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ABSTRACT: We report a Ni-catalyzed reductive cross-coupling of
benzaldehyde-derived acetals with anhydrides or vinyl triflates,
enabling modular access to a-substituted ethers. Lewis acid/Zn-
mediated activation generates a-oxy radicals for selective C(sps)—
C(sp’) bond formation via Ni catalysis. This polarity-convergent
method unifies ether-variants of benzoin condensation and classical
NHK reactions under one reductive platform. Broad scope is
demonstrated, and tuning the Lewis acid extends reactivity to
dialkyl acetals. Stoichiometric, organometallic, and spectroscopic

studies support the reaction mechanism.

ldehydes are essential building blocks in organic syn-

thesis. Numerous transformations, such as the Grignard
and Nozaki-Hiyama-Kishi (NHK) reactions, leverage the
innate polarity of the carbonyl group for C—C bond formation
with organometallics." Alternatively, umpolung reactivity, such
as in the benzoin condensation, reverses the normal carbonyl
polarity to enable C—C bond formation with another aldehyde,
accessing @-hydroxy ketones (Scheme 1A).” However, due to
their high reactivity, aldehydes generally cannot be carried
through multistep synthetic sequences. In such cases, acetals
are often used as a protecting group to mask the aldehyde
reactivity and easily removed for downstream transformations
(Scheme 1B, top).3

Although acetals are common protecting groups for
aldehydes, direct C—O activation for C—C bond formation
remains relatively underexplored. If such potential was
unlocked, employing acetals as building blocks for direct C—
C bond formation could provide a step-economical approach
to accessing a-substituted ethers from aldehydes by obviating
the steps of deprotection and alkylation (Scheme 1B, bottom).
a-Substituted ethers are pervasive structural motifs found in
biologically active compounds, rendering them valuable
synthetic targets.”

Several methods have been reported to enable reductive C—
O bond activation and C—C bond formation. The Hatano
group first reported the reductive C—O bond cleavage of
acetals, using a Lewis acid to activate the acetal and Zn as the
reductant for single electron transfer (SET); upon radical
recomblnatlon, the radical dimer was generated (Scheme 1C,
a).>* Expanding from homocoupling to cross-coupling, the
Doyle group developed a Ni-catalyzed cross-electrophile
coupling between benzylic acetals and aryl iodides under
reductive conditions (Scheme 1C, b).”" Analogously, use of a
Lewis acid and Zn provided an a-oxy carbon radical,>* which
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could be trapped by a Ni(II) species derived from oxidative
addition of Ni with the aryl iodide. Based on this report, the
Wang group reported a method for the synthesis of gem-
difluoroalkenes by merging C—F and C—O bond cleavage
from Ni(I) under reductive conditions (Scheme 1C, ¢).’ In
2019, Dixon showcased that ketyl radicals, generated by an Ir-
photocatalyst and Hantzsch ester as the reductant, undergo
radical addition to electron-deficient alkenes (Scheme 1C,
d).>! These examples demonstrate the potential of acetals as
radical precursors for C—C bond formation, but transition-
metal-catalyzed methods and mechanistic studies enabling
distinct C—C bond-forming transformations remain largely
underexplored.®

Herein, we report a strategy for accessing a-substituted
ethers via C(sp®)—C(sp*) bond formation by leveraging the
intermediacy of a-oxy radicals generated from acetals by SET.”
Interfacing these radicals with a Ni catalyst and anhydrides or
vinyl triflates delivers a library of ethereal products (Scheme
ID). Using anhydrides as coupling partners provides
complementary reactivity to the classical cross-benzoin
condensation, which often suffers from poor chemoselectivity
due to the use of two aldehydes as coupling partners.® Reaction
with vinyl triflates offers access to ether derivatives of classical
NHK reaction products without requiring toxic chromium
reductant."> This methodology enables a single set of
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Scheme 1. C—C Bond Formation from Aldehyde and Acetals

A. Normal vs. umpolung reactivity of aldehydes for C—C bond formation
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D. This Work: Single set of reductive conditions deliver ether-variants of classical benzoin (umpolung) and NHK products (normal polarity)
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conditions where traditionally a distinct polarity mode would
have been required.

With these goals in mind, we commenced our investigation
by using benzaldehyde dimethyl acetal la and propionic
anhydride 2a as model substrates (Table 1, see SI II-A)."
Systematic evaluation of the reaction parameters revealed that
aldehyde 3aa and dimer 3ab were the major side products.
Under optimal conditions, 10 mol% NiCl,-DME with
tridentate ligand bpp(2,6-bis(N-pyrazolyl)pyridine) gave the
desired product 3a in 96% yield (Table 1, entry 1). Omission
of any components resulted in no reactivity (entry 2—35).
Reducing the equivalents of 2a led to the increase in formation
of 3ab (entry 6). Ligand screening identified bpp as optimal,
while common Ni ligands (e.g., terpy, biox, bpy, phen) were
less effective and promoted 3ab formation (entry 7—10, for
more detailed optimization see SI II-C).

With the optimized conditions in hand, we evaluated the
anhydride scope (Table 2A). a- and f-branched acyl coupling
partners (3b-3d) showed high conversion to the desired
products, while an ester-containing anhydride provided 3e in
63% yield. Benzoic anhydride was also effective (3f), albeit in a
lower yield, with dimer 3ab comprising most of the remaining
mass balance.

We also varied the arene of the dimethyl acetal (Table 2B).
Acetals bearing extended conjugation systems such as naphthyl
(3g) or electron-neutral to -rich arenes bearing para-fluoro
(3h) and para-t-butyl (3i) afforded good yields. meta-
Substituted arenes with meta-vinyl (3j) or methoxy (3k)
groups also gave high yields. Acetals with electron-deficient
arenes exhibited excellent yields but required more TMSCI and
heat (31-3n). Cyclic acetals such as dioxolane-, phthalan-, and
isochroman-derived acetals also gave high yields to the desired
product (30—3q). For dioxolane-derived acetal (1q), the
immediate product exists as an equilibrium between the 1°
alcohol and the cyclic 6-membered dioxanol."' Therefore, we
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Table 1. Deoptimization of Dialkyl Ether Formation with
Benzaldehyde Dimethyl Acetal and Propionic Anhydride®

OMe

[e]
OMe H
1a NiCl,-DME (10 mol%) OMe
N bpp (12 mol%) Et 3aa
o o Zn (2.0 equiv) o] OMe O
Et)l\o)l\ Et TMSCI (3.0 equiv) 3a
2a (2.0 equiv) DMA (033 M), 23°C, 16 h O OMe 3ab
Deviation from Yield (%)°
Entry
standard conditions 3a la 3aa 3ab
1 none 96 0 0 0
2 no bpp 0 0 0 25
3 no Ni, no bpp 0 0 0 19
4 no Zn 0 36 38 0
S no TMSCI 0 78 0 0
6 1.0 equiv of anhydride 47 0 0 24
7 terpy instead of bpp 9 0 0 29
8 Bn-biox instead of bpp 19 75 0 0
9 bpy instead of bpp S0 0 0 20
10 phen instead of bpp 19 0 0 16
Cr o~ 1, O C
NoONS N)\f\c’) NSNS
N { N~ N~
bpp Bn-biox BN ppy phen

“Reactions performed on 0.10 mmol scale. Yields were determined by
"H NMR using 1,3,5-trimethoxybenzene as the external standard. bpp
= 2,6-bis(N-pyrazolyl)pyridine), terpy = 2,2':6",2"-terpyridine, Bn-
biox = benzyl bisbioxazoline, bpy = 2,2'-bipyridine, phen = 1,10-
phenanthroline.

trapped the resulting 1° alcohol with a TBS group, affording an
80% vyield over two steps (3q). Acetals bearing medicinally
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Table 2. Benzaldehyde Dimethyl Acetal and Anhydride Scope”

NiCl, DME (10 mol%)

OMe
OMe 1) Tiow bpp (12 mol%) OMe o °
2
OMe OAR1 or NFMR2? Zn (2.0 equiv) or R
TMSCI (3.0 equiv) J
1 2 4 . 5

A. Anhydride scope

3a, R® = Et, 92% yield

3b, R? = jPr, 76% yield

3¢, R® = cyclopropyl, 73% yield
3d, R%= jBu, 69% yield

OMe
RS Et
e}
31, R =F, 78% yield?

3m, R° = Cl, 84% yield?
3n, R% = CF;, 86% yield?

3% yleld

OMe
R4 Et
o
3j, R* = vinyl 68% yield
3k, R* = OMe, 85% yield

C. Vinyl triflate scope

OMe OMe MeO Oy ~OEt
WME myom:s P
5¢
61% yield 31% yield 61% yield9
OMe OMe
T -
NTs (0]
5h 5i
62% yleld 69% yield 67% yield

30,n= 1 68% yield®
3p, n =2, 75% yield?

DMA (0.33 M), 23°C, 16 h

o oYY oo

B. Acetal scope

OMe
mﬂ
R? °

3h X =F, 86% yield

25% yleld 4% yleld 3i X = tBu, 86% yield

TBSO\/\O fmm /k/> w (j@/‘\/

1q 3r, X = 0, 86% yield
80% ylelde 3s, X =S, 62% yield’ 83% yleld
OMe OMe OMe
Pz OEt
I o0 o0
7% yield9 59% yield 59% yield
Me
OMe Me
O 0 "
MeO_ _A \ 53% yield"
5i v A%:7%=6.5:1
70% yield pn M e

“Isolated yield from OSO mmol using anhydrides (2.0 equiv). Average of two runs. “TMSCI (5.0 equiv) at 50 °C. “From 1,3-dihydro-1-
methoxyisobenzofuran. From 1-methoxyisochroman; BF;-OEt, (3.0 equiv) instead of TMSCL. “Yield from 2-phenyl-1,3-dioxolane followed by
TBS protection; 2-step yield. Proplonlc anhydride (5.0 equiv) used. Using vinyl iodide instead of vinyl triflate. "Performed on a 0.30 mmol scale
using an 8:1 mixture of vinyl triflates derived from Sa-cholestan-3-one.

relevant, electron-rich heterocycles, such as furan, thiophene,
and indole, underwent coupling in moderate to high yield
(3r—3t).

We next evaluated vinyl triflates as coupling partners,
offering a complementary C—C bond-forming strategy to the
classical NHK reaction (Table 2C). a-Substituted vinyl triflates
reacted efficiently to give Sa in a good yield. A silyl-protected
alcohol-bearing triflate provided Sb in a 31% yield. While Z-
iodoacrylate gave Sc in high yield, E-iodoacrylate gave poor
conversion to Sd. Six- and seven-membered cyclic vinyl
triflates furnished Se—Sg in moderate yields. Heterocyclic
triflates including piperidine and pyran groups afforded the
product in good yields, showing excellent functional group
tolerance (Sh, 5i). Conjugated vinyl triflates also coupled
efficiently (5j). Notably, a cholesterol-derived triflate delivered
Sk in 53% yield, highlighting the potential for steroid
derivatization.

Next, we examined benzaldehyde dialkyl acetals beyond
dimethyl acetals but observed decreasing yields with increasing
alkyl steric bulk—35% for diethyl (lu) and 10% for
diisopropyl acetal (1x) (Table 3, see SI V-A). Further
optimization with lu revealed that the choice of Lewis acid
was critical, with BF;-OEt, giving the highest yield (Table 3A).
Using BF;-OEt,, benzaldehyde dialkyl acetals containing
unactivated linear alkyl chains, such as ethyl (3u),
trimethylsilyl (3v), and cyclobutane ethyl (3w) gave high
yields. Notably, even the sterically hindered diisopropyl acetal
provided 3x in 61% yield, highlighting the utility of this
method for challenging C—O bond activation systems.’
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Benzaldehyde dibenzyl acetals were also competent for this
reaction (3y, 3z).

During the reoptimization process, we observed that
benzaldehyde dialkyl acetals with different sterics, when
combined with various Lewis acids, produced distinct side
products. With TMSCI, 1a generated negligible side products,
whereas reactions with 1u produced the benzaldehyde 3aa, and
those with 1x generated the dimerized 3ad (Table 3B). When
TMSCI was replaced with BF;-OEt,, a smaller and more Lewis
acidic additive, the yield with 1a decreased, accompanied by
increased benzaldehyde 3aa. In contrast, the yield with 1u
significantly improved with minimal side product formation.
Reaction of 1x also showed improved yield, though with a
higher ratio of dimerized 3ad.

Based on these observations, we postulate that because 1a is
unhindered, it easily forms an @-oxy radical with TMSCI but is
too reactive and susceptible to decomposition with the
stronger Lewis acid BF;-OEt,. In contrast, the more hindered
1u and 1x require a more strongly activated Lewis acid such as
BF;-OEt, to access the acetal oxygen for oxocarbenium ion
generation. The different side products arising from 1u vs 1x
likely arise from distinct pathways proceeding from Int-1.

Compound 1u likely undergoes dealkylatlon to form 3aa via an
Sx2 mechanism (Table 3B, Pathway 1),"* which outcompetes
reduction and Ni capture. In contrast, bulkier 1x is likely
resistant to nucleophilic dealkylation and preferentially under-
goes reduction by Zn to form Int-2. From Int-2, steric
hindrance likely deters efficient radical captured by Ni
(Pathway III) and instead funnels to dimerization (Pathway
II).

https://doi.org/10.1021/acs.orglett.5c02788
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Table 3. Scope of Benzaldehyde Dialkyl and Dibenzyl
Acetals” and Lewis Acid Reactivity Trends

(Scheme 3A).°" A control experiment without the Ni catalyst
and bpp ligand afforded 3aa in 20% yield, suggesting that

A. Dialkyl acetal scope? NiCl,-DME (10 mol%) .
o bpp (12 mol%) OR

1
= + o Et
OR' Et)LO)LEt Zn (2.0 equiv)
BF;-OEt; (3.0 equiv) e}
1 2a DMA (0.33 M), 23 °C, 16 h 3
OEt
Et
e}
3u

TMS _~ o U\o
Et Et
(0] (0]
3v 3w

70% yield 53% yield 63% yield
oiPr 0oBn /—Q
Et OMe
o) 0
3x 3y m&
61% yield 53% yield® 58% yield®

B. Lewis Acid Dependent Product Distributions and Proposed Mechanistic
Hypothesis for Different Pathways Depending on Sterics

TMSCI BF;-OEt,
Me Me
Et Et
iPr iPr

0% 20%  40%  60%  80%  100% 0% 20%  40%  60%  80%  100%
3 (Product) 3aa (Aldehyde) 3ad (Dimer) 1 (Starting Materia

[0}
@R 1220 1220 oR
i f Path IV H
H H —H— 3aa
1e” Reduction p-scission
+
Int-1
Int-2 R-
Nue Path Il Path Il
Path |
Nu—=R
3aa 3ab-d 3 H

Nucleophilic Attack Dimerization \ Desired Product /

“Isolated yield from 0.50 mmol using propionic anhydride (2.0
equiv). “TMSOTS (2.0 equiv) instead of BF;-OEt,.

Next, to showcase the synthetic utility, a-substituted ethers
were transformed into various products displaying useful
functionalities (Scheme 2). Compound 3a was reduced with

Scheme 2. Synthetic Derivatizations

OMe LAH OMe OMe
Et reduction Et Methylenation Et
| >
OH 91% 0 67%
(+)-6a
dr =937 3a &b o
OMe
Grignard OMe [3+3] 0]
Ph reaction Ph  Annulation  pp, Ph
N \ 7/
HO n-Pr 89% o) 62%
(4)-7a Ph Ph
dr>97:3 3f 7b

lithium aluminum hydride, yielding the 2° alcohol 6a in high
yield and diastereoselectivity.'* Methylenation of 3a with
bis(iodozincio)methane afforded the alkene 6b."> Grignard
addition to 3f furnished 7a in excellent yield and
diastereoselectivity.16 Furthermore, 3f underwent a [3 + 3]
annulation reaction to form pyrone 7b,"” a pharmacologically
relevant structural motif.'® Furthermore, we demonstrated the
practicality of the reaction on a gram scale, which proceeded
without loss in yield (91%) (See SI VI-A).

To gain insight into the mechanism, we first sought evidence
for the involvement of an a-oxy radical: in the absence of
coupling partners, dimer 3aa formed in 39% yield with 1:1 dr
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Scheme 3. Mechanistic Studies and Proposed Catalytic
Cycle

A.Evidence for g-oxy radical Intermediate

OMe OMe O

OMe Standard conditions
—
OMe
1a 3aa 39% yield
B. Experiment interrogating the intermediacy of chloroacetal 8
OMe o o OMe
Standard conditions Et
o+ —eEmenTns
Et O~ "Et o)
8 2a 3a Not observed
C. Comparison of Ni(0) and Ni(l) as active species
Ni precatalyst (10 mol%) OMe
OMe bpp (12 mol%) Et

o O Zn (2.0 equiv)
. .
OMe Et)j\OJ\Et TMSCI (3.0 equiv) 3a O
) DMA (0.33 M), 23 °C, 16 h \/ Ni(COD), 77% yield

1a a . .
w/ (bpp)Ni-Cl 45% yield
D. Proposed Catalytic Cycle

X
0
112 ZnX, LoNi &
I
1/2 Zn® OR
LaNi'=X Ni L Ni”/. Ar OR
Vi catalysis " \X
1 T™SCI

’x OR  zno  @0R
OR ? OR Ar” Ar)l
n

Ar & A v i

radical formation is possible without Ni complex (see SI VII-
A). Furthermore, although TMSCI could generate chloroether
8 as a potential electrophile,’* no product was observed upon
subjecting 8 to standard conditions, ruling out this pathway
(Scheme 3B). We also sought to identify the active Ni species.
Specifically, we aimed to distinguish between two possibilities
(see SI Figure S14). In Path a, oxidative addition of anhydride
to Ni(0) generates Ni(II),"” followed by radical capture to
afford Ni(IIT). Reductive elimination yields Ni(I)(X), which
reenters the catalytic cycle or is reduced by Zn to generate
Ni(0). In Path b, oxidative addition occurs with Ni(I)X to give
Ni(IlI), which undergoes comproportionation with another
Ni(I)X to afford Ni(I[)RX and Ni(I[)X,.”° The Ni(II)RX
captures the a-oxy radical to generate Ni(IlI), which
undergoes reductive elimination to form 3 and Ni(I)X,
completing the cycle.

To verify this, we subjected Ni(I)(bpp)Cl, a plausible
intermediate for both pathways, to the reaction, which gave a
45% vyield (Scheme 3C). However, the use of Ni(0)(COD),
gave the product in a 77% yield, suggesting that Path a may be
operative. To further probe this pathway and the involvement
of Ni(0) as the active species, we examined whether
Ni(I)(bpp)Cl could be reduced to Ni(0) in the presence of
Zn, analogous to the protocol reported by Weix group with
Mn (see SI VII-C-3).”' UV-—vis analysis showed that Zn
reduces Ni(I), evidenced by the disappearance of the 600 nm
peak. The spectrum matched that of independently prepared
bppNi(0), suggesting that Ni(0) is the active species.

Based on our mechanistic studies and literature precedent,
we propose the following mechanism (Scheme 3D).””'%*
Ni(0) I undergoes oxidative addition with anhydride or vinyl

https://doi.org/10.1021/acs.orglett.5c02788
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triflate, generating Ni(II) IL** The a-oxy radical IV, generated
from benzaldehyde dialkyl acetal via TMSCI activation to the
oxocarbenium ion and Zn reduction, is captured by Ni(II) I
to form Ni(III) V. Reductive elimination then releases the
product and generates Ni(I) VI, which is subsequently reduced
by Zn to Ni(0) I. While our data and literature precedent
support this Ni(0) cycle, the involvement of a Ni(I) species as
the propagating catalyst cannot be completely ruled out.”*

In summary, we report a Ni-catalyzed reductive cross-
coupling of benzylic acetals with anhydrides or vinyl triflates to
access a-substituted ethers. Reactivity was governed by the
steric and coordination effects of the Lewis acid. The resulting
ethers are readily diversified, and mechanistic studies support
Ni(0) as an active species. Further expansion of the C—O
bond activation is ongoing.
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