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Abstract: A highly enantioselective NiH-catalyzed hydrocyclization of
alkynones with unparalleled anti- and endocyclic selectivities is
described. The choice of the precatalysts has significant influence in
tuning the regio- and enantio-selectivity. Using Ni(OTs)2/Phox as a
precatalyst and (EtO):MeSiH as a hydride source, an array of
enantioenriched O-, N-, and S-containing heterocyclic tertiary allylic
alcohols are obtained in 24-81% yields with 80:20-99:1 er.
Mechanistic investigations and synthetic application are also carried
out. This study represents an efficient access to a set of allylic
alcohols that are unable to access by the state-of-the-art coupling
reactions.

Transition-metal-catalyzed hydrofunctionalization of alkynes is a
straightforward method for the rapid synthesis of functional
group-enriched alkenes from readily accessible materials.!"
Plentiful achievements have been made in last decades enabling
enantioselective syn-hydrofunctionalization of alkynes which
introduces a hydrogen atom and a functional group with a cis
relationship (Scheme 1a).23 In contrast, processes of the
complementary anti-hydrofunctionalization are synthetically
appealing but more challenging in addressing regio- and
stereoselectivities.?24 In particular, their asymmetric variants are
still unexplored to date.

Allylic alcohols are ubiquitous units in natural products and
pharmaceuticals.”®? Since the seminal contributions by the
groups of Montgomery,® Jamison,® and others, nickel-
catalyzed reductive coupling of alkynes and aldehydes is a
powerful strategy for the construction of allylic alcohols.® In
particular, its intramolecular version allows the regio- and
enantio-selective access to heterocyclic allylic alcohols.!®*-'"
Recent reports by Tang!'” and Liul'"! elegantly illustrated the
capability of nickel complexes derived from Ni(COD)2 and chiral
phosphine ligands in catalyzing enantioselective cyclization of
alkynones (Scheme 1b, left). These examples intrinsically
operate through an oxidative cyclometalation of Ni® with the two
n-components to form an oxa-nickelacycle followed by reduction
with silanes, therefore allylic alcohols with exocyclic double bond
and syn stereochemical relationships of the two newly formed
bonds are uniformly obtained.®7d We envisioned that this
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€. Initial reaction development: selectivity tuned by precatalysts
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1a (see Sl & Table 1 for details) 2a 3a

precatalyst: Ni(OTs),+6H,0/S,R)-L1 Ni(COD),/(S,R)-L1

selectivity: 2a:3a = 5:1; er of 2a = 97:3; er of 3a = 96:4 2a:3a = 1:<20; er of 3a = 50:50
Scheme 1. Transition-metal-catalyzed hydrofunctionalization of alkynes.

mechanistic paradigm could be altered if to initiate the reaction
with a Ni'"-H catalyst, which could convert the same type of
alkynones 1 into stereochemically and topologically
complementary endocyclic products 2 (Scheme 1b, right). We
proposed that this approach could undergo a regioselective
migratory insertion of alkynes into Ni'-H species,'? followed by a
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cisltrans isomerization of the resulting alkenylnickel™® and
concomitant addition onto carbonyls.

From a mechanistic standpoint, this anti-hydrometalative
transformation is of considerable challenges. A judicious choice
of Ni'" precatalysts and hydride sources to directly form Ni'—H
affecting the rapid alkyne insertion to avoid the formation of low-
valent nickel (i.e., Ni°) that leads to undesired pathways!'®'"l is
key to the success of this reaction. Additionally, the isomerization
of the putative 1,2-disubstituted cis-alkenylnickel species to the
corresponding frans one requires overriding the steric repulsion
between the nickel and the substituent on the neighboring
carbon.l"¥ Indeed, such isomerization of 1,2-disubstituted
alkenylnickel has been rarely investigated, although strategies
involving cis/trans isomerization of fully substituted alkenylnickel
species formed via alkyne insertion into arylnickel species and
sequential cyclization were successfully demonstrated by Liu,["4!
Lam,["® and our group.l"® Gratifyingly, a preliminary proof was
obtained by the use of Ni(OTs)2*6H20 as the nickel precursor
predominately resulting endocyclic product 2a with 97:3 er
(Scheme 1c¢). As expected, a Ni® precursor, Ni(COD), exclusively
provided the exocyclic product 3a with no enantio-induction. The
results support our idea of tuning the regio- and enantio-
selectivities by precatalysts. Herein, we report our study toward
this unprecedented nickel-catalyzed enantio-, regio-, and anti-
selective intramolecular coupling of alkynones to construct O-, N-,
S-containing endocyclic allylic alcohols.

Table 1. Selected results of condition optimizations.

Ni(OTs),+6H,0

o 8 mol%) HO Ph ph HQ Ph
Ph HL (12 mol% N
\/o (EtO MeSiH
toluene, 90 °C o
1a 3a’'

o
‘ o ; 0 PPh; N °.
ayy
Ph,P NJ Ph,P N\? PPh, N—/
ke (5)-L2:R=Pr; R OO By

(S)-L3: R=Bu;

(S,R)-L1 (S)-L4: R=Ph; (R)-LS (S)-L6
entrytl variation 2a/3a/3a’ (%)P! er of 2all
1 none 61/15/— 96:4
2 L2 instead of L1 65/12/—- 95.5:4.5
3 L3 instead of L1 22/19/7 94.5:5.5
4 L4 instead of L1 52/12/8 89.5:10.5
5 L5 or L6 instead of L1 trace/—/— -

6 DME instead of THF 75 (68)e)/15/— 97:3

[a] Reactions conducted with Ni(OTs)226H.0 (8 mol%), L1 (12 mol%),
(EtO)2MeSiH (0.2 mmol), and 1a (0.1 mmol, 0.1 M) for 20-23 h. [b] Determined
by 'H NMR. [c] Determined by HPLC analysis (Chiralpak AD-H). [d] With 0.05
M of 1a on a 0.2 mmol scale. [e] Isolated yield.

Our further extensive explorations (Tables S1-6) of nickel
precursors, ligands, solvents, and hydride reagents revealed that
using Ni(OTs)226H20/InPhox (L1) as the precatalyst in the
presence of (EtO).MeSiH in toluene delivered 2a as the major
product in 61% yield with 96:4 er (entry 1, Table 1). It should be
mentioned that Phox-type ligands!'” play a significant role in the
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productivity (entries 1-4), while the bulkier ‘Bu-Phox (L3) showed
slightly poor results (entry 3). In a sharp contrast, no product was
observed with either BINAP or Pyox (L5 or L6, entry 5). Finally,
we were pleased to identify the optimal reaction conditions by
using DME as the solvent (entry 6).

Next, the generality of the reaction was elucidated. The
compatibility of substituents on the alkyne moiety was first
examined (Table 2a). Substrates with various substituents
including electron-rich and electron-deficient aromatics (2b-2j)
afforded the corresponding products in 52%—75% yields with
95.5:4.5-99:1 er. Acetyl and ester functionalites were well
tolerated by this neutral reaction conditions (2f and 2g). It is
notable that thienyl substituted alkynone reacted smoothly
affording alcohol 2k in 64% yield and 97.5:2.5 er. Alkenes are
proven to undergo migratory insertion into Ni-H species,'® but
are remarkably compatible in this system. A few alkenyl-
substituted alkynones were converted into the corresponding 1,3-
diene products 2l-2q with comparable enantioselectivities to
those of the aryl substrates. Bio-important heterocycles, for
instance, dihydropyranyl-, tetrahydropyridyl-, and uracil-
substituted alkynones (2m—-20) were feasible substrates as well
resulting in good enantioselectivities (95:5-97:3 er), albeit with
lower yields. Interestingly, steroid-derived substrates (2p and 2q)
were amenable to generate their structurally complicated
derivatives in good diastereoselectivities. Unfortunately,
substrates with pendant alkyl-substituted alkynes underwent the
cyclization in a much less regioselective manner (2r and 2s). In
particular, 5-exo cyclization product 2s’ was primarily obtained
when sterically hindered ‘Bu-substituted alkyne 1s was applied.
These results demonstrate that the steric hindrance of the alkyne
moiety is detrimental to the regioselectivity in the hydrometalation
step. An ester-substituted alkyne 1t was also investigated, but
resulting in exclusive exocyclic product 2t in 12% yield with
97.5:25 er.

The scope of ketones was then explored (Table 2b). Aromatic
ketones with various steric and electronic properties were well
compatible with this reaction (2aa—2al, 49%-81% yields,
95.5:4.5-98:2 er). The reaction seems less sensitive to the sterics
of the ketone moiety, and ortho-methylphenyl- (2aj) and 1-
naphthyl- (2ak) substituted ketones were successfully cyclized in
good vyields and enantioselectivities. Gratifyingly, heteroaryl
ketones bearing thiophene (2am), benzothiophene (2an), and
dibenzofuran (2ao), were also appropriate substrates. Subjecting
alkyl substituted (methyl and ethyl) ketones to the conditions
delivered 2ap and 2aq in 62%—-69% yields with 94.5:5.5-96:4 er.
Importantly, allyl-substituted ketone underwent the reaction with
concomitant isomerization of the terminal olefin to internal (2ar,
see Scheme S1). In addition, this approach also provided access
to other heteroatom-containing allylic alcohols, for instance,
thiopyran 2as and tetrahydropyridine 2at (Table 2c). It should be
noted that although the regioselectivity of the reaction ranges from
moderate to good (see Sl), the corresponding isomers are readily
separated by column chromatography. Some unsuccessful
examples were included in Table 2d and Scheme S2 of the SI.
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Table 2. Substrate scope.!!

o Ni(OTs)+6H,0 (8 mol%)
L1 (12 mol%)

(EtO),MeSiH, DME, 90 °C

1 (standard conditions)
R' = 4-Me: 2b R'=4-Cl: 2¢ R' = 4-CF3: 2h
62% yield, 97:3 er 63% vyield, 96:4 er 60% vyield, 96.5:3.5 er
R' = 4-OMe: 2c R'=4-Ac: 2f R'=3-Me: 2i
75% yield, 97:3 er 55% yield, 96.5:3.5 er 52% yield, 95.5:4.5 er
R'=4-F: 2d R' = 4-CO,Me: 2g R' = 2-Me: 2j 2kl 2|l

60% yield, 97.5:2.5 er 53% yield, 96:4 er 61% yield, 99:1 er 64% yield, 97.5:2.5 er 59% yield, 96.5:3.5 er

2plbel (from Estrone)
30% yield, dr > 20:1

2ml] 2nlb!
47% yield, 97:3 er 43% yield, 95:5 er

h
2qPcl (from Cholesterone)

P
HO,,,|
ACO
65% yield, dr = 10:1

20! (from Uracil)
24% yield, 96.5:3.5 er

from 1s[P!
A o HQ ph | HO pn | Ho,
{ | + X 1 /\Eg Ph
o | Jd o 1 o
2r 2r ‘ 2s' ‘ 2t 1 2ak 2al

29% vyield, 93.5:6.5 er 24% yield, 95.5:4.5 er 65% yield, 95.5:4.5 er 67% vyield, 98:2 er

R2 = 4-Ph: 2ab R2 = 4-F: 2ae R? = 3-Me: 2ah
69% vyield, 96.5:3.5 er 68% vyield, 98:2 er 78% yield, 95.5:4.5 er Ol‘j HO
) Ph Pho >
R2 = 4-Bu: 2ac R2 = 4-CF3: 2af R2 = 3-OBn: 2ai |
69% yield, 96.5:3.5 er 49% vyield, 98:2 er 74% vyield, 96.5:3.5 er o | o
R2 = 4-Me: 2aa R2 = 4-OMe: 2ad R2 = 4-OCF: 2ag R2 = 2-Me: 2aj 2am 2an 2a0

63% yield, 97:3 er 66% yield, 97:3 er 53% vyield, 98:2 er 81% vyield, 97.5:2.5 er 55% yield, 97:3 er 56% yield, 97.5:2.5 er 79% vyield, 97.5:2.5 er

i cC. T d. Ph
i ! Ph H
| | 0., HC ph
! . Ph Ph
> O
: “Me |
2ap 2aq 2arldl as 2atlcel 2aulfl 2avldl 2awlbl
69% yield, 96:4 er  62% vyield, 94.5:5.5er  45% yield, 98:2er ' 53% yield, 92.5:7.5 er 44% yield, 94.5:5.5er 50% yield N.D. 20% yield, 57:43 er

[a] Reactions conducted on a 0.2 mmol scale under the standard conditions. Enantiomeric ratio (er) determined by HPLC. [b] With Ni(OTs)2¢6H20 (10 mol%)
and L1 (12 mol%). [c] 0.1 mmol scale. [d] With (S,R)-4-MeO-InPhox (L7). [e] With (S)-Bn-Phox (L8). [f] With 4:1 of regioselectivity and formed through the Ni-
catalyzed cyclization followed by dehydration of the alcohol. [g] Complex mixture and semi-reduction of alkyne to alkene was observed. See SI for details.

A series of experiments were then conducted to gain insights
into the mechanism (Scheme 2 and Schemes S3-8 in Sl). To
probe the alkyne insertion step, alkyne 4 was subjected to the
standard conditions, generating a cis/trans mixture of semi-
reduction products 5a and 5b (Scheme 2a), which indicates the
involvement of isomerization of the alkenylnickel species formed
by the alkyne insertion into the Ni—-H species. Further insights
were obtained by deuterium scrambling experiments (Scheme
2b). With D20 added, no detectable deuterium incorporation was
observed. On the other hand, the reaction employing
(EtO)2MeSiD delivered the allylic alcohol 2a with 82% deuterium
incorporation. These results clearly indicate that the alkenyl
hydrogen atom of the product 2a is mainly from the silane. 3'P
NMR studies of the in situ complexation of the catalyst were also
carried out (Scheme S4). The formation of Ni(L1)2 was observed
as the solo form regardless of the molar ratio of Ni(OTs)226H20 to
L1, which is consistent with previous observation by Lloyd-Jones

et al.' However, the proportionality of the enantiomeric excess
of 2a and L1 indicates the active catalytic nickel complex likely
involves a single ligand (Scheme 2¢),?%?which is also in line with
the fact that constant enantioselectivity was observed when
varying the ratio of Ni(OTs)226H20 versus L1 (Scheme S3d).
Finally, the standard reaction with stoichiometric phenyl bromide
or hexyl bromide as an additive resulting in litle consumption of
the bromides (Scheme 2d and Schemes S6-7), as well as using
Ni(COD)2 as the nickel precursor exclusively forming racemic 3a
(Scheme 1c), could rule out the formation of low-valent nickel
species during the cycle.?2
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a. Reduction of alkyne under the standard conditions

e CgH43 H
6M13 i
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/ S . W)\H * \%nceHﬂ
Ph H H
4 5a 5b

37% vyield, 5a:5b = 1:0.9 (63% 4 recovered)
b. Deuterium labeling experiments with D,O and (EtO),MeSiD
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Ph A o % vi .
“ standard conditions | <5% D, 58% vyield, 96.5:3.5 er
T
~H
D% 2a

O (EtO),MeSiD instead of (EtO),MeSiH:
82% D, 67% vyield, 96:4 er

C. Linear relationship experiment d. With PhBr as an additive
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€. Proposed catalytic cycle
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Scheme 2. Mechanistic investigations.

Taken all these clues together, a postulated mechanism is
depicted in Scheme 2e. Reaction of Ni(L1)2 (I) and (EtO).MeSiH
forms Ni'-H species Il, followed by alkyne insertion to deliver cis-
alkenylnickel cis-llL.I" Then reversible cis/trans isomerization
provides E-alkenylnickel trans-lll followed by coordination of
ketone to the nickel center and an intramolecular addition
affording the allylic alkoxide nickel IV. Although the isomerization
of cis-lll to trans-lll is sterically less favored, the
coordination/addition step probably is the driving force of this
reaction.d Finally, the nickel species Il is regenerated in the
presence of H20 and silane.?? This reaction pathway is distinct
from the known coupling of alkynes and carbonyls involving the
an oxanickelacyclic  intermediate,®™'%  which  provides
conceptually new inputs to the enantioselective coupling
chemistry.

The synthetic potential was showcased in Scheme 3. A gram-
scale reaction of 1aj furnished 2aj without loss of efficiency.
Treating 2aj with m-CPBA produced an epoxide 6, containing
three contiguous stereocenters, in 91% yield with perfect
diastereoselectivity (>20:1 dr).2*! Isomerization of the epoxide 6
with TiCls produced a tetrasubstituted epoxide 7 in quantitative
yield. In contrast, ring-opening product of 6 was obtained in the
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presence of LDA, giving rise to pinacol 8 bearing two adjacent
stereocenters. Fluorination of the epoxide 6 using DAST
generated a bulky tertiary alkyl fluoride 9 in moderate yield.?!

1aj
6 mmol

|
standard conditions

2aj
1.21 g, 76% yield, 97.5:2.5 er

(a) (b) (c) (d)

HO, Ar o Ar HO,_ Ar Ph E Ar
Ph Phe % %
Ph N\ 3\
Ol o . HO™ o oy,
HO™™ x o
6 7 8 9
91% yield 90% yield 41% yield 50% yield

Scheme 3. Gram-scale synthesis and product derivatization. Conditions: (a)
mCPBA (1.5 equiv), NaHCO3 (2.5 equiv), DCM, 0 °C to rt; (b) i) as (a); ii) TiCls
(1.1 equiv), DCM, =78 °C; (c) i) as (a); ii) LDA (3.0 equiv), THF, rt; (d) i) as (a);
ii) DAST (2.4 equiv), DCM, —-78 °C to rt. Ar = 2-Me-CsHa. See Sl for conditions.

In conclusion, an enantio- and regio-selective nickel-
catalyzed anti-hydrocyclization of alkynones was developed. With
a Phox ligand-derived nickel complex as the precatalyst and
methyldiethoxysilane as the hydride source, a broad range of
enantioenriched heterocyclic tertiary allylic alcohols were
efficiently  synthesized in good vyields with excellent
enantioselectivities. This study offers conceptually distinct
alternative to coupling alkynes and carbonyls, as well as a new
mode for anti-selective and enantioselective
hydrofunctionalization of alkynes. Further mechanistic studies in
detail and expanding of this reaction mode are currently ongoing
in our laboratory.
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