 (2013).

11. Fleischer, I. et al. From olefins to alcohols: efficient and regioselective
ruthenium-catalyzed domino hydroformylation/reduction sequence. Angew.
Chem. Int. Ed. 52, 2949–2953 (2013).

12. Pijnenburg, N. J., Cabon, Y. H., van Koten, G. & Klein Gebbink, R. J. Mechanistic
studies on the SCS-pincer palladium(II)-catalyzed tandem
stannylation/electrophilic allylic substitution of allyl chlorides with
hexamethylditin and benzaldehydes. Chem. Eur. J. 19, 4858–4868 (2013).

13. Yadav, A. K. et al. ‘Base effect’ in the auto-tandem palladium-catalyzed
synthesis of amino-substituted 1-methyl-1H-a-carbolines. Org. Lett. 15,
1060–1063 (2013).

14. Li, L. & Herzon, S. B. Regioselective reductive hydration of alkynes to form
branched or linear alcohols. J. Am. Chem. Soc. 134, 17376–17379 (2012).

15. Lynam, J. M. Recent mechanistic and synthetic developments in the chemistry of
transition-metal vinylidene complexes. Chem. Eur. J. 16, 8238–8247 (2010).

16. Campbell, A. N., White, P. B., Guzei, I. A. & Stahl, S. S. Allylic C–H acetoxylation
with a 4,5-diazafluorenone-ligated palladium catalyst: a ligand-based strategy to
achieve aerobic catalytic turnover. J. Am. Chem. Soc. 132, 15116–15119 (2010).

Wittig     olefination

Time

R H R
O

R
O

R´

Alkyne

hydration
R

OH
Aldehyde

reduction
(inhibited)

R
O

R´

Enone

reduction

n-octyl
OH

n-octyl

(1.2 equiv.)
6 (9 mol%), 2,2́ -bipyridine (3b, 18 mol%)

HCO2H (10 equiv.)
H2O–THF, 70 °C, 48 h

n-octyl
O

Ph

+

5l

7a

4l

Ph3P
Ph

O

O

Alkyne (1l) 7:1

1l

n-octyl

or

Aldehyde (4l) 2:1

Starting material 7a/5l

a

b

Figure 3 | Triple-cascade anti-Markovnikov hydration, olefination and

enone reduction. a, Temporal separation of the hydration and hydrogenation

activities was anticipated to allow for stoichiometric functionalization of the

aldehyde intermediate in situ. In this instance, we investigated in situ Wittig

olefination of the aldehyde. 1,4-Hydrogenation of the resulting enone would

provide the reductive alkylation product. b, Control experiments to probe for

an enhancement in selectivity starting from an alkyne. Reductive alkylation

of the alkyne 1l provided higher selectivity for the ketone 7a than that

beginning with aldehyde 4l. We attribute this increase in selectivity to the

delayed onset of hydrogenation activity by the catalyst, which allows for

progression of the Witting olefination.

Table 3 | Hydration-olefination-1,4-reduction triple cascade.

n-octyl

6

O

CH3O

CH3

N

O

O

3

n-octyl

6CH3O

O

N

O

O

3

CH3

Rʹ

O

Rʹ

O

Rʹ

O

O

Rʹ

Rʹ

O

R

(1.2 equiv.)
2 (9 mol%), 2,2ʹ-bipyridine (3b, 18 mol%)

HCO2H (10 equiv.)
H2O–THF, 55 °C, 48 h

R
O

Rʹ

7a–e, 8a–e

Ph3P
Ph

O
or Ph3P

CH3

O

Entry Substrate Product Yield
Rʹ = Ph

Yield
Rʹ = CH3

1

2

3

4

5

7a, 75%

7b* , 72%

7c†, 75%

7d†, 81%

7e, 72%

8a** , 71%

8b, 70%

8c, 70%

8d**, 76%

8e, 76%

1c

1l

1m

1o

1s

Conditions: alkyne (250 mmol), 2 (9.0 mol%), 3b (18 mol%), HCO2H (10.0 equiv.), THF–H2O (4:1
vol/vol; [alkyne]¼ 0.4 M), 55 8C, 48 h. All yields are of spectroscopically homogeneous material,
after purification by flash-column chromatography. *Conditions: alkyne (250 mmol), 2 (9.0 mol%),
3b (18 mol%), HCO2H (10.0 equiv.), THF–H2O (4:1 vol/vol; [alkyne]¼0.4 M), 55 8C, 72 h.
**Conditions: alkyne (125 mmol), 2 (9.0 mol%), 3b (18 mol%), HCO2H (15.0 equiv.), THF–H2O
(4:1 vol/vol; [alkyne]¼ 0.4 M), 55 8C, 72 h. †Conditions: alkyne (250 mmol), 2 (9.0 mol%),
3b (18 mol%), HCO2H (5.0 equiv.), THF–H2O (4:1 vol/vol; [alkyne]¼ 0.4 M), 55 8C, 48 h.

NATURE CHEMISTRY DOI: 10.1038/NCHEM.1799 ARTICLES

NATURE CHEMISTRY | ADVANCE ONLINE PUBLICATION | www.nature.com/naturechemistry 5

© 2013 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/compfinder/10.1038/nchem.1799_comp1l
http://www.nature.com/compfinder/10.1038/nchem.1799_comp7a
http://www.nature.com/compfinder/10.1038/nchem.1799_comp4l
http://www.nature.com/compfinder/10.1038/nchem.1799_comp2
http://www.nature.com/compfinder/10.1038/nchem.1799_comp3b
http://www.nature.com/compfinder/10.1038/nchem.1799_comp2
http://www.nature.com/compfinder/10.1038/nchem.1799_comp3b
http://www.nature.com/compfinder/10.1038/nchem.1799_comp2
http://www.nature.com/compfinder/10.1038/nchem.1799_comp3b
http://www.nature.com/compfinder/10.1038/nchem.1799_comp2
http://www.nature.com/compfinder/10.1038/nchem.1799_comp3b
http://www.nature.com/doifinder/10.1038/nchem.1799
www.nature.com/naturechemistry


17. Anderson, B. J., Keith, J. A. & Sigman, M. S. Experimental and computational
study of a direct O2-coupled Wacker oxidation: water dependence in the absence
of Cu salts. J. Am. Chem. Soc. 132, 11872–11874 (2010).

18. Dong, G., Teo, P., Wickens, Z. K. & Grubbs, R. H. Primary alcohols from
terminal olefins: formal anti-Markovnikov hydration via triple relay catalysis.
Science 333, 1609–1612 (2011).

19. Zbieg, J. R., Yamaguchi, E., McInturff, E. L. & Krische, M. J. Enantioselective
C–H crotylation of primary alcohols via hydrohydroxyalkylation of butadiene.
Science 336, 324–327 (2012).

20. Schnapperelle, I., Hummel, W. & Gröger, H. Formal asymmetric hydration of
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