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Lessons in Strain and Stability: An Enantioselective Synthesis of
(+)-[5]-Ladderanoic Acid

Erin N. Hancock,™ Erin L. Kuker, ™ Dean J. Tantillo™ and M. Kevin Brown'*

Abstract: The synthesis of structurally complex and highly strained

natural products provides unique challenges and unexpected H
opportunities for the development of new reactions and strategies.
Herein, the synthesis of (+)-[5]-ladderanoic acid is reported. En |
route to the target, unusual and unexpected strain-release driven H
transformations were uncovered. This required a drastic revision of (+)-[3]-ladderal
the synthetic design that ultimately led to the development of a novel (Burns 2016, (-)-1: Br
stepwise cyclobutane assembly by allylboration/Zweifel olefination. H HH
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)-[5]-ladderanoic acid (2)
((+)-2: Corey 2006, Burns 2016)

Introduction

Synthesis of structurally complex natural products continues to
be an inspiration for the development of new methods and
strategies. At times, the unusual positioning of substituents or
strained ring systems often reveals unexpected reactivity en route to
the target.

T
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(Burns 2016)
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The ladderane family of natural products is a unique cla and Discussion

molecules that is characterized by a series of fused cyclobutay®® rategy for the synthesis of (+)-[5]-ladderanoic acid
Due to their complex structure and unknown biological function,® hinged on te-stage enantioselective [2+2]-cycloaddition between
several groups have developed routes to these molecules [4]-ladderene 4 and an allenoate to assemble the final cyclobutane
1). In 2006, Corey reported a synthesis of (+)-[5]-ladd (Scheme 2A). Conversion of the cycloadduct to the target was
(2), which featured a diastereoselective photoch joned to occur through a chain elongation sequence.
cycloaddition.* Ten years later, Burns reported elega tion for the proposed [2+2]-cycloaddition stemmed from early
(-)-[5]-ladderanoic acid (2), (+)-[3]-ladderanol (1 in our lab on related cycloadditions.” In these reactions, a wide
assembled phospholipid 3.° The approach iety of alkenes, such as cyclopentene (5), could be converted to
ladderanoic acid (2) featured a Mn-catalyzed C-H chlorina products  through  [2+2]-cycloaddition  promoted by
desymmertization by an enantioselective Cu-catalyzed protobora oxazaborolidine catalysts (e.g., 8) with good levels of
In the case of (+)-[3]-ladderanol (1), a diastereoselective [2+2]-¥ enantioselectivity (Scheme 2B).

cycloaddition established the core structure.

Due to our group’s long-standi

. A) Synthetic Strategy
surrounding cyclobutanes, we recently

ladderanol  (1). ° The route H | H I/COZR oxaz;gzlarrac:lldme 'j 1 lj / ~COsR
i +2]- iti revem. ketone [T T T 1l + I oo
stereoselective [2+2]-cycloadditiory between a chir: I:l::ljl + |C =[] [ |
and an alkene to gain access t I i H
this report, we disclose a syn H :' H HoH H H
the unexpected challen :
with ladderanes, and oht the novel we utilized to oM H WC%H ;
address them. ] [ | ° D RSRCCTCPEPPLED ;
1 1 -
AHAH
-[5]-ladd ic acid (2
[a] of. M. Kevin Brown* (+)-[5]-tadderanoic acid (2)
B) Precedent for [2+2]-Cycloaddition: Brown 2015
Ki . ’ Ph
il i ) = e Ph
; CO.R
[b] 2 _20mol %8 CO:R
O e ol S
University O | 6 CHZCI2 szN H Ar 8
i i 22°C,16h
1 Shields Ave. Davis, CA 956 5 R = CH,CF, 74% y|eld 10:1 E:Z = Ar = 2-CF5-4-Cl-CgH3

Supporting information for this article is given via a link at the end of 94:6 er
the document.
Scheme 2. Strategy for the Synthesis of (+)-[5]-Ladderanoic Acid.
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An initial strategy towards [4]-ladderene is illustrated in
Scheme 3A. In this route, a cycloaddition between [3]-ladderene
ester 9 and 1,2-dichloroethylene would give rise to the [4]-ladderane
10.® This product could be elaborated to [4]-ladderene 4 by a
sequence involving decarboxylation and dechlorination.

The requisite [3]-ladderene ester 9 was prepared by oxidation of
known [3]-ladderane ester 11 (Scheme 3B).** lIrradiation of 9 and
1,2-dichloroethylene with UVA (Amax = 350 nm) or UVB (Amax = 313
nm) failed to promote conversion of the starting materials. However,
use of UVC (Amax = 254 nm) allowed for consumption of [3]-
ladderene ester 9. Unfortunately, the expected cycloadduct 10 was
not detected, but rather a remarkable conversion to ethylene (13)
and methyl benzoate (12) was observed.® This highly unusual
reaction likely occured by rearrangement of the excited state
intermediate 14 to diene 15 (formal retro-4xn-electrocyclization),
followed by a second rearrangement of the excited state
intermediate 16 (formal retro-[2+2]-cycloaddition). At this stage, the
intermediacy of diene 15 cannot be confirmed as 14 may undergo
direct transformation to 16 without relaxation to the ground state.

A) Synthetic Strategy for the Synthesis of [4]-Ladderene

o) 0
H oM HoH YO HoH
H OMe hy : H 1) -CO, H
O e O - O
boH o h g h o AoH
9 10 4

B) Unexpected Photoinduced Rearrangement

] 1) i) LDA, THF o
HH 78 °C HH
: OMe i ph,Se, E OMe
|
g R M H,O:THF Ifi H 9
prepared in 57% yield
5 steps (2 steps)
ref (4a)

o

Scheme 3. Attempted Syn is of [4]-Ladderene 4.
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An alternative strategy was developed to access [4]-ladderene
through implementation of [2+2]-cycloaddition with cyclopentenone
and subsequent ring contraction by earrangement. Design of
this strategy was influenced by the proc hotochemical [2+2]-
cycloadditions to use cyclopentenone' an jes from Corey
and our lab in the synthesis of related tures: s such, the
synthesis commenced with etween cyclopentenone
(17) and 1,2-dichloroethylene to [3.2.0]-bicycloheptane 18
(Scheme 4). Ketal formatig the dichloride resulted

uent Wolff rearrangement
carboxylation followed by
d access to [4]-ladderane
rboxylic acid to the bromide
thesis of [4]-ladderene 4.

regioisomers. Diaz
ultimately provided

1) ethylene glycol

pTsOH,
benzene, reflux H O/ﬁo
Dean Stark o
2) Na Naphthalenide H 1
THF H 9
59% yield o
(3 steps)
2e
0 0 UVA
1) trisyINg, KO£Bu H H HO ' (350 nm)
THF, -78 °C 2 acetone
B S | ]
2) UVA (350 nm) B 8 days
H 21 LHE&'%O (1:1) HHH o
75% yield A 52% yield
(2 steps) 1
(inconsequential)
pyrithione
pyridine, T3P, THF H HH o] 1) p-ABSA
0 °C, dark; B Fi )
HStBu, Bt D::Eg DBU, MeCN
: T 2) UVA (350 nm)
A HHA 22 THF:H,0 (1:1)
61% yield NaHCO,

1) (COCI),, DMF, CH,Cly;
10 mol % DMAP

HHH -pyrithi
p : Na-pyrithione H H H COLH
: : CBrClj, light : :
(T T = 1] D
: : 2) KOt-Bu, THF, 50 °C :
HHH 4 HHH 23
57% yield 79% vyield, 4:1 dr
(2 steps) (2 steps)

Scheme 4. Synthesis of [4]-Ladderene 4. T3P = 1-Propanephosphonic
anhydride. p-ABSA = 4-Acetamidobenzenesulfonyl azide.

With synthesis of [4]-ladderene 4 completed, the key
enantioselective cycloaddition with allenoate 24 was explored
(Scheme 5). Initial investigations revealed that a productive reaction
occurred to generate what was originally thought to be the desired
[5]-ladderane 26 with good vyield and enantioselectivity when
oxazaborolidene 25 was used. However, upon rigorous structural
determination by X-ray crystallography of a derivative (30), it was
revealed that [2.1.1]-bicycle 27 was formed as the exclusive
product!""? This remarkable transformation is proposed to occur by

This article is protected by copyright. All rights reserved.
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initial [2+2]-cycloaddition to generate the desired cycloadduct 26 as
outlined in Scheme 5. However, due to the inherent ring strain, a
retro-[2+2]-cycloaddition occurs rapidly to generate chiral allenoate
28. Upon C-C bond rotation and crossed-[2+2]-cycloaddition (via
29), the observed product 27 could be formed. Density functional
theory (DFT) calculations (wB97X-D/6-311+G(d,p); see SI for
details) revealed that the [2.1.1]-bicycle 27 is 8 kcal/mol lower in
energy that the [2.2.0]-bicycle 26 While the process shown in
Scheme 5 has not been reported to the best of our knowledge, a
related ketene-alkene [2+2]/retro-[2+2] cycloaddition has been
disclosed."™

r

I T aAr
50mol% \ @
N (0]

>

I—r. \B/
e cl R020 H
Ti,N
25
Cl
CO,R
n/ 2 = F3)CeHa
CH,Cl,
H 24 78°Cto-18°C
4 R = CH,CgF
2ves not observed 73% y'ggjfiﬂ er
>;
l [2+2] crossed-[2+2] T
R1
retro- bond
[2+2] rotation
e .\ —_—
, Yo
26 h R 28 A
= COZCHZCGF5(25)
ROLG H HN \H
hydroyIS|s
amlde formation
see Sl for details)

R CH,CiFs Ar =

Scheme 5. Ring Strain Induced Pericyclic Cascade.

ction are important to
(500 MHz), no
detected. This

is not limited to [4]-ladderene 4,
also found to generate the
nd 34 (Scheme 6)." This

lanation for the observed epimeric
d potentially arise from a change in
[2+2]-cyloaddition of [4]-ladderene
and cyclobutene. While the basis’ of this remains unclear, alkene-
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allenoate [2+2]-cycloaddition have been reported with varrying
degrees of E/Z selectivities.”

ism, intermediate 36 was
reaction conditions

To further probe the proposed
independently prepared. Subjection of
generated the [2.1.1]-bicyclic product
hypothesis that 36 could be gn interm
cyclobutene and allenoates
respectively.  This product is
prepared allenoate is alsg

to products 33 and 34,
in 50:50 er because the

/YF X-ray of 33
33:R=CH,CoFs $eXk

89% vyield , 97:3 er

34: R=Bn

62% yield , 89:11 er

crossed-[2+2]
retro-[2+2]
TN

Lewts Acid (LA) = 25

[2+2]

H CO,R(25)

bond
rotation

COzR 50 mol %
catalyst 25

[

R=Bn
50:50 er 78% yield, 50:50 er

Scheme 6. Mechanism Studies.

Due to the unusual nature of the pericyclic cascade, several
other allenoates were evaluated in the transformation (Scheme 7).
Reaction with y-substituted allenoates 38 and 39 led to the expected
[2.1.1]-bicyclic products 40 and 41 with high levels of
diastereoselectivity. The reaction likely proceeds in an analogous
manner to that of the unsubstituted allenoate. To rationalize the
formation of the observed diasteromer, [2+2]-cycloaddition must
occur to generate diasteromer 42 in which the R-group is located on
the concave face of the [2.2.0]-bicycle. Finally, while EtAICI, was
found to the optimal promoter, the catalyst 25 was also competent
yet give rise to several unidentified byproducts.’

Reaction with v,y-dimethylsubstituted allenoate 45 and
cyclobutene did not give rise to the expected [2.1.1]-bicyclic product
but rather cyclopentene 46 (Scheme 7B). To account for the
formation of 46 it is proposed that the initial sequence of
[2+2]/retro[2+2] occurred to generate 47. However, at this stage, the
crossed-[2+2] is disfavored due to steric considerations of a 4-

This article is protected by copyright. All rights reserved.
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membered ring transition state relative to a six-membered ring
transition state necessary for the ene-reaction (via 48). The product
was generated in 79:21 er (absolute stereochemistry is unknown)
likely a result of a less selective [2+2]-cycloaddition compared to the

unsubstituted allenoate. H HH
11 .
: : UVA (350 Me
A) Reaction with y-Substituted Allenoate HHH MeCN 50

H CO,CH.CeFs

CO,CH,CqFs

50 mol % EtAICI
- I R
¢ CH,Cl,
31 RJ -78 °C to rt
50:50 er R 50:50er
38: R = Et 40: R = Et: 83% yield, 50:1 dr
39:R=Ph 41: R= Ph: 81% yield, 100:1 dr
[2+2] crossed-[2+2] T Scheme 8. Cycloadditio Furenone 49.
B 7 B 7 H CO,R(LA)]
retro-[2+2] bond Conscious of the afo entioned problems, we elected to
\ | — .\ m g drastically change the approach by dispensing with the notion that a
R R 4 2]-cycloain would be the best strategy to install the final
(LA)ROLC (LA)RO,C \ obutane @Pue to our group’s interest in arylboration reactions of
4 3 iy es,’® we devised a 2" generation strategy that would involve

ation (4 to 51) followed by Zweifel olefination (51 to 54)
9). Inspiring studies from Hoveyda' and Yun® on Cu-
joselective allylboration of styrenyl derivatives and

Lewis Acid (LA) = EtAICI,

B) Reaction with y,-Dimethylsubstituted Allenoate

]/COzCHzCst csa?arlr)]/zlt Z"s f cyclobutenes from Tortosa®' and Burns® suggested

m + I. —_— be prepared by the merging these two methods

s /g\ 732'(23(;'2“ (Scheme 9). While Zweifel olefenation is well established in
- (0]

Me45 5(!\_";0 o 63% yie intermolecular variants,”* intramolecular reactions are rare. In only

ample, Aggarwal reported the formation of a cyclobutane

by Zweifel olefination. *  Upon completion of the
oration/Zweifel olefination sequence, it was envisioned that the
-methylene ladderane 54 could be elaborated to the target
rough various approaches.

l [2+2]
% retro-[2+2]
Me Me""COQR(zs)

47

ju sl

wnT
I
wnT
T
T

Scheme 7. Reactions with Substituted Alleno

Tun
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Tun

x

T
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T
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4 RO\A 51 ;
At this stage, several i addition
strategies were investigated t 4 to the H

D
]
ul

Q
<
o
=
@
[0]
Q
=3
o
=}
Q
0]
=h
Q.
[
3
=
Q
—
=
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T f—
I

H 53 AHA 52

result, multiple steps to manipu MeOH
target would be i Y
HHHH HHHH CO-H
A specific the aforementioned H i 172 - H H }")6\/
challenges is shown chemeG. nd that the [4]-ladderene | | | [ --------- > | | | |
could undergo cycload®@@en with 49 to install the final cyclobutane AR h R &R A R
ring (pr . , elaboration of this compound to the 54 (+)-[5]-ladderanoic acid (2)

ly due to ring-opening that resulted

from attempts oxygen atom bound to the  scheme 9. Second Generation Strategy.

cyclobutane."”
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1) 5 mol %
(R)-SEGPhosCuCl
(Bpin),, NaOt-Bu
HOHH T Sy HHH T
H H . i THF
i | f (E0)OPO P) s B e
I ———> O »
i 1§ 2)Br,CHOL B /&
HHHA -78 °C; HHH
4 TBAF, THF, 78 °C 50% yield (2 steps) 55
>20:1 dr, 89:11 er
H H H H Bpin then I,, MeOH HHH gpn @
g . -78°Ctort : P B
T LT, )=
AHHAH 53 HHH 52
l 1) 9-BBN, THF;
HHHH NaBO,-H,0 oM con
i 1 1 7/ THRHO | | If"
| | | 2) 10 mol % TPAP T F
55% yield 2v12 63% yield (2 steps) X-ray
1:1 dr (inconsequential)
1) 10 mol % DMAP, TCNHPI
1) 9-BBN, THF; D)CC, CH,Cl,
NaBO,H0 2) 20 mol % NiCl,*glyme
THF:H,0 40 mol % t-BuBIPY, DMF
2) Swern [O] THF, ZnR,-58
then, TsOH MeOH:CH,Cly;
HHHH oo LiOH H,0 then HCI
mnnnnf
H i 57
HHHH
55% yield (2 steps)
1:1 dr (inconsequential) HHHH ®N'”L
H H n
3 steps T T * !
(ref 4a) | | | |
HHFAH 5
HHHH CO.H
H H ﬁs\/ > H
EEEEN Ninn
Bhhow §

38% yield, >20:1 dr (2 steps from 56)
(+)-[5]-ladderanoic acid (2)

Scheme 10. Completion o adderanoic Acid.

TCNHPI = Tetrachloro-N-hydrox

Synthesis of
alimide.

9 has been implemented to
illustrated in Scheme 10.

d a vinyl bromide. However, these
esired product in an appreciable yield.
" ed as a surrogate that not only
allowed the allylboration roceed with good vyield and
enantioselectivity, but could be elaborated to the vinylbromide 55 by
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treatment with Br, followed by TBAF. Addition of t-BulLi to vinyl
bromide 55 resulted in generation of borate 52 which underwent
reaction smoothly with I, to gener: -methylene ladderene 54
after 1,2-elimination (via 53).

[6]-methylene ladderane 54 could
ladderanonic acid (2) throug
first involved a hydroboratio
Swern oxidation to aldehyde 57.

to (+)-[5]-
. The
with 9-BBN followed by
jate 57 can be converted
e of epimerization,

nstrated by Corey.*
pproach that would take
ns introduced by Baran,
oss coupling.” In this

Alternatively, we el
advantage of an e
specifically decarb
approach, 54

It is interesting to note that the Ni-
9, or related cylobutyl free radicals
generated in the decarbo ve transformation 21 to 22 and 23 to 4
do not undergo strain release promoted ring-opening. >’ DFT
Iculations ( 7X-D/6-311+G(d,p); see Sl for details) reveal that
free radi€@f of 60 (no Ni) is 27 kcal/mol lower in energy than the
radical of 59 (no Ni). In addition, the predicted barrier for
sion of the free radical of 59 to 60 is only 18 kcal/mol. This
s that bimolecular capture of the cyclobutyl free radicals is

ConclusYon

In summary, an evolution of a strategy to prepare (+)-[5]-
anoic acid is presented. Only through synthesis of this
ex natural product did we uncover unusual strain-release
oted transformations that forced a significant change of strategy.
e evolution from realizing that a [2+2]-cycloaddition approach was
ot viable led to development of a novel stepwise installation of the
final cyclobutane through an allylboration/Zweifel olefination
sequence. In addition, we have uncovered a novel process for the
synthesis of [2.1.1]-bicycles from unlikely precursors.
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unexpected product [5]-ladderanoic acid

The synthesis of structurally complex and highly strained natural products provides
unique challenges and unexpected opportunities for the development of new
reactions and strategies. Herein, the synthesis of (+)-[5]-ladderanoic acid is
reported. En route to the target, unusual and unexpected strain-release drive,
transformations were uncovered. This required a drastic revision of the syntheti
design that ultimately led to the development of a novel stepwise cyclobutane
assembly by allylboration/Zweifel olefination..
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