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ABSTRACT

JOJ\ _ R®  iPrSiH OSi(iPr)
+ TBSO —
_ R1 = RS
R ™H 18 Ni(COD), regioselectivities
NHC R2SOTBS  Up to >98:2

The nickel-catalyzed reductive coupling of propargyl alcohols and alkynes proceeds with excellent regiochemical control with an underlying
electronic preference that can be supplemented by ligand size effects. The products obtained may be readily converted to substructures that
are not directly available by an aldehyde—alkyne reductive coupling. A simple model for how steric and electronic factors are both important
in governing regiochemistry in couplings of this type is presented, along with examples of how the effects can combine in either a constructive

or destructive manner.

The reductive coupling of aldehydes and alkynes provides
a powerful strategy for the preparation of stereodefined
alylic alcohols.* Numerous strategies either involving
stoichiometrically generated, alkyne-derived vinyl orga-
nometallic reagents® or the catalytic assembly of an allylic
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alcohol directly from the alkyne® have been described. A
common issue that plagues intermolecular strategies of
this type is the control of regiochemistry in the alkyne
insertion. Indeed, controlling regioselectivity is arguably
the most challenging task in developing 1,2-difunction-
alization reactions of akynes. The vast magjority of
regioselective additions to alkynes involve alkynes with
a major bias in either the size or the electronic charac-
teristics of the acetylenic substituents.* Internal alkynes
with only subtle biases between the two acetylenic termini
are notoriously difficult substrates for the development
of regioselective processes.

In the nickel-catalyzed reductive coupling of aldehydes
with electronically biased alkynes, regiosel ectivities are often
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exceptional and are determined predominantly by substrate
structure. This outcome istypically seen with terminal, aryl,
and silyl alkynes as well as with conjugated enynes and
ynamides.>® Internal akynes without a strong electronic bias,
however, often lead to regioisomeric mixtures (Scheme 1).

Scheme 1. Regiocontrol in Aldehyde—Alkyne Reductive
Couplings

o R® i _Ni(COD,. L OH
+ =
H‘J\H Rz/ “reducing agent agent R‘)\/\ 1J\/\R2
R3

Of the various reducing agent-ligand combinations reported
for nickel-catalyzed intermolecular couplings, Et;B-mediated
couplings with phosphine ligands devel oped by Jamison and
RsSiH-mediated couplings with N-heterocyclic carbene
(NHC) ligands from our work are of the broadest scope.®

Recently developed strategies that allow regioselective
outcomes with nonbiased internal alkynesinclude ligand size
modifications®*" as well as olefin-directed reactions.®"*°
These more recent approaches have the advantage of being
tunable, with either regioselectivity outcome being possible
depending on experimental setup. Directed reactions are
especialy effective at exerting regiochemical influences but
are limited by the ease with which the directing group can
be either removed or converted to a desirable functional
group.® Herein, using propargyl acohols as a test case, we
describe that subtle electronic influences of an alkyne may
be enhanced with protecting group strategies and then
matched with ligand size effects to allow excellent control
of regiochemistry in aldehyde—alkyne reductive couplings.
The predictable synergy of multiple subtle effects often
provides highly regioselective couplings that are relatively
unselective using standard protocols.

The inherent regioselectivity with unsymmetrical internal
alkynes governed by ligand size is illugtrated in couplings of
2-hexyne (Table 1).” Comparing couplings involving the larger
ligand IPr and the smaller IMes using i-Pr3SiH as reducing agent
demondirates thet the smdler ligand IMes favors the regioisomer
derived from the less hindered akyne terminus undergoing
addition to the aldehyde (entry 1), whereas the larger ligand
IPr favors the regioisomer derived from the more hindered
alkyne terminus undergoing addition to the aldehyde (entry 2).
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Table 1. Reductive Couplings of 2-Hexyne?

0 n-Pr Ni( COD)z
P\ / " reducing - Hex)\/\n Pr Hex)\fMe
n-Hex H agent A-Pr
IMes = =\ 1Pr=jPr =\ i-Pr
)é[ J@ VN
I Pr i-Pr
entry L reducing agent yield (%) (regioselectivity)
1 IMes i-Pr3SiH 83 (67:33)
2 1Pr i-Pr3SiH 84 (20:80)
3 PBu; Et;B 74 (51:49)
4 PCy; Et;B 79 (40:60)
5 P(¢-Bu)s Et;B 67 (38:62)

2 The catalysts were generated from Ni(COD), (12 mol %) in THF.
IMes and IPr were generated in situ from the HCI salts and KO-t-Bu
(10 mol % each), or phosphines were used neat (20 mol %).

Alternatively, reductive couplings invalving trialkyl phosphines
as ligands and Et;B as the reducing agent exhibit a smaller
regiochemical change with this combination of substrates as
the ligand size is varied (entries 3—5). These experiments
establish abenchmark for ligand size effects where an eectronic
bias in the dkyne is largely absent.

Given the wide availability of propargyl acohols and the
utility of the allylic acohals derived from their couplings, we
next examined the performance of propargyl acohols in
reductive couplings with adehydes (Table 2). A smple prop-

Table 2. Optimization of Reductive Couplings of Propargyl
Alcohol Derivatives®

. OR?
0 re N(COD),, L
n-Hex)I\H * R1OM/ reducing  n-Hex = "R?
n agent 1A
R'O
reducing yield (%)
entry R! R n L agent  (regioselectivity)

1 H Pr 1 IMes i-PrsSiH 92 (80:20)
2 H Pr 1 IPr i-Pr3SiH 78 (67:33)
3 H Pr 1 PCys i-Pr3SiH 80 (67:33)
4 H Pr 2 IMes i-Pr3SiH 82 (50:50)
5 Me Hept 1 IMes i-Pr3SiH 57 (75:25)
6 t-Bu Hept 1 IMes i-PrsSiH 75 (75:25)
7 TBS Pr 1 IMes i-PrsSiH 75 (87:13)
8 TBS Pr 1 IPr i-Pr3SiH 86 (71:29)
9 TBS Pr 1 PBug Et;B 65 (57:43)
10 TBS Pr 1 PCys Et;B 73 (58:42)
11 TBS Pr 1 P@-Bu); Et;B 71 (53:47)

@ The catalysts were generated from Ni(COD), (12 mol %) in THF.
IMes and IPr were generated in situ from the HCI salts and KO-t-Bu
(10 mol % each), or phosphines were used neat (20 mol %).

argyl acohol (2-hexyn-1-ol) underwent i-Pr;SiH-mediated
reductive coupling with heptanal using IMes as ligand to favor
the product derived from adehyde coupling with the hy-
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droxymethyl-substituted alkyne terminusin 4:1 regioselectivity
(entry 1). Theidentical conditions using IPr or PCy; as ligand
afforded the same product in 2:1 regiosdlectivity (entries 2 and
3). Using IMes asligand, ahomopropargylic e cohol underwent
coupling with 1:1 regioselectivity (entry 4), suggesting that the
modest regiocontrol in couplings of propargyl acohols is
derived from an inductive bias rather than viadirect coordination
of the hydroxyl group to nickel. Upon further examination of
couplings using IMes as ligand, protection of the propargyl
alcohol as the Me or t-Bu ether resulted in an eroson of
regioselectivity (entries 5 and 6) in comparison to leaving the
hydroxyl unprotected, but protection asthe TBS (tert-butyldim-
ethylsilyl) ether improved regiosdlectivity to 7:1 (entry 7). Use
of more bulky IPr asligand in thislatter case resulted in erosion
of regiosdlectivity (entry 8). To further evaluate the effective-
ness of phosphine complexes in impacting regiosd ectivity, we
examined severa phosphine—Et;B combinations and found that
only minimal regiochemical bias was observed (entries 9—11).
Therefore, the TBS ether—IMes combination using i-PrsSH as
reducing agent was the optima st of conditions for maximizing
regiosdectivity with this pair of subgtrates (entry 7).

Given the potentia utility of reductive couplings of simple
silyloxymethyl-substituted alkynes with aldehydes, a variety
of couplings were examined using i-PrsSiH as reducing agent
and IMes as ligand (Table 3). Couplings of a branched and

Table 3. Scope of Reductive Couplings of Propargyl Alcohol
Derivatives®

o nPr NI(COD OSi(i-Pr)3
RiJJ\H ' TBSO/ + FPrSiH (IMes > R ™ “nePr
OTBS
yield (%)
entry R! (regioselectivity) (anti:syn)

1 Hex 75 (87:13)

2 c-Hex 87 (87:13)

3 Ph 85 (91:9)

4 p-(CH3CO)CgHy 83 (91:9)

5 Furyl 82 (91:9)

6 CH;(CHy)4(TBSO)CH 74 (>98:2) (75:25)

7 CH;(CHy)(TIPSO)CH 75 (92:8) (80:20)

2 The catalysts were generated from Ni(COD), (12 mol %) in THF.
IMes and IPr were generated in situ from the HCI salts and KO-t-Bu
(10 mol % each), or phosphines were used neat (20 mol %).

an unbranched aldehyde proceeded with 7:1 regiosel ectivity
(entries 1 and 2), and couplings of benzaldehyde derivatives
or furaldehyde (entries 3—5) proceeded in 10:1 regioselec-
tivity. a-Silyloxyaldehydes were also excellent participants,
with couplings proceeding in excellent yields and regiose-
lectivities ranging from 11:1 to >98:2 (entries 6 and 7).
As the examples above illustrate, regiocontrol derived from
variation in size of the NHC ligand is somewhat subtle (Table
1). Electronic biases of smple propargyl acohols are smilarly
modest (Table 2, entries 1—2). However, proper choice of
protecting groups and ligands can result in preparatively useful
levels of regiocontrol in relatively unbiased cases (Table 3).
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Significantly, a smple model that combines the predictive
influences of ligand sterics and of substrate electronic and steric
biases may now be formulated based on examples from the
current study and previous work® (Scheme 2).

Scheme 2. Predictive Model for Regiocontrol

Ni(COD),, L OSiR%,

R! Z "R3
R2

o} R3
e
R1)|\H+R2/ + R%SiH

Steric Control Electronic Control
L/arge Lsmall ! L
| R3 [ R3 | NI R?
o _Ni o _Ni : o.M
\>/ ~ / \>/ ~ / / i \>/ ~ / /
R' R2 R' R2 : R' R?
favored by: favored by: favored by:
small R" and R® large R'and R® | R2=H, SiR,, CH,OR
and large R? and small R2 i R®=aryl, alkenyl, NRy

The formation of a nicke metallacycle intermediate is
typically invoked in reactions of this type,®**® and we envision
that the inductive influence of the silyloxy group is respon-
sible for the regioselectivity bias of couplings of protected
propargyl alcohols. The observations that homopropargy!
alcohols proceed with very poor selectivity (Table 2, entry
4) and that silyl-protected propargy! acohols proceed with
higher regiosel ectivities than unprotected propargyl alcohols
(Table 2, compare entries 1 and 7) both suggest that hydroxyl
direction via coordination to nickel is not responsible for
the effect.® As depicted, electronic and/or steric biases of
the alkyne can combinein either a constructive or destructive
manner with ligand sterics, and one must consider the
characteristics of the aldehyde, alkyne, and ligand in order
to predict the regiochemical outcome. For simplicity, steric
and electronic biases are illustrated separately in the predic-
tive model, but there is clear synergy between the effects
(Scheme 2).

Whereas the substructures examined in Table 3 are best
optimized using IMes as ligand, the predictive model (Scheme
2) suggests that the best ligand choice for a particular coupling
will depend on a complete evaluation of multiple factors. The
cooperative nature of steric and electronic control features is
illustrated by couplings of substituted propargyl acohols 1a and
1b (eq 1). Initid couplings with substrate 1a and IMes asligand
provide a 1.3:1 mixture of regioisomers 2 and 3. Protection as
the TBS ether 1b maximizes the inductive influences to afford
a 3.3:1 mixture of regioisomers 2 and 3. Steric influences are
then maximized by matching substrate 1b with IPr asligand to
afford product 2 with >98:2 regiosdlectivity. Importantly, these
substantial changes in regioselectivity can be predicted by
considering the smple model (Scheme 2), wherein matching

(8) (&) For a recent computational study: McCarren, P. R.; Liu, P,
Cheong, P. H.-Y.; Jamison, T. F.; Houk, K. N. J. Am. Chem. Soc. 2009,
131, 6654-6655. (b) For metallacycle isolation, see: Ogoshi, S.; Arai, T.;
Ohashi, M.; Kurosawa, H. Chem. Commun. 2008, 1347—1349.

(9) For representative examples of hydroxyl-directed reductive couplings,
see: (a) Qun, L. G.; Kim, S-H.; Lee, J. C.; Cha, J. K. Angew. Chem.,, Int.
Ed. 2002, 41, 2160. (b) Ryan, J.; Micalizio, G. C. J. Am. Chem. Soc. 2006,
128, 2764. (c) Chen, M. Z.; Micdlizio, G. C. Org. Lett. 2009, 11, 4982.
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steric and electronic influences synergistically maximizes re-
giosalectivity.

o]
WHEX)J\H . FPrySiH OSi(i-Pr)g OSi(i-Pr);
Hy 771390 H _~_CHs _~_-CHa
+/ Ni(COD),, L n-Hex . n-Hex
RO._F HsC~ "OR HsC orR )
. 2 3
CHg R=H,L=IMes 57:43 (89%)
1a(R=H) R=TBS,L=IMes 77:23 (85%)

1b (R =TBS) R=TBS,L=IPr >98:2(77%)

Similarly, areductive coupling of protected 2-butyn-1-ol (4)
with heptana proceeds with modest regiosdlectivity using IMes
as ligand to afford a 2.2:1 mixture of products 5 and 6 (eg 2).
However, synergy of eectronic and steric biases is predicted
by the use of alarge ligand in this case, and the use of I1Pr as
ligand generates product 5 with 9:1 regioselectivity.

o
Hox )LH LPrSiH OSi(i-Pr)5 OSi(i-Pr)3
. oTBS
+ CH3 Ni(COD)y, L n-Hex “ “CH; n-Hex = @
o,
8807 TBSO 023
4 5

L=IMes 69:31 (85%)
L=IPr 90:10 (88%)

As afind illustration, if one reverses the relative size of
the alkyne substituents, as seen in alkyne 7, the ligand steric
model predicts that a smaller ligand would favor the major
product 8 (eq 3). Indeed, in this instance, couplings using
IPr as ligand are quite selective (10:1), but the use of the
smaller ligand IMes provides exceptional regiocontrol (>98:
2) over the alternate regioisomer 9. The optimized choice
of ligand in each of these examples (eq 1—3) may be readily
predicted from the model presented above (Scheme 2).

o}

n-Hex)I\H cH, _FPrsSH OSi(FPr) o PSiEPNs oTBS
+ ) n-Hex = 5 n-Hex =
/ CH, Ni(COD),, L . (3)
TBSO. % TBSO CHs HisC” “CHa
7 8 9

L=IPr  91:9 (70%)
L=IMes >98:2 (76%)

As noted above, a limitation of any substrate-controlled
strategy for product selection is the ease with which the
controlling functionality may be converted into a desired
product. Propargyl alcohols are especialy valuable in this
respect. For example, the products of the type described in
Table 3 may be converted to three classes of compounds
that currently cannot be directly accessed in high regiose-
lectivity by a nickel-catalyzed silane-mediated aldehyde-
alkyne reductive coupling. A protecting group swap from
TBS to acetate may be followed by Pd(0)-catalyzed conver-
sion to diene 13,*°® which is the opposite regioisomer from
that directly accessed by 1,3-enyne reductive couplings
(compound 10).1%° The same acetate may also be subjected

(10) (a) Takacs, J. M.; Lawson, E. C.; Clement, F. J. Am. Chem. Soc.
1997, 119, 5956-5957. (b) For an exception, seeref 9c. (c) Tuji, J.; Mandai,
T. Synthesis 1996, 1-24. (d) Corey, E. J.; Achiwa, K. J. Org. Chem. 1969,
34, 3667-3668.
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to a Pd(0)-catalyzed reductive transposition to afford product
14,1%° which is the opposite regioisomer from that derived
from aterminal alkyne reductive couplings (compound 11).
Finally, TBS deprotection may be directly followed by a
sulfonylation/reduction procedure™® to directly afford prod-
uct 15, which is the opposite regioisomer from that prefer-
entially obtained from reductive couplings of 2-alkynes using
IPr as ligand (compound 12, Table 1, entry 2; Scheme 3).

Scheme 3. Post-Coupling Manipulations

Currently accessible regioisomers

OH OH OH
R1JW R‘J\/\Rz R1J\/\CH3
2 R?
R
10 1 12
from 1,3-enynes  from terminal alkynes ~ from 2-alkynes
{using L = IPr)
Manipulations starting from propargy! alcohols
(P
OSi(i-P1), 1) PPTS/TSOH/H,O (94%) OSi(FPr)s o
2) Ac0, pyr (99%) nHex
n-Hex = “n-Pr
3) EtgN, dppf, )
OTBS Pd,(dba)s-CHCl; (95%) 13 (>98:2 regiosel)
1) PPTS/TsOH
H,0 (94%) 1) PPTS/TsOH/H,0 (94%) OSi(-Pr);
2) SOg-pyr, 2) Ac,0, pyr (99%)

LiAlH; (82%) o Hex /H]An—Pr
i 3) HCO,NH,, PBu,
OSi(i-Pr); Pdy(dba)s CHCg, (96%) o
n-Hex Zp-Pr (88:12 regiosel)
CHs

15 (>98:2 regiosel)

In summary, highly regioselective nickel-catalyzed reductive
couplings of propargyl acohol derivatives and adehydes have
been developed. This work addresses strategies to control the
regiochemistry in dkyneinsartions; an issue that plagues nearly
every intermolecular metal-catayzed processinvolving akynes.
The interplay of steric and electronic considerations in nickel-
catalyzed reductive couplings provides a predictable strategy
for controlling regiochemistry for a variety of substrate com-
binations, including couplings of propargyl acohals. In compar-
ing a variety of phosphines and NHCs as ligands, the NHCs
examined are best able to exert steric influences in controlling
regiochemistry. For a number of desirable regiochemical
outcomes that are elusive by direct coupling strategies, the
derivatization of propargyl acohol-derived products provides
anindirect but effective dternaive. The examination of different
classes of NHCs that exert even greater regiochemical biases
with a range of akynesisin progress.
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