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Introduction

AnAO S

Ring strain 29.0 27.3 26.3 25.5
[kcal/mol]
Many examples of catalytic ring-opening
O O O 0O
Ring strain
kcal/mol] 7.4 5.6 1.3 1.2

Catalytic ring-opening reaction underdeveloped

Cramer, N. et al. Chem. Rev. 2015, 115, 9410.
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Introduction

CO,Me

Clavulone Pladienolide B
antitumor acitivity antitumor activity OAC

Misoprostol Leiodermatolide A
duodenal ulcer antitumor activity
\\R
o [M]-R s AN
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— Ring-Opening (M]O Work up HO

Gao, S; Yao, H.-Q. et al. Angew. Chem. Int. Ed. 2023, 62, e202311540.
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Introduction

Zr Species Induced Ring-opening

OMe :0: MeO
¥ Anticipate insertion product
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Cp22r<© N > CpaZr not observed
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Cp,Zr > CpyZr > X
( j v/ N\
A - C _ HO D
OMe
Cp2  OMe
- Zr
sz(zr Ring-opening product observed
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+0O or
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L — via -

Buchwald, S. L. et al. Organometallics 1991, 10, 363.

6



Introduction

Zr Species Induced Ring-opening

ZrCp,Cl
i— + Cp,ZrHCI \/—j +E*
> > E\x/\/\
THF, -20 °C
X X
X =PPh, NCH,Ph, O up to 95% yield

(IPraN)oPS oA PhaPS oo )]\
X X X X
Ph” X7
X = PPh, 95% yield X = PPh, <5% yield X = PPh, 80% yield
X =0, 75% yield X =0, 75% yield X =0, 60% vyield
X =NBn, <5% yield X =NBn, <5% yield X =NBn, 80% yield

H\X/\/\ MeZNCHZ\X/\/\

X = PPh, 90% vyield X = PPh, 80% vyield
X =0, 90% yield X =0, 90% yield
X =NBn, 5% yield X =NBn, <5% yield

Pietrusiewicz, M. et al. Organometallics 1994, 13, 5166.
Skowronska, A. et al. Organometallics 1996, 15, 1208.
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Introduction

Zr-catalyzed Ring-opening

~Et
Zr cat. (10 mol%) Q
+ EtMgCl - o
THF, 25 °C ol
(5.0 eqiuv.)
65% yield, >97% ee L Zr cat. )
Lo \
/ i N \ L
L._ «Cl EtMgClI Lo 2
A4 - Jz—|or | TN
L Cl L~
A
WoFEt Mg(OH)CI EtMgCI
workup = L Et—, L
' ..Zr\ r\L
H--... «
CIMg \ CIMg
O— )
c -~ B

Hoveyda, A. H. et al. J. Am. Chem. Soc. 1993, 115, 6997.
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Introduction

[
Rh-catalyzed Addition of Aryl Boronic Acid

[Rh(OH)(coe)s], (5 mol%)

+ Ar—B(OH) (R)-Segphos (12 mol%) up to 91% yield
2 - - o,
1,4-dioxane, 55 °C Ar”” 59-95% ee
[Rh]—OH
Ph” l/ PhB(OH),
) » [Rh]—Ph
workup
PhB(OH),
—I[Rh]
ph” B-O elimination Ph/ \[Rh]
8 A

Hayashi, T.; Dou, X.-W. et al. ACS Catal. 2020, 10, 2958.
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Prospect

Challenge: Controlling the Selectivity of 3-H vs. -O Elimination

O RVANG

B-H elimination B-O elimination

Ring-Opening via Metal Vinylidene Intermediates

Cobalt /
xC!  Catalyst _’ X L,—Co
—_— — —_—
L,—Co=¢
Reductant
Cl
vinylidene generation [2+2]-cycloaddition

Y

./\(Cl N Cobalt Catalyst ./\( ZnCl

Cl Zn ZnCl




Optimization of Reaction Parameters

Co(dme)Br;, (15 mol%)

\CI ¢l .\ (S,S)-P'PyBOX (.18 mol%) _ “
e e (7
(3 equiv.) 40°C, 24 h, DMA NC 3

Entry2 Changes from Standard Conditions®  Yield [%] E:Z Ee [%0]
1 None 80 20:1 96
2 No Co(dme)Br, 0 - -
3 No ligand 4 0 - -
4 2 equiv. of 2 62 20:1 94
5 Without Znl, 41 20:1 92
6 ZnCl, instead of Znl, 60 20:1 94
7 Cp,Co instead of Zn, without Znl, 0 - -
8 Cp,Co instead of Zn, with Znl, 50 20:1 91

[a] Yields and E:Z ratios of 3 were determined by *H NMR, using 1,3,5-trimethoxylbenzene as an internal standard. [b]
Reaction conditions: 1 (0.1 mmol), 2 (3 equiv.), Zn (3 equiv.), Znl, (3 equiv.), Co(dme)Br, (0.15 equiv.), (S,S)-P'Pybox
(0.18 equiv.), DMA (0.75 mL), 40 °C, 24 h.
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Optimization of Reaction Parameters

X | S
Me =
N7 © © I N \\O>
W, 1, A
“ipy “ipy /aﬂe Pr
. . Me .
5 (S)-P"Quinox 6 (S)-P'Bipyox 7 (S)-PrMesg|p
11% vyield, 20:1 E:Z, 25% ee 78% vyield, 20:1 E:Z, 30% ee 61% vyield, 11:1 E:Z, 94% ee
X
o | _ 0 4R ='Pr 80% yield, 20:1 E:Z, 96% ee
r N \\> 8 R='Bu 70% yield, 20:1 E:Z, 82% ee
N A 9 R ='Bu 37% yield, 20:1 E:Z, 81% ee
R (S.9) R

Reaction conditions: 1 (0.1 mmol), 2 (3 equiv.), Zn (3 equiv.), Znl, (3 equiv.), Co(dme)Br,
(0.15 equiv.), ligand (0.18 equiv.), DMA (0.75 mL), 40 °C, 24 h.
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Scope of Substrates

N CoBr,(DME) (15 mol%)
AREE
+ || o
Cl

OH

%
N
{

/

Ms

10
76% vyield, 95% ee

Z

OH
/@/\/\/
MeOZC

13
54% vyield, 95% ee

S,S)-P"Pybox (18 mol%)

Znl, (3 equiv.)
Zn (3 equiv.)
DMA, 40 °C, 24 h

OH

FsC

1
73% yield, 96% ee

F

MeO

14
56% yield, 94% ee

OH

/

201 E:Z

OH

pinB

12
66% vyield, 95% ee

Z

F3CO\©/\/\/OH

15
72% yield, 94% ee
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Scope of Substrates

‘_ _OH
/@/\/\/ OH
Br
16 17 18
72% vyield, 96% ee 54% vyield, 95% ee 66% vyield, 95% ee
N Xy g OH /N SN g /OH
Me A
19 20 21
53% yield, 4:1 E:Z, 95% ee 59% yield, 93% ee 60% yield, 92% ee
I ©/\/\/\ - /OH
22 23 24
46% yield, 88% ee 31% yield, 3:1 E:Z, 92% ee

32% yield, 99% ee
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Scope of Substrates

O o (K

25 27
— — \_ Y,
/O/\/\/NHTS /@/\/\/\ s
26!allb] 28l
55% yield, 97% ee 20% vyield, 97% ee 28% yleld 99% ee

[a] Co(dme)Br, (20 mol%), ligand 4 (24 mol%). [b] ZnCl, (5 equiv.) instead of Znl,




Organozinc Functionalization

1o - CD,0D NIS (3 equiv.)
c2 B o :
WOH - > W/OH
D =) 82% |
NC > 82% ( _ A NC
3-d,, 66% yield, 95% ee 30, 53% vyield, 96% ee
W/OZnCI
ZnCl
NC “
P 80% yield, 96% ee
E \_ ) /OH
o AN
\ 4 T —
= > 7
e Me Pd(PPhs), (10 mol%) Pd(PPh;), (10 mol%) C |N
Mel (3 equiv.) AN ™
L (equiv) 32, 55% yield, 93% ee

31, 46% yield, 93% ee
N Br




Regiodivergent Ring-Opening

NC 1
(R,S)-35
(R,R)-catalyst 58% yleld 95% ee Standard
>20:1 E/Z Conditions
(S,S)-catalyst

/O/\( :@®=cH,0Bni | @=8n
BnO I
OB i (SR-35 i i 36 i
a3 2 o i 28% yield | i 22% yield :
\ (S)- ) 95% ee i 98% ee :
(S,S)-catalyst
OH i L i
TN - LA
i 35% yield i 35% yield :
Bn H H H H
X = : 96%ee i | 95%ee ;
24 i - a
NC H ' ! H
51% yield, 96% ee el meeseeeeeseeeeeeeesd

>20:1 E/Z




Regiodivergent Ring-Opening

¥
—— o o — o —
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(R)-48
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Regiodivergent Ring-Opening
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DFT Calculation
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Proposed Mechanism

O \ N\ /N Cl
N N—FoN
Cl
ZnCl,
N O
0— N\ \N—?
- N—Co~
Y ~TR
o—\ N\ /\N A \\/R
N—"C0
—_ _R
Outer-Sphere
Clyzn™ B-O Elimination
C —
N O
A\
o— N /NJ +ZnCl,
N N—FCe
(|W§/R
B
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Summary

+

Cl

_—

X
ZnCl

up to 96% ee

P ———

N\~ O
0 N 7

\
A \ N
\/N"C-O/
R

Clyzn™”
Outer-Sphere
B-O Elimination

R

five-membered heterocycles;

B A cooperative bimetallic outer-sphere 3-O elimination;

B 18 Examples, easy to functionalization, up to 99% ee.

B A viable mechanism to carry out ring-opening reactions of unstrained
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Writing Strategy

> Introduction

% Strained three-membered heterocycles, such as epoxides
and aziridines, are common synthetic intermediates that

The challenge of participate in a broad range of ring-opening reactions.
unstrained ring- Extending such processes to larger unstrained rings
opening reaction would provide access to useful alternative bond

constructions. However, few examples are known due to
the comparative lack of thermodynamic driving force.
Additionally, three-membered rings feature bent o-
bonding orbitals that allow them to engage more readily
with transition metal catalysts.

& In the absence of these distorted bonds, C-X activation

Current research becomes more challenging. There are isolated cases
of unstrained ring- where substrates such as 2,5-dihydrofuran can undergo
opening reactions catalytic ring-opening. However, most of these reactions

rely on oxophilic Zr species to induce B-O elimination,
with the one notable exception of a Rh-catalyzed addition
of aryl boronic acids. For other catalytic additions to 2,5-
dihydrofuran, competing B-H elimination is the favored
pathway.
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Writing Strategy

» The Last Paragraph

Summary of the
work

v

Challenges and
strategies

v

Prospect

% |n summary, B-X elimination processes provide a viable

mechanism to carry out ring-opening reactions of
unstrained five-membered heterocycles.

However, B-H elimination is a competing pathway that
must be avoided. Here, we show that this selectivity
challenge can be addressed using reaction pathways
available to cobalt vinylidene species. Addition of a cobalt
vinylidene to 2,5-dihydrofuran generates a metallacyclo-
butane. The structural rigidity of this intermediate
suppresses inner-sphere syn (-elimination mechanisms.
Instead, a cooperative bimetallic outer-sphere 3-O elimi-
nation takes place in which a zinc Lewis acid assists in
jonization of the leaving group.

Ongoing efforts are directed at exploiting the unique
properties of metal vinylidene [2+2]-cycloadducts in other
coupling reactions.
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Representative Examples

® The excess 2,5-dihydrofuan remains intact at the end of the reaction.
Thus, recovery of the excess reaction partner is possible in cases where
it is precious.....adding additional Zn(ll) salts improves the vyield,
presumably by aiding in the transmetallation step. (Intact 5T/, FRiA

BRI RESD; aid in $ZBh)

® Quinoline, indole, and benzofuran heterocycles can be present in the
substrate without deleterious effect. (deleterious BER, FTIAXEMIE
A1)

® Rather, the constrained geometry of the metallabicyclic intermediate
suppresses all inner-sphere pathways, allowing outer-sphere -
elimination pathways to predominate. (predominate FES#{i, FTixE

E RN ERE)
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