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The catalytic regioselective hydroboration of propargylic alcohols and ethers was investigated using NHC-CuCl. We observe that different NHC-
CuCl complexes catalyze hydroborations of propargylic substrates with opposite regioselectivity. A 6-NHC-CuCl complex provides o-selectivity
whereas j-selectivity is achieved using a 5-NHC-CuCl complex. The reaction tolerates a wide range of functional groups.

New methods yielding multifunctional intermediates
are needed to aid the synthesis of complex molecules.!
Well-defined multifunctional compounds containing ver-
satile C—B bonds are an example of intermediates that
have received significant attention recently.” In particular,
vinyl boronates are both useful and easily produced via
addition of alkenyl heterobimetallics to electrophiles® or
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transition-metal-catalyzed hydroboration.*"® However,
synthetic routes into all the desired regioisomers remain
a challenge.®!

Renewed interest in this area has been spurred on by
Cu(I)-catalyzed hydroboration of both internal and termi-
nal alkynes using bis(pinacolato)diboron or HBpin.°
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This second generation of alkyne hydroboration was
pioneered by the Miyaura group,®® and catalytic alkyne
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hydroboration was first reported by the Yun group, where
they demonstrated that acetylenic esters and phenyl-
acetylene could be regioselectively hydroborated using
Xantphos.®® Later, the Yun and Son groups showed that
internal aryl-alkynes undergo regioselective hydrobora-
tion when catalyzed by copper(l) ligated to 1,3-dimethyl-
imidazoline-2-thione or monophosphines.®*" The Hovey-
da group demonstrated regioselective hydroborations of
terminal alkynes using 5-NHC-Cu(I) complexes to give o-
and f-selective vinylboronates.®* The Carretero group
developed regiocontrolled borylation of propargylic func-
tionalized dialkylalkynes catalyzed by Cu(I)-phosphine
complexes yielding 8-B(Pin)-substituted (Z)-allylic alcohol.
The Lipshutz group introduced Cu(I) catalyzed o-selective
hydroborations of acetylenic ester using HB(Pin),’* and
the Tsuji group has generalized this synthetic method to
have a a and B product by the choice of borylating
reagents, HB(Pin) and B,Pin,, respectively.®' As an alter-
native method, herein, we present regioselective and
stereoselective Cu(I)-NHC catalyzed hydroboration of
propargylic ethers and alcohols yielding either the a-addi-
tion product, 2, or S-addition product, 3, by matching the
substrate and catalyst.
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Our group recently reported the synthesis and unique
activity and reactivity of complex 4.” Inspired by Ito and

Sawamura’s Cu(I) catalyzed formation of allenes from
propargylic species,®*™" we measured the product distri-
bution when similar substrates were reacted with complex
4. Instead of allene formation, we observed regio- and syn-
selective hydroboration, and as described in more detail
below, the regioselectivity is controlled by catalyst choice

(eq 1).°
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Table 1. Protection Group Screening for Hydroboration of
Internal Alkynes

Ra (1

4 or 5 (1 mol %)
B,Pin, (1.2 equiv) PO PO

__ OP NaOfBu (0.3 equiv) 127 v
_ MeOH (2 equiv) * -

Et,0, 30 min, 0 °C BPin BPin

a—addition B-addition
4 5
entry P conv® op® conv® opt

1 H 64% 58:42 100% 4:96
2 TBDMS 55% 65:35 78% 19:81
3 Bn 100% 53:47 100% 11:89
4 Ph 100% 69:31 100% 33:67
5 p-MeOCgH, 6% 71:29 76% 39:61
6 m-NOoCgH, 100% 88:12 100% 79:21
7 p-NO-CgH, 100% 85:15° 100% 75:25°
8¢ p-NOoCeHy 100% 96:4° 87% 95:5

“Determined by '"H NMR analysis of crude reaction mixtures.
>Reaction contains 8.6% allene product. °Reaction contains
9.8% allene product. ¢ All reactions carried out at 0 °C except for
entry 8, which was carried out at —55 °C for 14 h. ¢ Racemic product
was obtained using 0.5 equiv of B,Pin, (no kinetic resolution
observed).

To further clarify the regioselectivity observed when
using catalyst 4, we screened ester protecting groups such
as acetate, carbonate, and benzoate and observed the
formation of -, f-addition and allene products.® By
changing to fewer electron-withdrawing groups than esters
(shown in Table 1), we observed that hydroboration was
dominant. In most cases, the a-addition product was the
major product compared to the S-addition species. Sub-
strates containing a p-nitrophenyl ether afforded the
a-addition product in high yield and with excellent selectivity

(7) (a) Park, J. K.; Lackey, H. H.; Rexford, M. D.; Kovnir, K.;
Shatruk, M.; McQuade, D. T. Org. Lett. 2010, 12, 5008-5011. (b) Park,
J. K.; Lackey, H. H.; Ondrusek, B. A.; McQuade, D. T. J. Am. Chem.
Soc. 2011, 133, 2410-2413. (c) Park, J. K.; McQuade, D. T. Angew.
Chem., Int. Ed. 2012, 51, 2717-2721. (d) Park, J. K.; McQuade, D. T.
Synthesis 2012, 1485-1490.

(8) We found ref 6i about the f-selective hydroboration reaction
while we were preparing this manuscript.
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(entry 8, Table 1). No kinetic resolution was observed
when 0.5 equiv of B,Pin, was used.

We then measured the selectivity observed when catalyst
5 was used. Complex 5 yielded the S-addition product
(entry 1-5, Table 1) except where substrates contained
nitrophenyl ethers (entry 8, Table 1). The S-addition
selectivity was highest for alcoholic substrates (entry 1,
Table 1).* With these results in hand, we assessed the
substrate scope by matching catalyst 4 with the p-nitro-
phenyl ether substrates to obtain the a-addition product
and catalyst 5 with alcohol substrates to yield the
B-addition product.

We examined the scope using a systematic approach
where branching and distal functional groups were con-
sidered. In most cases, catalyst 4 provided high o-selectivities
with secondary ethers (Scheme 1), delivered the B(Pin)
group to the more hindered site, and tolerated all distal
functional groups well.” Primary ether 7a gave slightly
lower selectivity (85:15). The halide, protected amine and
silyl protected alcohol not only are compatible with reac-
tion conditions but also gave high o-selectivities (7e, 7f,
and 7g).

Matching catalyst 5 and alcoholic substrates (Scheme 2),
we observed more striking substituent effects. The extent
of B-selectivity was influenced by the electronic properties
of the substrates (9b, 9d, 9e, 9f, and 9g) consistent with
literature precedent.’ Substrates containing smaller linear
aliphatic chains on the side opposite the secondary alcohol
also yielded a bias toward the f-addition product. A
reversal of selectivity was observed when aryl-substituted
internal alkynes (9h)® or bulky substituents were proximal
to the S-carbon (9i).

The observations gathered in Table 1 enabled us to
define optimum catalyst and substrate matches, and the
data collected in Schemes 1 and 2 indicate that the opti-
mized matches and conditions provide a wide substrate
scope. Moving forward, we had two objectives: (1)
obtain data to help explain why the functional group of
the substrate switches regiochemical preference and (2)
illustrate the potential synthetic utility of both the a- and
B-products.

From the standpoint of explaining regiochemical pre-
ferences, we compared entries 1—5 vs 6—8 in Table 1.
When complex 5 is used, we observe a gradient of selectiv-
ity where the unprotected alcohol substrates provide very
high selectivity for borylating the S-position. Substrates
containing neutral or electron releasing protecting
groups (entries 1—5) yield a modest preference for the
B-position, and electron-withdrawing groups such as ni-
trophenyl ethers exhibit reversal of selectivity yielding the
a-product (entries 6—8). From these data we propose that
the alcohol and p-nitrophenyl define a range of electronic
properties.

With this hypothesis in mind, we prepared substrates
10a—10d to measure the competition between steric and

(9) The Hoveyda group recently showed that distal functional groups
have a significant impact on alkyne hydroboration in ref 6e. And also
similar behavior was observed in ref 6i.
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Scheme 1. Regioselectivities Using 4
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R?  MeOH (2 equiv) B(Pin) B(Pin)

[ . 5,
Et,0, 30 min, 0°C Ar = 4-nitrophenyl

Ar = 4-pitrophenyl 7 a:p (isolated yield)

Ohr TR "
B{(Pin) - B(Pin) B(Pin)
Ta b 7c
85:15 (86%) 97:3 (85%) 95:5 ()™
Cl BocHMN TIPSO

B{(Pin) B{Pin) B(Pin)
7d Te 7t
95:5 (92%) 98:2 (-) 96:4 (>95%)
ArQ o
Q B(Pin) 2= =
B(Pin) B(PFin)
NO; Tg 7h Ti
>98:2 (>95%) 94:6 (98%) >98:2 (27%)

“Tsolated yields were shown in the parentheses. ©Selectivity data
obtained by 'H NMR analysis of the crude product. “Isolated with
unknown product.

Scheme 2. Regioselectivities Using 5¢
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g /oH NaOtBu (0.3 equiv) R! R2 + R: ;r_ R2
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8 Et,0, 30 min, 0°C B(Pin) B(Pin)
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riethanclamine o P (NMR yield)

B(Pin) B(Pin) B(Pin)
9a 9b 9¢
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“TH NMR vyields are shown in the parentheses.
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Scheme 3. Electronic and Steric Effects of Substrates on
Regioselectivity Using 5-NHC-CuCl, 5¢

[ addition TS « addition TS

Vs.

electronically favored TS sterically favored TS

. 0—@—*«0; wf = 52:48 (60:40)°
_ 10¢c

O

10d

Y s oH w:ff = 6:94

10a

™ wp=498
10b

“Reaction was carried out at —55 °C.

electronic effects (Scheme 3). Compounds 10a and 10b
represent the unencumbered and encumbered alcoholic
substrates, respectively, and 10c and 10d are similarly
representative but with the p-nitrophenyl ether group.
With 5, we observed that both 10a and 10b yielded a high
preference for the S-position, 6:94 and 4:96, respectively.
We infer from these data that sterics play very little role
when the catalyst orients to deliver the boron to the
p-position and that the electronic influence of the alcohol
polarizes the alkyne.'”

We found that the linear p-nitrophenyl ether provides no
site specific bias (52:48) whereas the branched p-nitrophenyl
ether induces high a-selectivity (up to 95:5 at —55 °C). These
results indicate that when the boron is delivered to the
o-position, selectivity is dominated by steric effects in order
to place the branched side of the alkyne proximal to the
B(Pin) and away from the bulkier NHC. When using 4, we
obtained consistent a preferences (Scheme 4), indicating that
the catalyst dominates the regioselective preference.

Next, we sought a simple strategy to deprotect the p-
nitrophenyl ether. We modified Fukase’s two-step approach
(i. H, with Pd; ii. CAN)'' by using an indium-mediated
reduction of the nitro group''® to avoid Pd-catalyzed hydro-
genation of the double bond, followed by CAN oxidative
cleavage (eq 2). The method provided 11c in 71% yield.

NO,
; 1.1n, Ac,O
Q ACOH, MéOH — HO
S @
= 2. CAN =
B(Pin) CH4CN/H,0 BPIN) 7104

7¢ 11¢

(10) Itis worth noting that when substituents on the either side of the
alkyne are too large, the steric influence becomes the dominant factor
(9i, Scheme 2). We do not favor a model that invokes hydrogen bonding
because 5 reacts with benzylic ethers to provide high S-position selectiv-
ity as well.

(11) (a) Fukase, K.; Yasukochi, T.; Nakai, Y.; Kusumoto, S. Tetra-
hedron Lett.1996, 37, 3343-3343. (b) Kim, B. H.; Han, R.; Piao, F.; Jun,
Y. M.; Baik, W.; Lee, B. M. Tetrahedron Lett. 2003, 44, 77-79.
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Scheme 4. Regioselectivity Observed with 6-NHC-CuCl, 4

| %| L L o:f = 66:34
Z R[z_f.N ~  10a
>r 0.0 Al Pn 10b
R “OR \éﬁ‘@‘”‘i’z wp=82:18

10¢c

_ P o [ap=937
B 10

d

R =EDG, EWG and H

[ regardless of R character, o > 3 ]

We also developed a one-pot process to protect the
p-addition product, as isolation of the desired alcohol
was confounded by a mixture of alcohol and borate ester
(Scheme 5). We found triethanolamine completely hydro-
lyzes the borate intermediate with no transesterification of
B(Pin); however, the 5-B(Pin)-substituted allylic alcohols
decompose when placed onto silica gel. The acetate pro-
tected alcohol was stable, enabling flash chromatography.'?

Scheme 5. Protection of f-Addition Product for Isolation'?

5 (1 mol %) KA
B,Pin, (1.2 equiv) 9

oH NaOtBu (0.3 equiv) e HO " O,B’O
Ri= <« - . 1 2+

R2 MeOH (2 equiv) Pine Ri_ )R

Et,O, 30 min, 0 °C ~75% (Pin)B ~25%
Triethanol HQ AcQ,
Ac,0
amine Ry Ry @ Rl R?
(Pin)B DMAP, CH.Cly (PiNB 12 (see SI)

In summary, we have shown a highly regioselective
a- and B-boron addition reaction to acetylenic ether and
alcohol catalyzed by 4 and 5, respectively. The a-product,
p-nitrophenyl ether, was successfully deprotected by mod-
ifying Fukase’s approach, and the unstable S-products,
hydroxy boronates, were easily isolated after protec-
tion with acetic anhydride. We are currently investigating
the synthetically useful applications of the o- and g-
products.
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