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Substituted Allylcopper Complexes and their In Situ Site-, Diastereo-,
and Enantioselective Additions to Aldehydes and Ketones**
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another substrate. If the catalyst struc-
ture is incorporated within the inter-
mediate molecule, reactivity and selec-
tivity can be further controlled. When
one or both partners carry several
potentially reactive sites, other issues
of selectivity must be addressed. Matters of efficiency and
site- and/or stereoselectivity need to be resolved at every
stage, and conditions must be found to ensure facile catalyst
turnover.

Herein, we present a sustainable, three-component,
single-vessel catalytic protocol for the chemo-, diastereo-
and enantioselective conversion of bis(pinacolato)diboron
[B,(pin),], monosubstituted allenes, and aldehydes or ketones
into 2-B(pin)-substituted homoallylic alkoxides (Scheme 1).
Transformations commence by catalytic generation of 2-
B(pin)-allylcopper complexes through chemoselective reac-
tions of Cu—B species with allenes, followed by in situ
additions to carbonyl substrates.”) When a,B-unsaturated
carbonyls are used, efficient 1,2-allylations remain favored
versus boryl or allyl conjugate additions. Catalysts are derived
from abundant Cu salts and commercially available precur-
sors of N-heterocyclic carbene (NHC) or phosphine ligands,
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Scheme 1. Chemoselective Cu—B addition to an allene, followed by site-, diastereo-, and
enantioselective addition of the resulting 2-(pinacolato)boron-substituted allylcopper species to
aldehydes and ketones can lead to a range of valuable organic molecules by a catalytic
multicomponent operation. B(pin) = (pinacolato)boron, L=ligand.

each offering advantages in chemo- and/or stereoselectivity;
allenes are purchased or prepared by high-yielding process-
es.l! High-value products are formed in no more than 18 h at
4-22°C with >98% v-selectivity and 88:12 to >98:2 d.r. (in
68-92% yield after oxidation); enantioselectivity can be
achieved in up to 97:3 enantiomeric ratio (e.r.). To the best of
our knowledge, direct catalytic additions of 2-boryl-allyl units
to aldehydes are unknown; in cases where 2-boron-substi-
tuted allylboron species are prepared separately, alternative
modes of site selectivity are observed (more below). There
are also no catalytic methods for nucleophilic additions of 2-
boryl-allyl units to ketones.”!

We have shown that 2-B(pin)-substituted allylcopper
complexes may be accessed by site-selective Cu—B(pin)
addition to allenes (Scheme 1).* As reactions were per-
formed in the presence of MeOH, in situ protonation of the
(pin)B-substituted allylcopper complex resulted in net proto-
boration and regeneration of a catalytically active Cu—B(pin)
complex (via a Cu—OMe intermediate). We wondered if Cu—
B additions to allenes could proceed chemoselectively with an
aldehyde also present (Scheme 1), and whether, without
MeOH, the resulting B(pin)-substituted allylcopper complex
would react with the carbonyl substrate to generate B with
high y- and diastereoselectivity. Such a sequence could
proceed via A and involve the less congested Cu center of
II; reaction through I (Scheme 1), which might be in
equilibrium with IL" would afford isomeric products with
one stereogenic center.®! Another question related to Cu
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complexes adding efficiently to less-reactive ketones and
whether d.r. values would be high. Oxidation of the C—B bond
(after C—D) would render allylcopper complex IT a metal
enolate equivalent, delivering products of value for stereose-
lective synthesis of biologically active polyketides.!%

We began by evaluating different Cu-based catalysts
(Table 1). Treatment of aldehyde la and allene 3a with
5.0 mol % of CuCl and either 6 or 7 affords, after oxidative

Table 1: Screening of representative catalyst types.”!

)OJ\ OH O OH Q
R, R,
Ph" R L
fa: B 1) ligand, CuCl R LI o
2a R=Me  NaOfBu, B,(pin),, thf, 22 °C yn anti
2) NaBO3+4H,0, thf/H,0 (1:1), OTBS OTBS
~*= 22°C,1.0h 4a R=H
5a R=Me
TBSO 3a o
>98% vy-selectivity
in all cases
Entry  Substrate  Ligand Conv. [%]®) d.ePl Yield [%]
1 T1a 6 47 92:8 36
2 1a 7 58 94:6 41
3 Ta rac-binap >98 95:5 80
4 2a 6 >98 91:9 76
5 2a 7 >98 93:7 83
6 2a rac-binap >98 94:6 85

[a] Reaction conditions: 1) substrate (1.1 equiv), ligand (5.0 mol %),
CuCl (5.0 mol %), NaOtBu (20 mol % for Ta or 1.5 equiv for 2a), B,(pin),
(1.1 equiv), thf, 22 °C, 8.0 h (1a) or 18 h (2a) under N, atm;
2) NaBO,-4H,0, thf/H,0 (1:1), 22 °C, 1.0 h (for 1a and 2a) under N,
atm. [b] Determined by analysis of 400 MHz "H NMR spectra of
unpurified mixtures (+2%). [c] Yields of isolated and purified products
(£ 5%; major isomer for entries 1-3 and both isomers for entries 4-6).
See the Supporting Information for details. binap =2,2'-bis (diphenyl-
phosphino)-1,1"-binaphthyl, TBS =tert-butyldimethylsilyl.
— o = °sF,
MesN.& NMes AdN.& NAd

6 7
Mes = 2,4,6-(Me);CgH, Ad = adamantyl

workup,['!l B-hydroxyketone 4a with complete vy-selectivity
and 92:8 and 94:6 d.r. but in 36 % and 41 % yield, respectively
(Table 1, entries 1 and 2).'") Control experiments show that
the moderate efficiency arises from competitive NHC/Cu-
catalyzed Cu—B addition to the aldehyde (approximately
90 % conversion in 8.0 h without the allene). With the less
Lewis basic rac-binap (Table 1, entry 3), chemoselectivity
improves in favor of Cu—B addition to the allene, delivering
4a in 80% yield, >98% vy-selectivity and 95:5 d.r. (<2%
B(pin) addition to 1a)."* In contrast, NHC- and rac-binap-
based catalysts promote efficient allylation of ketone 2a
(Table 1, entries 4-6),'* consistent with a sluggish 1,2-addi-
tion of NHC—Cu—B to the carbonyl group.'”! Complete y-
selectivity is observed and diastereoselectivity is high in spite
of the diminished size difference between the ketone
substituents (versus those of an aldehyde); unfavorable
diaxial interactions in A are likely less severe owing to
relatively long incipient bonds."

Various aryl-substituted aldehydes can be used (4b-f,
Scheme 2); efficiency, y-, and diastereoselectivities are high.
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O OH O Cl OH O Me OH O
O Me Me Me
OTBS OTBS OoTBS
4b 4c 4d
81% vyield, >98:2 d.r. 79% vyield, 98:2 d.r. 83% yield, >98:2 d.r.
OH O OH O OH O
Me Me Me Me
MeO Cl
OTBS TB OTBS
4e 4f OTBS 49
86% yield, 97:3 d.r. 82% vyield, 95:5 d.r. 85% vyield, 93:7 d.r.
OH O OH O OH O
Me Br Me Me
FiC Me Me Me
8a 8b 8c

71% yield, 95:5 d.r. 78% yield, 93:7 d.r. 77% yield, 96:4 d.r.

>98% y-selectivity in all cases

Scheme 2. Products from sequential 2-B(pin)-substituted allylcopper
formation/aldehyde addition/oxidation reactions catalyzed by rac-
binap/Cu complex. Reactions performed with 4.0 mol % of rac-binap,
4.0 mol % of CuCl, and 16 mol % of NaOtBu under otherwise the same
conditions as shown in Table 1, except 5.0 equivalents of allene used
for 8a and 8b and 2.0 equivalents of allene used for 8c. >98% conv.
in all cases. See the Supporting Information for details.

Methyl-substituted allenes are effective substrates (see 8a—c).
Aldehydes with aryl groups of diverse electronic and steric
attributes are suitable as well (see 4b—f, 8a, and 8b); those
with an electron-deficient substituent (see 8a and 8b) require
excess allene (5.0 equiv) as, otherwise, B(pin)-addition pre-
dominates. Reactions with alkyl-substituted aldehydes are
equally facile and selective (see 4g and 8c¢).

Aryl ketones are converted into products bearing tertiary
hydroxy groups in >79% yield, >98% vy-selectivity, and
>91:9 dr. with NHC/Cu or rac-binap/Cu complexes
(Scheme 3). Sterically congested ketones (see 5b-d), those
that contain electron-withdrawing (see 5b, Se, and 5f) or
-donating substituents (see 5¢) react with high efficiency and
selectivity. The transformation with an ethyl ketone (see 5g)
is facile but slightly less diastereoselective, presumably owing
to the diminished size difference between the carbonyl
substituents (see A, Scheme 1). Heterocyclic substituents
are tolerated (e.g., 5hin >93:7 d.r.)!" and cyclic ketones are
effective substrates: 5i is isolated in 82-88 % yield and up to
94:6 d.r. (Scheme 3). Efficient and selective formation of 9
(83-87 % yield, >98:2 d.r.) is notable: it offers an attractive
alternative to a propionate ketone aldol process, where, as
would be true in all cases, access to the trisubstituted enolate
in high selectivity would be difficult. Unlike reactions with
aldehydes, however, use of alkyl-substituted ketones leads to
a preponderance of side reactions; it is plausible that the
lower electrophilicity of aliphatic ketones renders enolization
by NaOrBu and the ensuing undesired reactions more
competitive. Products expected from additions to aliphatic
ketones could be synthesized by catalytic hydrogenation of
the corresponding tertiary allylic alcohols derived from
transformations with a,f-unsaturated carbonyls.
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7:90% vyield, 96:4 d.r.
rac-binap: 86% yield, >98:2 d.r.

7:92% vyield, 96:4 d.r.
rac-binap: 85% yield, 98:2 d.r.

Me, OH ¢
Me

F3C
OTBS
5f
7: 86% vyield, 94:6 d.r.
rac-binap: 89% yield, >98:2 d.r.

Me,, OH §

OTBS
5h
7: 88% yield, 93:7 d.r.
rac-binap: 79% yield, 94:6 d.r.

Me,, OH §
Me
Me

9
7: 83% yield, >98:2 d.r.

rac-binap: 87% yield, >98:2 d.r.

7: 85% yield, 96:4 d.r.
rac-binap: 87% yield, >98:2 d.r.

Me,, OH

Br
OTBS

5e
7: 90% vyield, 95:5 d.r.
rac-binap: 92% yield, 97:3 d.r.

Et, OH §
Me

OTBS

59
7: 83% yield, 91:9d.r.
rac-binap: 81% yield, 92:8 d.r.

. OH ©

OTBS

5i
7: 88% yield, 93.5:6.5d.r.
rac-binap: 82% vyield, 94:6 d.r.

>98% y-selectivity in all cases

Scheme 3. Products from sequential catalytic allylcopper formation/
aryl ketone addition/C—B oxidation reactions catalyzed by either a
7/Cu complex or rac-binap/Cu complex. >98% conv. in all cases. See
Table 1 for conditions and the Supporting Information for experimental

and analytical details.

Reactions with unsaturated carbonyls bear the extra

5152

complication of possible competitive B(pin) or allyl conjugate
addition.'® Nonetheless, we find that subjection of enals 10a
and 10b to the reaction conditions with 3a and 4.0 mol % of
rac-binap/Cu complex leads to complete allene consumption,
furnishing allylic alcohols 11a and 11b in > 73 % yield and up
to 95:5 d.r. [Eq. (1)]. The challenge of such catalytic trans-

(0]
G/\)J\H racc-;biglaz(g.o rr;c:/l %), OH O
10aG =Ph uCl (4.0 mol %) G Me )
10b G = n-propyl NaOtBu (16 mol %),
(1.1 equiv) B,(pin) (1.1 equiv), OTBS
thf, 22 °C, 8.0 h; ]
= 11a 84% yield, 95:5d.r.
NaBO3+4H,0, thf/H,0 (1:1), )
a50s ooe 10 O 41b 73% yield, 94:6 d.r.
TBSO 3a - >98% y-selectivity in both cases
Minimal B(pin) and allyl
conjugate addition
www.angewandte.de
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formations is underlined by the finding that without allene 3a,
under otherwise identical reaction conditions, there is com-
plete consumption of 10a in only 4.0 h (versus >98% conv.
for the synthesis of 11a and 11b in 8.0 h)."!

High diastereoselectivities are observed with a,f3-unsatu-
rated ketones in spite of the diminished size difference
between the carbonyl substituents (versus aryl ketones;
Table 2). With either 5.0 mol% of 7 or rac-binap, enones

Table 2: Sequential catalytic reactions with a,B-unsaturated ketones."!

[0}
G “Me Me,, OH i
12a—c 1) ligand, CuCl [ Me
—.— NaOtBu, B,(pin),, thf, 22 °C, 18 h
2) NaBO34H,0, th/H,0 (1:1), 13a—c  OTBS
TBSO 3a  22°C,1.0h >98% y-selectivity;
B(pin) conj. addn minor;
<2% allyl conj. addn
Entry  Substrate G Ligand d.r Yield
194
1 12a Ph 7 >98:2 64
2 12a Ph rac-binap 91:9 68
3 12b n-pent 7 >98:2 53
4 12b n-pent rac-binap 91.5:8.5 77
5 12c Mes M, 7 90:10 86
6 12¢ ij\/ rac-binap  87:13 81
Me

[a] Reaction conditions: with 7: 1) substrate (1.5 equiv), 7 (5.0 mol %),
CuCl (5.0 mol %), NaOtBu (1.5 equiv), B,(pin), (1.5 equiv), thf, 22 °C,
18 hunder N, atm; 2) NaBO;-4H,0, thf/H,0 (1:1), 22 °C, 1.0 h under N,
atm. With rac-binap: 1) substrate (1.2 equiv), rac-binap (5.0 mol %),
CuCl (5.0 mol %), NaOtBu (1.5 equiv), B,(pin), (1.2 equiv), thf, 22 °C,
18 h under N, atm; 2) NaBO;-4H,0, thf/H,0 (1:1), 22 °C, 1.0 under N,
atm. [b] Determined by analysis of 400 MHz "H NMR spectra of
unpurified mixtures (£2%). [c] Yields of isolated and purified products
(£5%,; both isomers). See the Supporting Information for details.

12a and 12b are converted into tertiary allylic alcohols in 53—
77% vyield (Table 2, entries 1-4); the remainder of the
material is consumed by conjugate addition of adventitious
B(pin) ('HNMR analysis).”™™ Dienones are appropriate
substrates (Table 2, entries 5 and 6); the increased efficiency
in the formation of 13¢ (81-86 % yield) is likely because the
hindered cyclic moiety discourages conjugate addition. Dia-
stereoselectivities are higher with the NHC-based catalysts;
the larger size of the P-based ligand might destabilize the
chair-type transition state for the carbonyl addition (see
Scheme 1, A). Reactions shown in Scheme 3 do not exhibit
such a trend, as the more sizeable aryl units of the ketone
better enforce a chair-like transition structure.

Several matters of efficiency and selectivity underscore
the distinguishing advantages of the present approach. Pd-
catalyzed diboron additions to allenes deliver 2-B(pin)-
substituted allylborons, which, unlike in the processes de-
scribed above, react with aldehydes to generate acetate aldol
products (after oxidation; Scheme 4a) 2 related transforma-
tions with ketones would require an additional catalyst (not
reported). Our attempts to utilize the same B(pin)-substituted
set of allylboron species as precursors to allylcopper inter-
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@ngewamcih

. [e) 1) rac-binap (5.0 mol %), CuCl (5.0 mol %), OH Br
Scheme 4b, led to predomi- b )k NaOtBu (20 mol % for 1a or 1.5 equiv for 2a), Me., §
h R : ; o
nance of the same mode of Ba(pin), (1.1 equiv), thf, 22 °C, R, OH B PR
. .. . 1a R=H 8.0h(1a)or 18 h (2a) o
site selectivity as mentioned 2a R=Me %
.. . } OR

. 2) CuBr;, (3.0 equiv), MeOH/H,0 (1:1),

> = . a R=H 89% yield, 92:8 d.r. a R=H 83% yield, 94:6 d.r.
above (see Scheme 4a); this is = s-coon 14 v 15 v

largely because the requisite 2- ~ PH  3p
B(pin)-allylcopper species
cannot be generated effi-
ciently through such a path-
way.P2! A different type of Pd-
catalyzed diboron addition to
allenes furnishes achiral B-
(pin)-substituted allyboron isomers bearing a trisubstituted
vinylboron moiety®! (Scheme 4c versus Scheme 4a). These
latter entities, similar to allylcopper II in Scheme 1, can react
with aldehydes to yield product isomers represented by B
(R,=H, Scheme 1); however, enantioselective reactions with
aldehydes as well as any additions to ketones, would require
the use of a second catalyst. It is unlikely that allylcopper
species are converted into allylboron intermediates that then
undergo addition; otherwise, two equivalents of B,(pin),
would be required for complete conversion (versus 1.1-
1.5 equiv used), additions to aldehydes would likely not be
subject to enantioselective catalysis (see below), and there
would be minimal reaction with ketones.

Vinyl halides (Scheme 5) are another set of useful isolable
derivatives that can be accessed."!! By subjection of the initial
product mixtures to CuBr, various vinyl bromides are
obtained including: 14a (89 % yield and 92:8 d.r.) and 14b
(77% vyield and 88:12 d.r), originating from the reaction of
phenyl-substituted allene 3b, 15a (83 % yield and 94:6 d.r.),
from a process involving 3a, and 15b (86 % yield and >98:2
d.r.), generated through the use of the benzyl derivative of
3a.?4 As far as we are aware, methods for stereoselective
synthesis of this type of vinyl halide-containing tertiary

Approaches with allylboron reagents containing a 1,1-disubstituted vinylboron unit
a) Uncatalyzed additions to carbonyls: only aldehydes, alternative isomers generated

(0]
B(pin) )j\ OH O
G chiral Pd catalyst R™ "H:
_ = F G - R)\)J\/G
B,(pin), B(pin) oxidation

only isomer (>98%);
<2% addn with ketones

b) Attempts at Cu catalysis: Cu-allyl formation slow; alternative isomers generated

14b R = Me 77% yield, 88:12 d.r. 15b R =Bn 86% vyield, >98:2 d.r.

Scheme 5. The Cu-catalyzed protocol can be used to obtain valuable vinylbromides with high efficiency.
The reaction conditions for the formation of 14a and 14b are shown. Compound 15a is formed under the
same conditions from substrates 2a and 3a and 15b from 2a and the benzyl derivative of 3a.

alcohols by direct allyl additions to ketones are unavaila-
ble.[25‘26]

Phosphine/Cu complexes promote the catalytic process in
up to 97:3 enantiomeric ratio (e.r.);*”! reactions with aryl-,
alkenyl-, or alkyl-substituted carbonyls afford products that
are not readily accessible in high selectivity by catalytic
enantioselective aldol additions (Scheme 6).%! With various
chiral NHC-based complexes, enantioselectivities do not
exceed 60:40 e.r. The use of two commercially available
chiral bisphosphines (16 and 17) provide optimal enantio-
selectivities for additions to aldehydes and ketones;*” the
precise origin of such variations is the subject of current

studies.
with 5.0mol % —~ il
(4°c, 12h) Z ~PPh,
16
OH O OH O OH O
Me Me Me
MeO
4a OTBS 4e OTBS 4h OTBS
81% yield, 86% yield, 77% yield,
96:4 d.r., 95:55eur. 98:2d.r, 955e.r. 94:6d.r,96:4 eur.
OH O OH O OH Br
Me A Me
Me Ph
8d 11a  OTBS 14a
79% vyield, 84% yield, 81% yield,

95:5d.r.,,93:7 er. 96:4d.r,97:3eurr. 90:10d.r., 97:3 e.r.

L-Cu-OtBu OTBS cl PPhZ
S_2OMe
(pin)B OTBS ph)J\H (L = NHC or binap) OH O
7 + or R PhaP i
1 5
20 mol % NaOtBu (PhCHO) Ph with 5.0 mol %
i Q e 22°C, 18h Med
B(pin) M or1.5equiv. NaOfBu (PhCOMe), major isomer (22°C, 18 h) 17 Cl
Ph™ "Me  thf, 22 °C, 8.0 or 18 h; oxidation (up to 86%);
Ry =H or Me Me, OHO Me, OH O Me, OHO
Approaches with allylboron reagents containing a trisubstituted vinylboron unit 7 7 Me 7 Me
c) Use of a second chiral catalyst required Me
) B(pin) separate catalyst 5a OTBS 5f OTBS 9
Yaiani achiral Pd catalyst B(pin) needed for ketones and for 84% yield, 92% yield, 88% yield,
G B,(pin), & all enantioselective variants 96:4 d.r., 89:11 eur. >98:2d.r., 91:9 eur. >98:2d.r, 85:15 er.

Scheme 4. Strategies involving initial preparation and use of 2-B(pin)-
substituted allylboron reagents lead to alternative product isomers or

demand the identification and use of a second catalyst, in contrast to the

present Cu-catalyzed approach.
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Scheme 6. Cu-catalyzed y- and diastereoselective coupling of
allenes with carbonyls can be performed enantioselectively through
the use of chiral bisphosphine ligands. >98% conv. in all cases.
For exact reaction conditions, see Table 1 and Scheme 5.
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Design of more effective chiral catalysts for reactions with
ketones as well as applications to natural product synthesis
are in progress.
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