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ABSTRACT

Over the past five years, several metal-catalyzed asymmetric ring-
cleaving reactions have been developed that generate ring-opened
products in high yield and enantiomeric excess. These reactions
can be carried out with a range of nucleophiles including hydride,
stabilized and nonstabilized carbanions, alcohols, amines, and
carboxylates. To achieve these results, three different transition
metals have been employed, namely nickel, palladium, and rhod-
ium, leading not only to synthetically useful transformations but
also to a greater understanding of the reaction manifolds possible
with these metals. This Account covers the work by our group and
by others toward the development of new metal-catalyzed asym-
metric ring-opening reactions of oxabicyclic alkenes.

Introduction

There is a continuing need for the discovery of new
reactions that control the relative and absolute stereo-
chemistry in cyclic and acyclic compounds. One approach
that has attracted attention is to utilize desymmetrization
reactions of meso compounds since many stereocenters
can be established rapidly and efficiently in one step.t
Achieving an enantioselective symmetry-breaking reaction
requires the presence two enantiotopic functional groups
that can be efficiently differentiated, an area where chiral
reagents or catalysts have been used with spectacular
success.

Our attention was drawn to the synthetic potential
associated with desymmetrizing the oxabicyclic core
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which can be readily prepared with a wide array of
substitutents using [4 + 3] and [4 + 2] cycloadditions. By
efficiently differentiating the two enantiotopic alkene
carbon atoms or the two enantiotopic bridgehead alkoxy
leaving groups, an enantioselective ring-opening desym-
metrization process could be realized. We envisioned that
a suitable enantioselective nucleophilic ring-opening re-
action would not only reveal the latent stereochemistry
of the oxabicyclic framework but also install new func-
tionalities depending on the nature of the nucleophile.
For example, Sy2' nucleophilic attack on [3.2.1] oxabicycles
1 would generate enantioenriched cycloheptenols 2
(Scheme 1). Importantly, the olefin functionality is re-
tained after the ring-opening step, permitting oxidative
cleavage to the linear compound 3, possessing five
contiguous stereocenters. When R is methyl, these frag-
ments would constitute polypropionate subunits, which
are important building blocks in many natural products.
Similarly, [2.2.1] oxabicycles 4 would generate cyclohex-
enols 5, which are useful in their own right and also as
precursors to subunits such as 6. This strategy could be
applied to the readily available 7 to rapidly and efficiently
generate functionalized dihydronaphthalenols 8, which
are important structural motifs in medicinal chemistry.

Scheme 1
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Background

The ring-opening chemistry of oxabicyclic compounds
underwent significant growth in the late 1970s as a result
of the development of new methods to assemble the
[3.2.1] core and advances in Diels—Alder reactions with
furans.? As a result, the oxabicyclic template has become
increasingly common as a starting material in the prepa-
ration of both cyclic and acyclic compounds.? An exami-
nation of the literature reveals three main strategies that
are employed to obtain enantiomerically pure products
from oxabicyclic precursors. The first strategy establishes
the absolute stereochemistry in the formation of the
oxabicycle through the use of a diastereo- or enantio-
selective cycloaddition with furan. For example, Vogel
found that the [4 + 2] reaction between furan and dieno-
phile 9 can be used to generate 10 in isomerically pure
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Scheme 2
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form after purification.* Intermediate 10 can be easily
converted into enantiomerically pure 11, which has been
coined a “naked sugar” due to its utility as a starting
material in the preparation of rare b or L sugars, C-
nucleosides, conduritols, and long-chain carbohydrates.®
Thus, 11 served as the starting material in the synthesis
of (+)-lividosamine, (+)-castanospermine, and cyclo-
phellitol (Scheme 2). More recently, Corey has shown that
the Diels—Alder reaction between furan and 12 can be
catalyzed by Lewis acid 13 to give 14 in quantitative yield,
99:1 exo selectivity, and 92% ee.® Compound 14 can be
converted into the “Vogel oxabicycle”, thereby obviating
the need for the use of a chiral auxiliary in its preparation.

The second strategy employs an asymmetric transfor-
mation on a meso oxabicycle that does not induce ring
opening, but rather sets the absolute stereochemistry and
allows for a subsequent ring-opening step. For example,
chemical and enzymatic esterification processes have
been used effectively toward this goal. Seebach has shown
that the tartrate-derived TADDOLate 15 will react with the
oxabicyclic anhydride 16 to generate the isopropyl he-
miester 17 in 63% yield and 98% ee (eq 1).” Similar

Q

M TADDOLate 15, THF
y o)
16 o 63% yield, 98%ee
o)
CO,H
ey 0
CO,Pr
17
Ar = B-naphthyl
15
o)
HLADH, pH 9 Q
OH 20% NAD, FMN MO )
OH 10-24 days S @
18 19

83% yield, >98%ee

reactions have also been carried out using enzymes such
as pig liver esterase (PLE).2 Enzymes have also been used
in oxidative and reductive processes. Jones showed that
oxabicyclic diol 18 was selectively oxidized by horse liver

(+)-castanospermine

(+/-)-cyclophellitol

alcohol dehydrogenase (HLADH) in the presence of
nicotine adenine dinucleotide (NAD) and flavin mono-
nucleotide (FMN) to give lactone 19 in 83% yield and
>98% ee (eq 2).°

Another method to desymmetrize the oxabicyclic core
without inducing ring opening is to employ chiral bases
such as 20 in enantioselective deprotonation reactions.°
For example, a key step in a synthesis of a fragment of
lasonolide A was the enantioselective deprotonation of
oxabicyclic 21 with (S)-20. Anion trapping generates 22
in 71% yield and 97% ee as a mixture of epimers (eq 3).1*
Similarly, (R)-20 was used to enantioselectively deproto-
nate 23, which was trapped as the silyl enol ether 24 in
97% yield and 75% ee. Enol ether 24 is a key intermediate
in the preparation of two fragments of scytophycin C.12

BEPA

Ph” N Ph
Li
0 (5120 O%
%o LiCl, NCCOMe / EoMe ©
2 THF, -94°C
71% yield, 97%ee 22

A e
Li fo)
0 (R-20 1}%& )
//
y o THF, HVMPA oTBS
23 TBSCI, -78°C 24
97% yield, 75%ee

The third strategy, which until recently has received
far less attention, employs a desymmetrization reaction
as the ring-opening event. In this way, new stereocenters
are established simultaneously as the meso symmetry is
broken. Examples of high-yielding, highly enantioselective
ring-opening desymmetrization reactions of oxabicyclic
alkenes are fairly rare. The first report of such a transfor-
mation appeared in 1995 by Moinet and Fiaud,'* where
the treatment of 7 with a palladium(0) BINAP complex,
phenyl triflate, and sodium formate in dimethyformamide
(DMF) at 55 °C for 166 h led to the formation of two
products (eq 5). The minor product 25, arising from a
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carbopalladation and subsequent S-oxygen elimination,
was obtained in 13% yield and 96% ee. The major product
26, arising from carbopalladation without ring-opening,
was isolated in 71% yield and 64% ee. The authors noted
that changing the aryl component from phenyl triflate to
phenyl iodide reversed the product distribution, giving 25
preferentially. When phenyl iodide is used, however, the
products are obtained in racemic form.

0 Pd / BINAP complex
A7 L
oTf
7 HCO,Na
DMF / 55°C
166 hours

SeNGY
+
(5)
o A
25 26

13% (96%ee) 71% (64%ee)

More recently, Waymouth has desribed the asymmetric
ring opening of several oxabicyclic alkenes using group
IV metal catalysts.** In the best case, chiral zirconium
catalyst 27 was used to deliver an ethyl nucleophile (Ets-
Al) to oxabicycle 28, generating ring-opened 29 in 64%
yield and 96% ee (eq 6). The authors also report the
application of these catalysts for hydridic ring openings
and in the ring openings of other oxabicyclic substrates,
but the yields and/or enantioselectivities are lower.

[0}
0,
Sl owe ST
OMe Et3Al (2equiv.)
28 PhMe, 90-95°C
64% yield
96%ee

OH
OMe
O (g ®
ZiCl, /2
29
(nimind),ZrCl, 27

Nickel-Catalyzed Asymmetric Ring Opening
with a Hydride Nucleophile

Early efforts in the development of a reductive ring-
opening reaction in our group employed t-Bu,CuCNLi,
or t-BuLi/MgBr, as a source of hydride. While these
reactions did produce the desired products, they were
generally inefficient and unselective.’®> Much better results
were obtained when DIBAL-H was used as a Lewis acidic
source of hydride.'® In fact, when 30 was treated with
DIBAL-H in refluxing hexane, 31 was obtained in 83%
yield (eq 7).1” The addition of a catalytic amount of nickel
led to a cleaner and more efficient reaction. In the
presence of 3—10 mol % Ni(COD),, the reaction was rapid,
even at —78 °C, and under these conditions 28 could be
converted to 32 in >90% yield in both toluene and THF.18

The nickel-catalyzed reductive ring opening gave access
to an asymmetric variant of this reaction by the addition
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B\[\{\ DIBAL-H, hexane, reflux O @)
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OH
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o} !
3-10 mol% Ni(COD), OMe
Mﬁ“"e DIBAL-H, THF or toluene OoMe  (8)
e
>90% OH
28 32

of chiral ligands. The use of Ni(COD), with BINAP® (1.5
equiv relative to nickel) was found to give the best results
for the ring opening.?® Interestingly, the rate of addition
of DIBAL-H to the reaction was found to be important
for obtaining products in good enantiomeric excess. When
DIBAL-H was added rapidly to 28 in the presence of the
catalyst, 32 was obtained in 56% ee (Scheme 3). When
the rate of addition was slowed to 7 min, 32 was obtained
in 82% ee. The best results were obtained when DIBAL-H
was added by syringe pump over 1 h, generating 32 in
97% yield and 97% ee. A variety of cycloheptenols could
be obtained in good yield and enantiomeric excess using
this protocol. Lower catalyst loadings could be used, but
a delicate balance needs to be found between the amount
of catalyst and the rate of addition of DIBAL-H. For
example, when 4 mol % catalyst is used, the DIBAL-H
must be added over 8 h to maintain 92% ee in the product.

Scheme 3
4-14 mol% Ni(COD),
Q (R)-BINAP (1.5 equiv. to Ni) OMe
OMe
MMe DIBAL-H, toluene, rt OMe
97% vyield, 92-97% ee OH
28 32

OBn
OBn
OH
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The methodology was extended to oxabenzonorbor-
nadiene substrates.?! Due to the increased sensitivity of
these substrates toward Lewis acids such as DIBAL-H, a
change in solvent from toluene to THF was necessary to
reduce the amount of side products formed. A range of
substrates reacted efficiently under these conditions with
moderate sensitivity to steric effects but little sensitivity
to electronic effects, with both electron-rich and electron-
deficient substrates giving good results (Scheme 4).

We have applied the enantioselective reductive ring
opening to the total synthesis of the clinically important
antidepressant agent sertraline.?? The product from ring
opening of oxabenzonorbornadiene was converted in nine
steps to sertraline in 33% overall yield (Scheme 5).

The [3.2.1] oxabicycles proved to be more difficult to
open than either of the [2.2.1] systems. When the reaction
was carried out at room temperature, a significant amount
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Scheme 4
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of product from reduction of the double bond without ring
opening was obtained, and the enantiomeric excess of the
trace amounts of ring-opened product was poor. The yield
of the ring-opened products could be improved, however,
if the reaction was heated to 60 °C.2 In addition, increas-
ing the temperature also had a beneficial effect on the
enantioselectivity. For example, when 33 was reacted at
room temperature, 34 was obtained in 20% yield and 56%
ee (along with 70% of the reduced product). Heating 33
to 60 °C provided 34 in 83—95% yield and 97% ee (Scheme
6). In fact, a variety of substrates worked well using this
protocol, giving yields typically >80% and enantiomeric
excesses from 91 to 99%.

Scheme 6
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0. 21 mol% (R)-BINAP m i
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Palladium-Catalyzed Asymmetric Ring Opening
with Alkyl Nucleophiles

Alkyl nucleophiles were the first class of nucleophiles
shown to induce ring opening of oxabicyclic systems. In
1971, Caple and co-workers reacted BuLi with oxabenza-
norbornadiene and obtained a ring-opened product.?*
Using cuprates, we were able to achieve the first example
of alkylative ring opening of a [3.2.1] oxabicycle, 35, to
give the product 36 in good yield (eq 9).%° Plumet and co-
workers found that alkyllithium reagents also worked
when reactions were carried out in pentane.?® We were
able to use this finding in the development of the first
example of an asymmetric ring opening of a [3.2.1]
oxabicycle. When substoichiometric amounts of sparteine
were added to the reaction of BuLi with 37, the product
38 was obtained in 52% ee (eq 10)."

(e}
O, .
R,CuCNLi,
/ ST ©)
HO
o} R=Me 62% N
35 R=Bu 72% R 36
oTBS
O o2
Buli (5 equiv.), pentane, -40°C - (10)
= (-)-sparteine (15 mol%) HO
OTBS
60% yield, 52% e.e. Bu
37 38

Further studies were carried out using organomagne-
sium and organolithium reagents with a variety of cata-
lysts. Nickel and rhodium bearing chiral phosphine ligands
gave mixtures of products with low or no enantioselec-
tivity. Organozinc reagents showed more promise and
have the advantage of being broadly tolerant of various
functional groups. They also transmetalate well to other
transition metals, making them ideal for use with a variety
of catalyst systems.?®

A survey of various catalyst systems revealed that
palladium coupled with the use of the otherwise unreac-
tive dialkylzinc was ideal. For example, using a catalyst
prepared from PdCI,(CH3CN), and bis(diphenylphos-
phino)ferrocene (dppf) in dichloromethane at room tem-
perature, a variety of diorganozincs induce ring opening
to give 39 as exclusively the syn diastereomer in good yield
(Scheme 7).2°

Scheme 7
fo) OH OH
R,Zn(1.5 equiv.), CH,Cl, R WR
/ _—
Pd(dppf)Cly(5 mol%), r.t. O‘ O‘
7 syn anti
39

R = Me, Et, t-Bu, vinyl, TMSCH,

Very recently, Feringa published a report on a highly
enantioselective addition of dialkylzinc reagents to oxa-
benzonorbornadienes catalyzed by a copper phosphor-
amidite catalyst.?° The addition is complementary to the
palladium-catalyzed reaction, giving anti-39 arising from
endo attack of the alkyl nucleophile.
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An examination of chiral phosphines for the palladium-
catalyzed reaction found that 2-(2-(diphenylphosphino)-
phenyl)-4-tert-butyl-1,3-oxazoline (t-Bu-POX)3! gave the
best results for addition of dimethylzinc, and that 2,2'-
bis(di-4-tolylphosphino)-1,1'-binaphthyl (Tol-BINAP) gave
the best results for larger nucleophiles such as diethylzinc
and bis(trimethylsilylmethyl)zinc. Using these systems,
yields greater than 80% and enantioselectivities in excess
of 90% could be achieved. Substrates with a variety of
substituents on the aromatic ring, including both electron-
rich and electron-deficient substrates, gave good results
(Scheme 8).

Scheme 8
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Applying the same conditions we developed for the
oxabenzonorbonadienes gave no reaction with [2.2.1] and
[3.2.1] oxabicyclic alkenes and azabenzonorbonadienes.
However, changing the solvent to dichloroethane and
increasing the temperature to reflux led to better reactiv-
ity.% To obtain high enantioselection, the chiral ligand also
needed to be modified. By changing the backbone of the
ligand from one based on a substituted benzene to one
based on ferrocene, products could be obtained in typi-
cally >90% ee. The use of 2-(diphenylphosphino)-1-(4-
tert-butyl-1,3-oxazolin-2-yl)ferrocene (t-Bu-DIPOF)% gave
the best results for the ring opening of [2.2.1] oxabicyclic
substrates. For example, substrate 40 gave product 41 in
87% yield and 91% ee (Scheme 9).

Scheme 9

o PACI,(CH3CN), / t-Bu-DIPOF OPMB
0,
OPMB i

Me,Zn, dichlorethane, reflux
OH

40 87% yield, 91%ee 41

OTBDPS S>oTBDPS
OTBDPS ,,/OTBDPS
OH

8% yleld, 98%ee

t-Bu-DIPOF

90% yield, 98%ee

An important observation was made when studying
these reactions with [3.2.1] oxabicycles. Using the same
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conditions as described above, good results were obtained
only with alcohols 42a,b. Protection of the alcohol as a
silyl ether rendered the reaction very slow and low yielding
(typically less than 50%). To increase the reactivity of the
catalyst or substrate, the effects of various additives were
examined. Zn(OTf), was highly effective in increasing the
yields with protected substrates (Scheme 10).

Scheme 10
OR
O, Pd(i-Pr-DIPOF)CI, (5mol%) R, AR
Me,Zn, Zn(OTf), / \
Z R R dichloroethane, reflux HO
OR
42a R=H,R'=Me 84% yield, 95%ee
42b R=H,R'=H 84% yield, 90%ee
42¢c R=TIPS,R =Me 73% yield, 93%ee
42d R=TBDPS,R'=H 92% yield, 88%ee

Two mechanistic possibilities were initially considered
for these reactions. The first involves coordination of
palladium to the alkene, followed by cleavage of the
bridging carbon—oxygen bond to form a sz-allylpalladium
species. The second mechanism involves a carbopallada-
tion of the alkene by a palladium alkyl species, followed
by -oxygen elimination to give the ring-opened product.®*
Two key experiments provided good evidence for the
carbopalladation mechanism. The first experiment in-
volved trapping of the carbometalated intermediates.
When 43 was treated with Me,Zn and a chiral catalyst in
refluxing dichloroethane, a small amount of 44 was
obtained in 81% ee. The major product, however, arose
from methyl addition to the alkene without ring opening.
When the proposed intermediate 45 was quenched with
iodine, 46 was obtained (eq 11). Treatment of 46 with
t-BuLi gave 44 in 86% ee. The similarity of the enantio-
meric excesses of the products obtained by both routes
provided good evidence that an enantioselective carbo-
metalation was taking place.

1) Me,Zn, Pd(t-Bu DIPOF)Cl,
d«cﬁloroethane reflux OTBDPS OTBDPS

[0)

& 2) I3, CICH,CH,CI, r.t. tBuLl

K (1)

OTBDPS
OTBDPS
43
86% ee
ZnX

45

0 Ph
S e Zn(OTh, or Na*BAF),
S T Fe Pl ~ coch, 12
<= '|’\ cl ¢
ph 0 OH
47a 39a

Ph

s OO
; . ¥ me Zn(0Tf,
Pd —_— (13)
R cbCl
OO [ “ph OH
7 47b

39a 65%ee

The second set of key experiments involved the syn-
thesis and reaction of methylpalladium species 47. When
7 was treated with a stoichiometric amount of 47a, no
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Scheme 11
+ .
Cl P RoZn R P R,Zn + substrate o R P17 ReZnX
Pd, — P4 ) —_— S
cr P X P s—~7 P
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‘; carbopalladation
R . p
OZnR ;: X /O[b/Pd: )
5
R,Zn R K RP

OPdL,X

reaction took place in the absence of any additive.
However, addition of Zn(OTf),, a Lewis acid, or NaB(ArF),,
which is known to form cationic palladium by chloride
abstraction,® rapidly produced 39a. Furthermore, reaction
of 7 with 47b and Zn(OTf), gave 39a in 65% ee, which is
very similar to the 67% ee obtained with Pd[(S)-BINAP]-
Cl, (5 mol %) and Me,Zn.

We propose the generation of a cationic alkylpalla-
dium(Il) species, which undergoes an enantioselective
carbopalladation on the substrate alkene followed by
B-oxygen elimination (Scheme 11). Transmetalation with
dialkylzinc would then regenerate the catalyst and give
the zinc alkoxide product.

We have used the palladium-catalyzed alkylative ring-
opening together with the nickel-catalyzed reductive ring-
opening methodologies to complete a total synthesis of
the polyether antibiotic ionomycin.?® Two of the four
fragments in our synthesis were derived from oxabicycle
48 (Scheme 12). The C;;—C,3 fragment 49 can be synthe-
sized from 50, which comes from an asymmetric addition
of a hydride to 48. Likewise, fragment 51 can be obtained
from 52, which comes from an asymmetric addition of a
methyl nucleophile to 48.

Rhodium-Catalyzed Asymmetric Ring Opening
with Heteroatom Nucleophiles

Our initial efforts in the development of an asymmetric
ring opening with heteroatom nucleophiles were inspired

X=RorCl

by a report by Hogeveen and Middelkoop, where treat-
ment of 53 with catalytic [Rh(CO).Cl], in methanol
resulted in a diastereoselective ring opening to generate
syn-54 in good vyield (eq 14).%” The syn relative stereo-

0
7 CO,Me [Rh(CO).Cl,
coMe  MeOH
3
Ph
N
coMe O FO
QI N=N
MeO' CO,Me
OH 54
o}
Ph.
2
o N HP (14)
7 H?
MeO,C oM
MeO,C on . %8
cis addition of MeOH
o}
[Rh(CO).Cl},
7 , (15)
W
TFE / ROH RO
7 60°C OH 56

ROH = MeOH, EtOH, iPrOH, TMS Ethanol

chemistry was proven by Ashworth and Berchtold through
the formation of cycloadduct 55 and analyzing the cou-
pling constants of H2 and HP in the 'H NMR.%® For our

Scheme 12

ionomycin

TIPSO OPMB /Ti?\/k/\ gTIPS
17 . .
Tro ‘ : Ng — HO™ OH — H
i g i PMBO ~
49 50 B\[\{\
OPMB Z
CO,Me QPMB
0 ; PMBO  QTBS R or
- = Ho OH CHy 48
51 o
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Scheme 13
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initial studies, we chose 7 as our model substrate due to
its high reactivity in our earlier studies.

Treatment of 7 under the Hogeveen and Middelkoop
conditions failed to induce ring opening, but changing the
solvent to a 1:1 mixture of methanol and trifluoroethanol
(TFE) and heating the reaction to 60 °C gave 56 in >70%
yield. The relative stereochemistry between the two oxy-
gens was determined to be trans, arising from endo
nucleophilic attack.

A study of the effects of added ligands revealed that
[Rh(COD)CI], performed better than [Rh(CO),Cl],, since
insoluble precipitates frequently occurred on mixing [Rh-
(CO).Cl], with many bidentate ligands. An initial screen
of a variety of achiral ligands revealed that bis(diphen-
ylphosphino)ferrocene (dppf) was a good ligand for this
reaction. An examination of chiral ligands led to the
finding that PPF—P'Bu,®* was optimal, generating 56 in
up to 96% ee when the reactions were run at 80 °C
(Scheme 13). Using these new phosphine rhodium cata-
lysts, THF could be used in place of TFE. Thus, treatment
of 7 with as little as 0.25 mol % rhodium and chiral ligand
in a 1:1 mixture of refluxing alcohol and THF provides a
variety of dihydronaphthalene products in high yield and
excellent enantioselectivity.*® Phenols are also good nu-
cleophiles for this transformation, adding in typically
>80% yield and >95% ee.*142

Our early efforts at extending this system to other
nucleophile classes revealed several problems. For ex-
ample, anilines were found to efficiently induce ring
opening, but the enantioselectivity was poor. Furthermore,
aliphatic amines and carboxylic acids failed to react. That
the aliphatic amine was acting as a poison was demon-
strated when the addition of an otherwise good nucleo-
phile failed when pyrrolidine was present.*3

The 2-aminotetralin core is an important structural
motif in medicinal chemistry, and as a consequence, we
were particularly interested in the use of aliphatic amines
in these transformations. To overcome the catalyst poi-
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S\—P'Buz
PPh
Fe 2
L

PPF-P'Bu,

OH

56

92% yield
98%ee

94% yield
98%ee

0,00
o @\o\\"
OH OH

88% yield
97%ee

85% yield
95%ee

soning associated with basic amines, we investigated the
application of various additives and found that the addi-
tion of triethylamine hydrochloride resulted in complete
consumption of 7, to give 58 in 85% vyield (eq 16). Since
EtsN-HCI is both a protic and a halide source, we carried
out studies to explore each characteristic and found that
they are both important contributors to the reactivity. For
example, use of either camphorsulfonic acid (CSA) or
tetrabutylammonium chloride alone resulted in a slower
reaction than with EtzN-HCI or with CSA and BusNCI

combined.
o [Rh(COD)CI], (2.5mol%)
T w
/ DPPF (1 eq. to Rh) N
Pyrrolidine (5 equiv.) <;1 OH
7 Et;N.HCI (5 equiv.) 58
THF / reflux 98%
>98% conv.
6 hours 85% yield

We found that the nature of the halide had a pro-
nounced effect on both the reactivity and the enantio-
selectivity of these reactions. For example, addition of Bug-
NF failed to induce reaction after 25 h. On the other hand,
Bu,NI resulted in complete conversion after 5 h. BuyNCI
and Bus,NBr were less effective. The trend of increasing
reactivity (F < Cl < Br < 1) was found for several aliphatic
amines. In a similar manner, the dependence of enantio-
selectivity on the halide additive using PPF—P'Buj, as the
chiral ligand was found to increase down the halide group,
being maximal with iodide additive.*

While BuyNI acts as an effective additive for this
reaction, the ammonium salt greatly impedes the isolation
of pure product. To ameliorate this problem, other protic
halide additives were studied, and it was found that
ammonium iodide is superior in terms of both reactivity
and enantioselectivity. In addition, the purification process
is much simpler due to the ease of removing ammonium
salts at the end of these reactions.*
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To maximize the enantioselectivity, the chloride ligand
originating from the rhodium source, [Rh(COD)CI],, was
removed and replaced with iodide in situ using a halide
exchange protocol. Addition of a silver salt and subsequent
addition of a slight excess of iodide effectively results in
the formation of a new bisphosphine iodide complex, as
evidenced by 3'P NMR. Use of this catalyst in the reaction
with a variety of aliphatic amines and NH,I as the additive
results in high yields of 59, with enantioselectivities
typically greater than 90% ee (Scheme 14).

Scheme 14

[Rh(COD)CI], (0.5mol%)
PPF-P'Bu, (1.5mol%)
- 1) THF, 5 min
Hal;;d:) S’é‘;’;a”ge 2) AgOTF (1.5mol%), 5 min
3) BugNI (2mol%), 5 min

0 [Rh(PPF-P'Buy)}

L@ NHql (2.5 equiv.)
2 RoN™

THF 1 80°C (reflux) OH

Amine (5 equiv.)
7 59

Amine Nucleophile Yield(%) Ee(%)

Piperidine 79 94
Dibenzylamine 93 98
4-Methoxybenzylamine 81 92

The application of halide effects with aniline nucleo-
philes also led to improved reactivity and enantioselec-
tivity. Greater than 90% ee was obtained for a wide range
of aromatic amines as well as with phthalimide under the
modified conditions (Scheme 15). In some cases, improve-

3. I
N
OH
o)

[Rh-l] cat:  90% vyield, 98%ee
[Rh-Cl] cat: 55% vyield, 45%ee

L2
o X0 OH

[Rh-I] cat:  95% vyield, 97%ee

Scheme 15
Activated Nitrogen Nucleophiles

Q,C0

[Rh-l] cat:  97% yield, 92%ee
[Rh-CI] cat: 92% yield, 74%ee

Malonate Nucleophiles

8

[Rh-J cat:  97% yield, 98%ee
[Rh-Cl] cat: 56% yield, 51%ee

Ammonium Carboxylate Nucleophiles

e o

[Rh-IJ: 95% (92%ee

[Rh-1): 81% (90%ee)
[Rh-Cl): 81% (61%ee)

[Rh-CIJ: 72% (31%ee)

ments in enantioselectivity of up to 50% were obtained
on changing the halide ligand from chloride to iodide.
The in situ-generated Rh—I catalyst can also be used
with malonate nucleophiles to generate a new carbon—
carbon bond. Importantly, the relative stereochemistry

was again determined to be trans relative to the alcohol
functionalaity and so is complementary to the selectivity
observed in the palladium-catalyzed addition of dialky-
Izinc nucleophiles.

To overcome the lack of reactivity observed with
carboxylic acid nucleophiles, we examined carboxylate
salts but determined that a proton source was required.
Ammonium carboxylates served as good nucleophiles,
retaining the enhanced nucleophility of a carboxylate as
well as providing a proton source. With ammonium
acetate, for example, the desired product can be obtained
in >80% yield. As with the aniline and malonate nucleo-
philes, the use of the Rh—I catalyst was required to obtain
high enantioselectivity.*

Less reactive oxabicyclo[2.2.1]heptenes failed to react
under any of the conditions described above, even after
prolonged reaction times. To overcome this barrier, higher
reaction temperatures and more concentrated reaction
conditions were examined. At 110 °C, with 5 equiv of
nucleophile in the absence of solvent, the Rh—I PPF—
P'Bu, catalyst promoted clean conversion to the desired
products as single diastereomers in >90% ee (Scheme 16).

Scheme 16
RhI(PPF-P'B )] 5mol%
e vl G W @ @+
2 OPMB  N-Methylaniline (5 equiv.) N‘\ OPMB
Neat / 110°C

PMB = para-methoxybenzy!

93% yleld, 95%ee
H H
>~opmg " = OMe
o\ OPMB oA OMe
R =
OH OH

84% yield, 93%ee 83% yield, 94%ee

Applying these new reaction conditions with 7 revealed
that the reactions can be run with as little as 1.5 equiv of
the nucleophile, in the absence of solvent and with only
0.01 mol % catalyst (Scheme 17). Furthermore, the reac-
tion products are frequently crystalline solids and can be
easily isolated in pure form by simple recrystalization of
the crude product.

Scheme 17
o] [RhI(PPF-P'Bu,)] (cat.) ‘ O
% Nucleophile / 100°C Nu“"! ‘
OH

7

Mol% Catalyst 7:cat _ Nucleophile (equiv.) Reaction Time _ Yield(%) ee(%)

1.0 100:1 PhOH (5) >15min 92 94
0.1 1000:1 PhOH (5) >20min 94 94
0.1 1000:1 PhOH (1.5) 30min 92 93
0.05 2000:1 PhOH (1.5) 1hr 89 94
0.01 10000:1 PhOH (1.5) 3hr 90 94
0.01 10000:1 PhNHMe (1.5) 8hr 87 93
0.01 10000:1 Indole (1.5) 1.5hr 94 99
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Scheme 18

0 [Rh(COD)CI], / PPF-P'Bu, O OH
A ome
OMe OB(OH)Z 1.2eq.

OMe
OMe

28 THF, aq. Cs,CO5 60

Room Temperature

OH

91% yield
95%ee

MeO

L Ly
OMe ‘ OMe  MeO OMe
OMe OMe OMe

71% yield 87% yield 91% yield
94%ee 96%ee 95%ee
|
¢ O OH O OH OH
¥
OMe | OMe 3 OPMB
OMe OMe OPMB
95% yield 85% yield 95% yield
95%ee 95%ee 92%ee

Rhodium-Catalyzed Asymmetric Ring Opening
with Aryl- and”Alkenylboronic Acids

Tremendous success has been recently achieved in the
rhodium-catalyzed asymmetric 1,4-conjugate addition of
organoboronic acids to electron-deficient olefins. A variety
of substrates, including a,f-unsaturates ketones, esters,
and amides as well as alkenylphophonates and nitroalk-
enes, undergo addition in synthetically useful yields and
enantioselectivities.*” Inspired by this work, we investi-
gated whether rhodium could be used to catalyze the
addition of an organoboron reagent to one of the two
enantiotopic olefinic carbon atoms of an oxabicyclic
substrate.

Excellent results were obtained for the addition of
arylboronic acids to the [2.2.1] oxabicyclic substrates in
the presence of catalytic [Rh(COD)CI], and PPF—P'Bu,.
The addition took place to give ring-opened products
arising from exo attack of the aryl nucleophiles. For
example, treatment of 28 with 2.5 mol % [Rh(COD)CI],, 5
mol % PPF—P'Bu,, 1.2 equiv of 4-methylphenylboronic
acid, and 0.5 equiv of Cs,CO; (5.0 M in H,0) in THF at
room temperature provides 60 in 91% yield and 95% ee.
A wide range of electronically diverse arylboronic acids
and a vinylboronic acid react in an analogous fashion
(Scheme 18).48

Application of these reaction conditions to the asym-
metric ring opening of 7 leads to a complex mixture of
products. Fortunately, better results are obtained by
simply changing the arylboronic acid to the corresponding
ethylene glycol ester. For example, treatment of 7 with
1.2 equiv of 61 provides 62 in 78% yield and 92% ee (eq

[Rh(COD)CI], / PPF-P'Bu,
Q THF, ag. Na,CO;3 OH

£ SOh
0
B 1.2eq.
DT O 8
61

78% yield
92%ee

Room Temperature
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17). It is important to note that the bridgehead carbon—
oxygen bond cleaved in these reactions is opposite to that
of reactions with heteroatom nucleophiles despite the use
of the same catalyst, i.e., [Rh(COD)CI],/PPF—P'Bu,. This
supports the notion that the mechanisms of the two
reaction types are different.

A plausible catalytic cycle for this transformation
involves reaction of the rhodium catalyst with the orga-
noboronic acid to generate arylrhodium complex 63,
which then coordinates to the oxabicycle on the exo face
and delivers the nucleophile to one of the enantiotopic
carbons, to generate an organorhodium intermediate, 64.
Since no S-hydrogens are present, f-hydride elimination
is not possible. As a result, 5-oxygen elimination occurs
to generate rhodium alkoxide 65, which will liberate the
product and regenerate the catalyst upon hydrolysis
(Scheme 19).

Scheme 19
TN
&
Ar
OH RhL,X
(X = Cl or OH) \
'lu N P\
& A <R:h—Ar
d P

65 ORhL,
=} Q
\ Q RA )j\,ﬁ >
P s

Conclusion

We have demonstrated that enantioselective metal-
catalyzed asymmetric ring-opening reactions of meso
oxabicyclic alkenes occur in high yield and typically >90%
ee. These reactions can be carried out with a range of
nucleophiles including hydride, alkylzincs, alcohols, amines,
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carboxylates, malonates, and aryl-/alkenylboron com-
pounds. The methodologies have found use in the total
syntheses of several biologically interesting molecules,
such as sertraline and ionomycin. Mechanistic studies
have contributed to a greater understanding of the
catalytic behavior of the three different transition metals
involved.

Our current studies are focused on expanding the scope
the reactions, utilizing the ring-opened products as scaf-
folds in medicinal chemistry, and developing a better
understanding of the reaction mechanisms and source of
the diastereo- and enantioselectivity.

We thank the members of the group whose work was instru-
mental in the development of many aspects of the ring-opening
strategy described in this Account. In particular, we acknowledge
the seminal contributions of Tomislav Rovis, Jean-Luc Renaud,
and Chris Dockendorff. We also thank NSERC (Canada), the
ORDCEF, AstraZeneca, Merck Frosst, and the University of Toronto
for financial support and Ciba Specialty Chemicals and Solvias
for providing us with the PPF—P'Bu, ligand and the Solvias ligand
kit.
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