demonstrate the reproducibility of these highly
efficient processes, TriP,4o Was successfully sub-
jected to two cycles of mechanically induced
cycloreversion and subsequent Cu catalyzed
cycloaddition with similar results (27).
Collectively, these results demonstrate that
directed mechanical forces can effect the previ-
ously elusive retroclick reaction, transforming
triazoles into their azide and alkyne precursors.
The ability to selectively deconstruct triazoles
with high fidelity presents the opportunity to
employ these readily accessible moieties in
mechanoresponsive materials or as mechanically
labile protecting groups. The former could in-
clude dye-sensitized force sensors (24) or force
responsive fluorescent tags for biological assays.
The latter would be of particular appeal for prevent-
ing undesired side reactivity in the presence of
strong nucleophiles, especially considering that a
broad range of substituents covalently bonded to
the azide and alkyne coupling partners should
tolerate ultrasonication. In a broader perspective,
the methodolgy for triazole cycloreversion es-
tablished here could be used to coax other ki-
netically stable molecules to exhibit uncommon

reactivity under the influence of exogenous
mechanical forces.
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Primary Alcohols from Terminal
Olefins: Formal Anti-Markovnikov
Hydration via Triple Relay Catalysis

Guangbin Dong,” Peili Teo,™* Zachary K. Wickens,” Robert H. Grubbs™2*

Alcohol synthesis is critical to the chemical and pharmaceutical industries. The addition of

water across olefins to form primary alcohols (anti-Markovnikov olefin hydration) would be a
broadly useful reaction but has largely proven elusive; an indirect hydroboration/oxidation
sequence requiring stoichiometric borane and oxidant is currently the most practical methodology.
Here, we report a more direct approach with the use of a triple relay catalysis system that
couples palladium-catalyzed oxidation, acid-catalyzed hydrolysis, and ruthenium-catalyzed
reduction cycles. Aryl-substituted terminal olefins are converted to primary alcohols by net
reaction with water in good yield and excellent regioselectivity.

lefin hydration, the addition of water
O across a carbon—carbon double bond, is

an important industrial process for the
synthesis of alcohols (/) and can be readily cat-
alyzed by acids, metal oxides, zeolites, and clays
(2). However, in accord with Markovnikov’s rule,
the proton bonds to the less substituted carbon in
these processes (3), and thus, primary alcohols
(except ethanol) are difficult to obtain (Fig. 1,
equation 1). Given the broad usefulness of pri-
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mary alcohols in bulk/fine chemical and phar-
maceutical industries (/), there is a compelling
need to develop selective catalysts for direct
anti-Markovnikov hydration of alkenes (4, 5).
Currently, a popular indirect protocol involving
hydroboration/oxidation (3) affords hydration
products with anti-Markovnikov regioselectivity
(Fig. 1, equation 2). This two-step process re-
quires a stoichiometric amount of borane reagents
and generates boron waste that is difficult to re-
cycle. Moreover, the peroxides used in the oxi-
dation step raise safety concerns for large-scale
production. A hydroformylation/reduction se-
quence can also produce primary alcohols albeit
through a homologation process (Fig. 1, equa-
tion 3) (6, 7). Campbell et al. recently developed
an interesting strategy using a Pd-catalyzed al-
lylic oxidation/ester hydrolysis/olefin reduction
sequence to achieve the transformation of termi-

nal olefins to primary alcohols (8). Although ef-
fective, this approach requires a three-step operation.

In contrast to anti-Markovnikov olefin hydro-
amination (9) and alkyne hydration (/0), two
closely related reactions, very limited success has
been achieved toward anti-Markovnikov olefin
hydration (Fig. 1, equation 4) (5, 9). In 1986,
it was reported that trans-PtHCI(PMes), (Me,
methyl) was able to catalyze hydration of 1-hexene
to 1-hexanol (/7); unfortunately, this work was
difficult to reproduce (3, /2), as was the method
in a later report (/3). Reliable one-step catalytic
protocols are currently limited to certain activated
classes of olefin (/4, 15). Here, we describe an
effective method for the direct synthesis of pri-
mary alcohols from nonactivated terminal olefins
(defined as non-Michael reaction acceptors) using
a triple relay catalysis (/6) system, as progress to-
ward an ideal system for catalytic anti-Markovnikov
olefin hydration.

Our strategy for anti-Markovnikov olefin hy-
dration is based on a two-catalyst cooperative
system involving an oxidation cycle followed by
a reduction cycle (Fig. 2). Studies of the Wacker
oxidation (17) have established that Pd" salts
such as PdCl, (X = Cl) can oxidize olefins in the
presence of water to produce a carbonyl com-
pound, an acid (HCI), and a palladium hydride
(H-Pd-Cl). Precedents also exist for certain metal
hydrides (M-H; M = Ru, Ir, Fe, Ni, Pt, etc.) to
readily reduce carbonyl compounds, while in the
process forming metal alkoxides that can be sub-
sequently protonated by an acid (HX) to give an
alcohol and metal salts (M-X) (/8). In principle,
these two known processes could be combined
through a hydride transfer from Pd to M, in which
the carbonyl compound and the acid generated
from the oxidation cycle constitute the reactants
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Fig. 1. Synthesis of
alcohols from olefins.
R, alkyl or aryl groups;
R, hydrogen or alkyl
groups.

Synthesis of secondary alcohols (Markovnikov selectivity)

i RN + H0 acids, zeolites, etc oH
- - .
R™ "Me

|
 for example:

Synthesis of primary alcohols (anti-Markovnikov selectivity)

i hydroboration/oxidation
i R',BH . H;0,, NaOH !
DR e g BRy R o A O (2)

i hydroformylation/reduction

catalyst [H] 3
R ™= mz—* RN~ — ™ r“~"on @

Anti-Markovnikov olefin hydration

talyst .
| R + H0 ___CEE!__)_JE_;__.., R/\VOH (4) 1
(o)
Y/ 0o
— [ > Vi
R R
H—[Pd]—
[Pd]—X M]—H
X—[Pd] O—[M]
Oxidation Reduction R’
R OH
HX
HX
PdX .
2 ideal system” [M]—X
OH
R’ ~ + H,0 /
HX: proton source R

Fig. 2. Proposed cooperative catalytic system for alcohol synthesis from olefins and water. Asterisk: In the
ideal system, either the hydride would be directly transferred from Pd to M or the oxidant [0] and the
reductant [H] would be coupled with each other. X, anionic ligands, such as chlorides and acetates.

X
+ H,0 (1.1 equiv)
@A 2 i-PrOH/t-BUOH (1:2), 85 °C i

1a

byproducts

Shvo's catalyst (10 mol%)
PdCly(CH4CN), (10 mol%)
CuCl, (20 mol%), BQ (80 mol%)

Anti-Markovnikov selectivity =

[ 12 alcohol] + [aldehyde]
=38

[ 2° alcohol] + [ketone]
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in the reduction cycle, to provide a facile catalytic
methodology for the hydration of olefins. The suc-
cess of this strategy relies on three criteria: First, the
oxidation of olefins must be selective for aldehyde
products, as normal Wacker oxidation favors
methyl ketones (Markovnikov addition) (/7).
Second, the oxidation cycle must be compatible
with the reduction cycle. Third, migration of the
hydride from Pd to M should be facile. In this
work, we focus on addressing the challenges of
anti-Markovnikov selectivity and compatibility
of the two cycles; thus, we developed a modified
catalytic system by adding both oxidant and reduc-
tant to turn over the two catalysts individually (Fig.
2). Success in this modified system provides critical
information about the feasibility of the ideal system.

We chose styrene as the initial substrate be-
cause under the acid-catalyzed hydration condi-
tions, the secondary alcohol, 1-phenylethanol, is
essentially the only product formed due to the
generation of a stable benzyl cation (Fig. 1, equa-
tion 1) (/9). Furthermore, under Brown’s classic
hydroboration conditions, styrene is a challeng-
ing substrate to functionalize with high anti-
Markovnikov selectivity (the selectivity with
diborane is only 4.2:1, whereas catechol borane
gives 11.5:1 selectivity) (20). In addition, the
product, 2-phenylethanol, is an important ingre-
dient in artificial flavors, perfumery, and soaps
(21). Few successful aldehyde-selective Wacker
reactions with styrene derivatives have been reported
[for a review, see (22)]. When #-BuOH is used as
a solvent, high aldehyde selectivities in Wacker
oxidations have been well established, albeit in
low yields. In the case of styrene, only a 9% yield
of phenylacetaldehyde was obtained (22-25). Re-
cently, Wright et al. reported better aldehyde se-
lectivity (6.4:1) with styrene, using PdCl, as the
catalyst and DMF/H,O (DMF, dimethylform-
amide) as the mixed-solvent under an inert at-
mosphere; the chloride ligands were proposed to
play an integral role in the regioselectivity (26).
We envisioned that by combining both the ~-BuOH
solvent effect and the chloride-ligand factor, we
would further enhance the anti-Markovnikov se-
lectivity. For the reduction cycle, we selected a
combination of i~-PrOH and Shvo’s catalyst (27),
because i-PrOH can serve as an inexpensive, clean,

Fig. 3. General reac-
: tion scheme for styrene

PH hydration to produce
Me | 2-phenylethanol (2a),
4a . (5) ethylbenzene (3a), 1-
0.7% phenylethanol (4a),

phenylacetaldehyde
(5a), and acetophe-
none (6a). Pr, propyl;
Bu, butyl; Ph, phenyl.
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and safe reductant via metal-catalyzed transfer
hydrogenation [for a review series, see (28)], and
Shvo’s complex is commonly used as a catalyst
for transfer hydrogenation of carbonyl compounds
and is also known to tolerate aqueous condi-
tions (29).

To our delight, after initial optimization of the
reaction conditions, we obtained 2-phenylethanol
(2a) in 77% yield (Fig. 3, equation 5) with ex-

ceptionally high anti-Markovnikov selectivity
(38:1) (Fig. 3, equation 6). Subsequently, we in-
vestigated the role of each reactant through a
series of control experiments (see table S1). Un-
der the standard conditions, the reaction pro-
ceeded with an excellent product selectivity, and
by-products (3a to 6a) were all formed in less
than 2% yield. The absence of the Pd catalyst
shut down the production of oxygenated products

Table 1. [Pd]/[Ru]-catalyzed hydration of functionalized styrenes, 1-octene, and allylbenzene.

REPORTS

completely, although the over-reduction product
(ethylbenzene) still formed in 26% yield. Without
Shvo’s catalyst, we observed no alcohol products,
and aldehyde 5a was the major product. CuCl,
was originally intended as a co-oxidant and later
appeared to play a critical role in slowing down
the over-reduction, as the absence of CuCl, led
to substantially increased yields of ethylben-
zene. 1,4-Benzoquinone (BQ) is widely used as
a hydrogen acceptor and two-electron oxidant in
Pd"-catalyzed reactions (30) and was found to
be the best co-oxidant for this transformation;
omission of this component resulted in no alco-

hol formation. The role of i-PrOH as the reduc-
tant was highlighted by formation of aldehyde
5a (57% yield) almost exclusively in its absence.

Shvo's catalyst (10 mol%)
PdCIy(CH3CN), (10 mol%) H
CuCl; (20 mol%), BQ (80 mol%) )

i-PrOH/t-BuOH (1:2), 85 °C R

X + H,0 (1.1 equiv)

Entry Substrate Product

Yield Selectivity (1°0OH : 2° OH)*

-BuOH proved to be responsible for enhanced
reactivity and selectivity, whereas without #-BuOH,
we obtained lower yields and regioselectivity of

N OH " 61% (GC yield 65%)" < 204 the primary alcohol. As expected, removal of wa-
1 . ©/2a\/ 84% (GC yield 83%) - ter from the reaction mixture (using 4 A molecu-
o lar sieves) is detrimental: No oxygenated product

X 409t >20:1 was observed under anhydrous conditions.
2 b We next examined the substrate scope on a
1o preparative scale (0.4 mmol, Table 1). The pri-
N OH 61%" >20:1 mary alcohol products were isolated, purified with
3 /©/\ /©/: silica-gel flash column chromatography, and char-
Me te Me acterized via nuclear magnetic resonance (NMR)
N OH 60%¢ 5 201 spectro:scopy and high-resolption mass spectrom-
4 OO 14 OO 2 etry or identified by comparison of the NMR and
Ve e gas chrgmatography—rpass spectrometry (GC-MS)
data with the authentic samples. In general, aryl-
5 N @A/ OH 72%1 =201 substituted terminal olefins provide good yields of
1e 2e primary alcohols with excellent anti-Markovnikov
OH selectivity (>20:1). A number of functional groups
6 S /©/\/ 75%F =20:1 are tolerated under these reaction conditions, such
cl 1f a 2f as alkyl, naphthyl, trifluormethyl, and nitro groups,
OH ) as well as various halides. Aliphatic olefins also
7 N /©/\/ 72% =201 provided hydration products, despite the challeng-
Br 19 Br 29 ing nature of these substrates [entries 11 and 12
. N OH 63%" (31)]. Although obtaining high regioselectivity for
h /©/;/ 849%: =201 aliphatic substrates is more difficult, these results
F F are promising because under previous conditions,
X OH 839t > 201 only a Markovnikov product was observed for
9 " /©/:/ aliphatic substrates (26). One key merit of this
=N ON method is that the major stoichiometric by-
FiC product, 1,4-hydroquinone (HBQ), can be easily
N 74%° >20:1 recovered (see supporting online material) and

converted to BQ in an excellent yield via a facile

CFs (o] acrobic oxidation (32).
____________________________________________________________________________________________________ A triple relay catalysis system is proposed for
NN 0H this formal anti-Markovnikov olefin hydration pro-
2k

OH
4m

oY

56%!"8 (2k:4k = 1:1.4)
54%398 (2k:4k =1:1.9)

12%* (2m)
(2m:4m =1:2.1)*

*Isolated yield and [C] (initial substrate concentration) = 0.25 M.
§Attempted purification through column chromatography; yield was

[C] = 0.067 M, and 1 equiv of BQ was employed.

determined via *H-NMR using mesitylene as the internal standard.
9li-PrOH:t-BuOH = 1:2, [C] = 0.067 M, and 1 equiv of BQ.

BQ.
the crude reaction mixture.
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tlsolated yield and [C] = 0.125 M. tlsolated yield,

1li-PrOH:t-BuOH = 1:1, [C] = 0.067 M, and 1 equiv of
#The ratio was determined via *H-NMR analysis of

cess (Fig. 4A). We postulate that in the presence
of -BuOH, the olefin (a) would first undergo Pd-
catalyzed oxidation to generate a z-butyl vinyl ether
(b). Due to the bulkiness of ~BuOH, the linear
vinyl ether is preferred, which constitutes a key
factor underlying the high anti-Markovnikov se-
lectivity (22, 24). During such a Wacker-like pro-
cess, we expect the generation of acids (HCI and
hydroquinone). Subsequently, in the presence of
water, ether b would be converted to aldehyde ¢
through acid-catalyzed hydrolysis. Finally, alde-
hyde ¢ would be reduced to primary alcohol d via
Ru-catalyzed transfer-hydrogenation reaction.
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OH

A HO'Bu, BQ H,0 HOPr
T otBul hu’ """" o}
= . | Y
RO(NPaS = L1 7 [Ru]
: oL 3\7/; R
HBQ HO'Bu acetone
. B
: PACI(CHaCN), (10 mol%)
' CuClz (20 mol%), BQ (1 equiv) t
t-BuOH, 85 °C 7 (12%) 5a (17%)

Ph” XX +H,0 (1.1 equiv)

Shvo's catalyst (10 mol%)

PAClo(CH3CN); (10 mol%)

Cu

Cl (20 mol%), BQ (1 equiv)

Ph™ XX +H,0 (1.1 equiv)

i-C3H;0D/t-C4HgOD (1:2), 85 °C

Shvo's catalyst (10 maol%)
PdCI3(CH3CN)2 (10 mol%)
CuCl; (20 mol%), BQ (1 equiv)

77% (9+10) 69

i-C3D70D/t-C4Hg0D (1:2), 85 °C

67% (11+12) 65

H D D D
X _opm*, X _obH (8)
Ph Ph
9 10
H D D D
Ph)ﬁg?onm . Ph)S(oan )
H D H D
11 12

87% a-deuterated

31

35

Fig. 4. (A and B) Proposed mechanism and initial mechanistic studies.

We then conducted a number of experiments
to examine this hypothesis. In the absence of
water, i-PrOH, and Shvo’s catalyst, we observed
a mixture of vinyl #-butyl ether geometric isomer
7 and aldehyde 5a by 'H-NMR spectroscopy and
GC-MS, providing evidence for the proposed
t-butyloxypalladation pathway (Fig. 4B, equa-
tion 7). When i-C3H,OD and #-C4HoOD were
used, we observed mono- and di-deuterium in-
corporation at the § position, supporting a proton-
mediated enol ether hydrolysis pathway, although
deuteration via an aldehyde-enol tautomeriza-
tion after the aldehyde formation cannot be
ruled out (Fig. 4, equation 8) (33). We used
regular H,O because it only constitutes 0.14%
by volume and undergoes rapid H/D exchange
with deuterated alcohols. When i-C3D-0D and
-C4HoOD were used instead, we witnessed
87% deuterium incorporation at the o posi-
tion as well, strongly supporting an i-PrOH—
mediated transfer hydrogenation mechanism
(Fig. 4, equation 9).

Compared to the classic hydroboration/oxidation
sequence, our approach is still far from perfect,
with its relatively high catalyst loadings and use
of stoichiometric BQ. However, we are strongly
encouraged by the excellent selectivity with aryl-
substituted olefins, initial promising results with
aliphatic alkenes, and the facile recovery of BQ
to reduce the overall expense. Despite being in its
infancy, this methodology has demonstrated great
potential and will stimulate ongoing research in
the field of olefin hydration.
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