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Abstract

The enol silanes of vinylogous esters and amides are classic dienes for Diels—Alder reactions.
Here, we report their reactivity as nucleophiles in Ir-catalyzed, enantioselective allylic substitution
reactions. A variety of allylic carbonates react with these nucleophiles to give allylated products in
good yields with high enantioselectivities and excellent branched-to-linear ratios. These reactions
occur with KF or alkoxide as the additive, but mechanistic studies suggest that these additives do
not activate the enol silanes. Instead, they serve as bases to promote the cyclometalation to
generate the active Ir catalyst. The carbonate anion, which was generated from the oxidative
addition of the allylic carbonate, likely activates the enol silanes to trigger their activity as
nucleophiles for reactions with the allyliridium electrophile. The synthetic utility of this method
was illustrated by the synthesis of the anti-muscarinic drug, fesoterodine.
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Introduction

Danishefsky's dienel and Rawal's diene? are widely used reagents for Diels-Alder and
hetero-Diels—Alder reactions to synthesize carbocycles as well as oxygen- and nitrogen-
containing heterocycles.3 Although both dienes contain an enol silane unit that could
undergo nucleophilic substitution reactions, they have rarely been used as nucleophiles for
reactions besides [4 + 2] cycloadditions* and have not been used as nucleophiles for
asymmetric allylic substitutions. Ir-catalyzed asymmetric allylations of these nucleophiles
(Figure 1) would be valuable because the reaction creates a stereocenter Sto the carbonyl
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group, and the vinylogous ester or amide moiety in the resulting products can undergo a
variety of subsequent transformations.>-

Iridium-catalyzed allylic substitution’~19 of such enol silanes would be unusual because the
vast majority of prior iridium-catalyzed allylations of enolates have been conducted with
stabilized enolates containing two electron-withdrawing groups on the nucleophilic
carbon.1112 The reactions of unstabilized enolates are much less developed and have been
limited in the scope of electrophile.2 In particular, reactions of aliphatic, unstabilized
enolates with aliphatic allylic esters occurred in modest yield and enantioselectivity. 13"
Moreover, the enolates of esters and amides have not undergone iridium-catalyzed allylic
substitution; therefore, it was unclear if reactions of the enol silanes of vinylogous esters and
amides would react like the enol silanes of a,B-unsaturated ketones that undergo iridium-
catalyzed allylation or like the enol silanes of esters and amides that have, so far, given low
yields of substitution products. In addition, such transformations with these nucleophiles are
challenging because the product generated from the allylic substitution with these dienes
contains a vinylogous ester or amide unit that could further react with the enol silanes via an
addition—elimination reaction sequence to give oligomeric or polymeric products.

We report conditions by which Ir-catalyzed enantioselective allylic substitution reactions
occur with unstabilized enolates derived from vinylogous esters and amides (Danishefsky's
diene and Rawal's diene, Figure 1). In the presence of [Ir(cod)Cl],, the phosphoramidite
(RaRnR)-L in Figure 1, KF, and 18-crown-6, these reactions proceeded smoothly to give
allylated products in good yields with high enantioselectivities and excellent branched-to-
linear selectivities. Mechanistic studies revealed that KF does not activate the enol silanes
toward the allylic substitution. Instead, it serves as a base to promote the cyclometalation to
generate the active Ir catalyst. The carbonate anion, which was generated from the oxidative
addition of the allylic carbonate, appears to activate the enol silane to trigger the subsequent
allylic substitution. The synthetic utility of this method was illustrated by the synthesis of
the anti-muscarinic drug, fesoterodine.

Results and Discussion

Reaction Development

We began our studies by investigating suitable reaction conditions for the asymmetric allylic
substitution of methyl cinnamyl carbonate (1a) with Danishefsky's diene (2). Fluoride
additives can promote the a-arylation of silyl ketene acetals and a-silyl nitriles, as well as
the asymmetric allylation of enol silanes derived from ketones.132.14 Therefore, we evaluated
several fluoride salts as the additive for the reaction of 1a with 2. As shown in entry 1, Table
1, treatment of cinnamyl carbonate 1a (1 equiv) and silane 2 (2 equiv) with 2 mol %
[Ir(cod)Cl], and 4 mol % of the phosphoramidite (R, /R, R)-L shown in Figure 1 in the
presence of CsF (1 equiv) gave product 4a in 20% yield. The reaction did not provide any
product 4a with other fluoride salts, such as KF or ZnF, (entries 2-3, Table 1). When the
reaction was conducted in the presence of soluble fluoride salts, such as TASF
[tris(dimethylamino)sulfonium difluorotrime-thylsilicate] or TBAT (tetrabutylammonium
triphenyldifluor-osilicate), only decomposition of the starting materials was observed
(entries 4-5, Table 1). The reaction with the combination of CsF (1 equiv) and 18-crown-6
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(1 equiv) as the additives also led to the decomposition of the starting materials (entry 6,
Table 1). However, the reaction with KF (1 equiv) and 18-crown-6 (1 equiv) as additives
provided product 4a in 81% yield and 94% enantiomeric excess (ee) (entry 7, Table 1).
Reactions with catalytic amounts of KF and with alternative basic additives will be
discussed later in this paper.

Table 2 summarizes the scope of allylic carbonates 1 that undergo the asymmetric allylation
with enol silane 2 under the developed conditions. Allylic substitution of silane 2 with a
variety of substituted cinnamyl carbonates gave the allylation products 4a—i in good yields
with high enantioselectivities. Allylic carbonates containing heterocycles were tolerated
under the reaction conditions. For example, reactions of the allylic carbonates substituted
with a furyl, pyridyl, or indolyl group gave products 4j-I, respectively, in 67-78% yield.
Alkenyl- and alkyl-substituted allylic carbonates also reacted to provide allylated products
4m-n, respectively, in 75-79% yield. In all cases, the allylated products were obtained with
>90% ee and >20:1 branched-to-linear selectivity. The absolute configuration of the
allylation product 4f was determined by single-crystal X-ray diffraction.

Allylic substitutions with enol silane 3 (Rawal's diene) derived from the vinylogous amide
were also explored, and the results are summarized in Table 3. In general, the reactions
occurred with a wide range of allylic carbonates, including cinnamyl carbonates containing
diverse electronic properties on the aryl ring, heteroaryl-substituted allylic carbonates,
alkenyl-substituted allylic carbonates, and alkyl-substituted allylic carbonates. These
reactions gave allylated products 5a—0 in 63-83% yield with 91-98% ee and >20:1
branched-to-linear selectivity (Table 3). Even the reaction of crotyl carbonate gave the
allylation product in good yield with high branched-to-linear ratio and high
enantioselectivity.

Sequential Pd-Catalyzed Isomerization and Ir-Cata-lyzed Asymmetric Allylic Substitutions

Ir-catalyzed asymmetric allylic substitutions of racemic, branched allylic esters (e.g., 6) are
valuable transformations because these branched substrates are readily accessible from
commercially available materials. However, Ir-catalyzed reactions of racemic, branched
allylic esters often occur with low enantioselectivities because the process occurs with
retention of configuration.11:15 To overcome this limitation, a sequential catalytic
isomerization and asymmetric allylic substitution process was previously developed to
convert racemic, branched allylic carbonates to allylated products with high enantiomeric
excess.16 To evaluate whether this reaction sequence could be applicable to the asymmetric
allylation with nucleophiles 2 and 3, a series of reactions with racemic, branched carbonates
6 were performed. The results are summarized in Table 4.

The isomerization reactions of branched cinnamyl carbonates 6 were conducted in the
presence of 1 mol % of Pd(dba), and 2 mol % PPhs. Typically, the process was complete
within 1-4 h, based on IH NMR analysis of the crude reaction mixture. After isomerization,
the reaction mixture was filtered through silica, and the resulting crude linear carbonate in
THF was subjected to the Ir-catalyzed allylic substitution with silanes 2 or 3 under the
standard reaction conditions. This reaction sequence provided the allylated products 4 and 5
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in 65-79% yield and 91-93% ee. Using this reaction sequence, racemic, branched cinnamyl
carbonates 6 were effectively converted to enantioen-riched products 4 and 5.

Mechanistic Studies: Investigation of the Role of the Additives

To probe the effect of KF and 18-crown-6 on the Ir-catalyzed enantioselective allylation
reaction, a series of experiments with methyl cinnamyl carbonate 1a and enol silane 2 were
conducted. As shown in Table 5, the reaction requires the presence of the catalyst and both
of the additives. When the catalyst or either additive was absent, the reaction did not provide
any of product 4a (entries 1-5, Table 5). However, reactions conducted with just 0.1 equiv of
KF occurred with yields and selectivities that are similar to those of reactions with 1 equiv
of KF (entry 6, Table 5). The reaction with catalytic amounts of both KF (0.1 equiv) and 18-
crown-6 (0.1 equiv) also afforded the allylated product 4a, albeit in a slightly lower yield
(entry 7, Table 5). Because a stoichiometric amount of KF is not required, it is unlikely that
a potassium enolate (derived from KF and enol silane 2) is the nucleophile in these
reactions. This assertion is supported by NMR spectroscopy. The IH NMR signals of enol
silane 2 did not change when silane 2 was treated with 1.0 equiv of KF and 1.0 equiv of 18-
crown-6 in gg-THF at 50 °C for 12 h.

We considered that KF could be facilitating the generation of the metallacyclic catalyst by
serving as a base. If so, other bases should be able to replace KF, the base would not be
needed in stoichiometric amounts, and a preformed metallacyclic Ir catalyst should be able
to catalyze the reaction without any additive. Studies with several different bases in varying
amounts are shown in Table 5. These studies showed that the allylic substitution with 0.1
equiv of KOMe and either 1.0 equiv or 0.1 equiv of 18-crown-6 provided allylated product
4a in 43-49% yield (entries 8-9, Table 5). A significant amount of cinnamy! alcohol was
also isolated from these reactions. When 4 mol % of KOMe and 0.1 equiv of 18-crown-6
were used, the amount of cinnamy! alcohol byproduct decreased to 11% (entry 10, Table 5).
The formation of cinnamyl alcohol was completely suppressed by utilizing the #butyl
cinnamyl carbonate as the electrophile, affording product 4a in 83% yield (entry 11, Table
5)_17

Finally, the reaction catalyzed by the preformed metallacyclic Ir catalyst 7 was performed.
The reaction of 1a and 3 catalyzed by 4 mol % of the Ir—ethylene complex 7 in the absence
of other additives formed the allylation product 5a in 62% yield and 93% ee (Scheme 1). On
the basis of these data, we conclude that KF, KOMe, and KO#Bu serve as bases to promote
the formation of the metallacyclic Ir catalyst, not as Lewis base to bind and activate the enol
silanes.

Stoichiometric Reactions of Ir-Allyl Complexes

To gain further insight into the mechanism of the reaction, Ir—allyl complex 8 was
synthesized,8f and stoichiometric reactions of complex 8 with enol silane 2 were performed
(Table 6). As expected, the stoichiometric reaction did not occur in the absence of the added
KF (entry 1, Table 6). However, the reaction also did not form the allylation product 4a
when the stoichiometric reaction was conducted in the presence of 1 equiv of KF and 1
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equiv of 18-crown-6 for 12 h at 50 °C (entry 2, Table 6). This result is consistent with the
conclusion that KF does not serve to activate enol silane 2 in the allylation reaction.

We hypothesized that the carbonate anion (generated from the oxidative addition of the
allylic carbonate in the catalytic reaction) activates enol silane 2. To probe this hypothesis,
stoichiometric reactions of Ir-complex 8 and enol silane 2 in the presence of 1 equiv of
BusNOAC as the additive were performed.18 This system led to complete decay of the 1H
NMR signals corresponding to allyl complex 8 after 30 min at ambient temperature and
formed a 1:0.3:1 mixture of the silyl ether of allylated product 9, allylated product 4a, and
cinnamyl acetate 10 (entry 3, Table 6). The same reaction conducted for 18 h formed a 1:0.4
mixture of 9 and 4a (entry 4, Table 6). The reaction conducted in the presence of 1.0 equiv
of KF, 18-crown-6, and BusNOACc gave a 1:0.5:1 mixture of 9, 4a, and 10 (entry 5, Table 6).
After 12 h at ambient temperature, 4a became the major component of the reaction mixture
(entry 6, Table 6). Product 4a was isolated in 78% yield, with >20:1 branched-to-linear
selectivity and 92% ee. These values are similar to those of the catalytic reaction shown in
Table 2, and are consistent with our hypothesis that the carbonate anion activates enol silane
2 for the subsequent addition to the allyliridium intermediate.

Resting State of the Catalyst in the Catalytic Reaction with the Catalyst Generated In Situ

To identify the resting state of the catalyst in these allylation processes, we monitored by 31P
NMR spectroscopy the reaction catalyzed by the system generated in situ from [Ir(cod)Cl],,
(Ra R, R)-L, KF, and 18-crown-6. The 31P spectra were recorded after 10 min, 1 h, 2 h, and
12 h at 50 °C. The 31P NMR spectra of this reaction indicated that the major iridium
complex in solution is complex A (6 115.6 ppm), which is catalytically inactive (Scheme 2).
In the presence of a base, cyclometalated Ir-complex B, which is the active catalyst for the
allylic substitution, is generated. However, complex B was not present in amounts detectable
by 31P spectroscopy. These data suggest that the equilibrium between the combination of
acyclic complex A and KF and the combination of cyclometalated complex B, KCI, and HF
lies to the side of complex A. Only a small amount of the active catalyst, complex B, is
generated.

These data also suggest that the rate of the reaction with a cyclometalated Ir-complex, such
as 7 in Scheme 1, should be significantly faster than the rate of the reaction with the catalyst
generated in situ. Indeed, when the reaction was conducted with 4 mol % Ir-ethylene
complex 7 as the catalyst, product 5a was obtained in 75% yield with 93% ee at ambient
temperature after 24 h. In contrast, the reaction with the catalyst generated in situ provided
the product in <5% yield at ambient temperature after 24 h (Scheme 2).

To evaluate the generality of reactions with the cyclometalated Ir—ethylene complex 7 as the
catalyst, reactions of several allylic carbonates were conducted, and the results are
summarized in Table 7. Reactions with electron-rich or electron-neutral cinnamyl carbonates
were complete in 24 h at ambient temperature (entries 1-3, Table 7). The rates of the
reactions with less-reactive substrates, such as electron-poor or alkyl-substituted allylic
carbonates, were slower at ambient temperature (entries 4-6, Table 7) but occurred to
completion in 12 h at 40 °C. In general, the yield and enantioselectivity of the products
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obtained from the reactions catalyzed by the cyclometalated Ir—ethylene complex 7 were
comparable to those with the catalyst generated in situ. It has been shown that allylic
substitution of 2-methoxy cinnamyl carbonate gave products with moderate
enantioselectivity.13° Under the reaction conditions described in Table 3, the allylation of 2-
methoxy cinnamyl carbonate with silane 3 provided product 5p in 76% yield with 80% ee.
In contrast, when the reaction was conducted at ambient temperature with the
cyclometalated Ir—ethylene complex 7 as the catalyst, product 5p was obtained in 87% yield
with 87% ee. The high reactivity of complex 7 allowed the reaction to be run at 0 °C, and at
this temperature, the enantiomeric excess of product 5p improved to 89% ee (entry 7, Table
7.

Reactions with Substoichiometric Alkoxide Activator

To assess the generality of the reactions with either KOMe/18-crown-6 or BusNOAC as the
additive, a set of reactions of several allylic carbonates with enol silanes 2 and 3 were
conducted, and the results are summarized in Tables 8 and 9. In general, allylic substitution
of enol silanes 2 and 3 proceeded smoothly with either KOMe/18-crown-6 or Bus;NOAC as
the additive. The allylated products were obtained in yields, enantioselectivities, and
branched-to-linear selectivities that were comparable to those obtained from the reactions
conducted with KF and 18-crown-6 as the additive.

Synthetic Applications of the Allylation of Danishef-sky and Rawal Dienes

Enantioenriched 1,1-diarylalkanes are present in many biologically active natural products
and pharmaceutical agents,1® such as methoxydalbergione and mimosifoliol as well as
Toviaz, Detrol LA, and Zoloft (Figure 2).29 Because of the importance of enantioenriched
1,1-diarylalkanes in the synthesis of natural products and pharmaceutical candidates,
significant effort has been devoted to the development of enantioselective methods to access
these molecules.?

Fesoterodine and tolterodine are antimuscarinic drugs that contain an enantioenriched 1,1-
diarylalkane structural motif (Figure 2). Many routes have been developed for the synthesis
of tolterodine,?0 In contrast, approaches to its closely related analogue, fesoterodine, the
active ingredient of Toviaz, are limited.22:23 The enantioenriched 1,1-diarylalkane structural
motif in tolterodine has been synthesized by several different asymmetric transformations,
including Rh-catalyzed asymmetric addition of arylboronic acids to coumarins and Pd-
catalyzed asymmetric cross coupling of aryl halides with alkyl boronates. These reactions
are conducted with commercially available arylboronic acids and aryl halides.20

However, these methods do not translate to the synthesis of fesoterodine because the
synthesis of this compound requires a polysubstituted aryl nucleophile or a polysubstituted
electrophile that is not commercially available. Therefore, a multistep preparation of the
requisite polysubstituted aryl halides or arylboronic acids would be required. In fact, almost
all the routes to prepare enantioenriched fesoterodine rely on kinetic resolution of a racemic
intermediate.22:23
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We envisioned an alternative strategy to construct the enantioenriched 1,1-diarylalkane motif
in fesoterodine that would be enabled by the iridium-catalyzed allylic substitution developed
in the current study. The substituted aryl group would be formed by a [4 + 2] cycloaddition
between a dienophile (e.g., ethyl propiolate) and a diene (e.g., 12), which would be derived
from compound 5, a product of asymmetric allylic substitution with a Rawal diene as
nucleophile (Scheme 3). The enantiomeric excess of compound 5 would translate to that of
the 1,1-diarylalkane cycloaddition adduct.

The synthesis of fesoterodine by this strategy is shown in Scheme 3. The vinylogous amide
5a was prepared according to the procedure described in Table 3. Compound 5a was then
converted into diene 12 with NaHMDS and TBSCI.2 [4 + 2] Cycloaddition of diene 12 and
ethyl propiolate at 50 °C in toluene provided 1,1-diarylalkane 13 in 77% yield from 5a.
DIBAL reduction of the ethyl ester of 13 gave alcohol 14, which was then protected as the
bis-TBS ether 15. Hydro-boration and oxidation of 15, followed by Dess—Martin oxidation2
of the resulting primary alcohol, afforded aldehyde 16 in 77% yield over two steps.
Reductive amination?® of aldehyde 16 with diisopropyl amine and NaBH(OAc)s, followed
by deprotection of the two fer-butyldimethylsilyl (TBS) groups with tetrabutylammonium
fluoride (TBAF), provided amine 17 in 76% yield. Amine 17 can be converted to
fesoterodine in one step by a procedure reported by Dirat and co-workers.22

Conclusion

In conclusion, we have developed the Ir-catalyzed enantioselective allylic substitution of
enol silanes derived from vinylogous esters and amides. Asymmetric allylation of a wide
variety of allylic carbonates with silanes 2 or 3 gave vinylogous esters 4 or amides 5 in good
yields with high enantioselectivities and excellent branched-to-linear selectivities.
Subsequent studies revealed that the additive KF does not bind to the enol silanes and
activate them for addition to the allyl intermediate. Instead, KF promotes cyclometalation to
generate the active iridacyclic catalyst. The carbonate anion, which was generated from the
oxidative addition of the allylic carbonate to the iridacycle, serves as the activator of the enol
silanes to trigger the subsequent nucleophilic addition.26 This conclusion allowed the
development of reaction conditions for the asymmetric allylation with enol silanes 2 and 3 in
the presence of acetate or alkoxide bases. The synthetic utility of this reaction was
demonstrated by the enantioselective synthesis of fesoterodine through a [4 + 2]
cycloaddition approach for the synthesis of the enantioenriched 1,1-diarylalkane. Further
studies with these nucleophiles are currently underway in this laboratory.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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B
. .
N N, H/\)V NMe: (Ray Ao Ro-L

Figure 1.
Proposed Ir-catalyzed enantioselective allylic substitution with Danishefsky's diene and

Rawal's diene.
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(R)-tolterodine (Detrol LA) fesoterodine O
cl (Toviaz) Me

Cl !

_NH
Me

OMe

OMe

sertraline (Zoloft) (R)-4-methoxydalbergione mimosifoliol

Figure 2.
Representive enantioenriched bisarylalkane containing natural products and

pharmaceuticals.
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oTBS Ph O
4 mol% 7, THF :
Ph"X"0oco,Me + N\NMez - - ”/\)J\/\NMez
1a 3 50°C, 12h 5a, 62%, 93% ee

)
(N
ov—ﬁ

Scheme 1. Allylic Substitution of 1a with Enol Silane 3 in the Presence of the Ir-Ethylene
Complex 7 as the Catalyst

JAm Chem Soc. Author manuscript; available in PMC 2017 March 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chen and Hartwig Page 14
KF, THF QQ

p—

o—\T—u"‘ +KCl + HF

18-crown-6

Me\‘/N
Ph Il:’h
A, resting state, 3'P: 115.6 ppm B
I OTBS Ph O
4 mol% 7 B
Ph” X" 0CO,Me + N\NMez . |(\/lv/\ NMe,
1a 3 THF 24h 1l 55 75%, 93% ee
OTBS 2 mol % [Ir(cod)Cll, Ph O
4 mol % (R)-L :
Ph/\/\OCOZMe + )\/\NMGZ - M%NMez
1a 3 KF, 18-crown-6 I 5a, < 5%
THF, rt, 24 h

Scheme 2. Analysis of the Identity and Reactivity of the Resting State of the Catalytic System?
4(1) Resting state of the reaction with the catalyst generated in situ.

(11) Comparison of the reaction at room temperature catalyzed by the cyclometalated
ethylene complex 7 and by the catalyst generated in situ.
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(Toviaz) Me

© o) 1) NaHMDS, -78 to -40 °C; @

H TBSCI, -78 °C to rt, THF :
\/\)J\//\ \/j@/COZEl

NMez 2) toluene, 50 °C

5 =CoH TBSO
13,77%
DIBAL : TBSCI, Im :
—_— —_—
THF, 0°C WOH DMF, rt \VDAOTBS
TBSO TBSO
14,89% 15, 96%

J

H
1. 9-BBN, THF then NaBO3 : 1D’|\|§EH58E\C?
(6] oTBS —M
2. Dess-Martin, CH,Cl, rt 2. TBAF, THF, rt
TBSO

16, 77% in two steps

: f 22 :
Me)\N/\/D/\OH &=, Me)\NMDAOH
Me)\Me HO Me)\Me (o)

Me
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(Toviaz) Me

Scheme 3. Enantioselective Synthesis of Fesoterodine
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Table 1
Evaluation of the Reaction Conditions for the Ir-Catalyzed Enantioselective Allylic

Substitution of Cinnamyl Carbonate 1a with Enol Silane 22

e imleeh g
PR ""0C0,Me + Z~0oMe — | ZoMe
18 2 53(1%[.'“1‘92% 4a
entry  additives yieldb % eeC
1 1.0 equiv CsF 20% N.D.
2 1.0 equiv KF N.R. N.D.
3 0.5 equiv ZnF, N.R. N.D.
4 1.0 equiv TASF decomp. N.D.
5 1.0 equiv TBAT decomp. N.D.
6 1.0 equiv CsF, 1.0 equiv 18-crown-6 decomp. N.D.
7 1.0 equiv KF, 1.0 equiv 18-crown-6 81% 94%

aReaction conditions: cinnamy| carbonate 1a (0.1 mmol, 1.0 equiv), enol silane 2 (0.2 mmol, 2.0 equiv), [Ir(cod)CI]2 (2 mol %), (Ra.RcRo)-L (4

mol %), tetrahydrofuran (THF) (0.2 mL), 50 °C, 12 h. TASF, [(MezN)gS]"’[SiMeng]‘; TBAT, [Bu4N]+[SiPh3F2]‘.

blsolated yields of 4a are listed. N.R., no reaction.

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Cee % of 4a was determined by chiral high-performance liquid chromatography (HPLC) analysis. N.D., not determined.
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Table 2
Scope of the Ir-Catalyzed Enantioselective Allylic Substitution of Allylic Carbonates 1

with Enol Silane 2&-d

1duosnuepy Joyiny 1duosnuely Joyiny

1duosnue Joyiny

oTMS 2mol % [Irfcod)Cll, R O
4 mol % (R)-L :
A" 0co,Me + “~0Me Z0Me
1 2 KF, 18-crown-6 | 4
THF, 50 °C, 12 h
FisC OMe
: i: [o] i o]
Il/\/u\/ | /“OME I OMe
4a, b:l > 50:1 4b, bl > 201 4c, bl = 501
81%, 94% ee 64%, 92% ee 69%, 95% ee
Me Cl Br
t_ o] = 0 = 0
| Z~0Me ”/\)I\//“ome lr\)k/\c,m
4d, b:l > 50:1 4e, bl > 50:1 4f, bl > 501
T7%, 95% ee 79%, 95% ee 71%, 96% ee
F Cl
“ o Z o
| | Zome Ir\)v‘om
4 bl > 50:1 4h, b:l > 2011 4i, bl =201
%, 96% ee 69%, 96% ee 72%, 94% ee
,Boc
o 0,
o
Z o Z o Z o
| Zome | Zome | ZoMe
4j, bl > 50:1 4k, bil > 20:1 41, bil > 50:1
67%, 95% ee 73%, 95% ee 78%, 93% ee
t 2
S e,
"/\.)v‘\ome "/\)k/ <
4m, bl > 20:1 4n bl>201
79%, 92% ee o, 90% ee Vo

aReaction conditions: allylic carbonate 1 (0.2 mmol, 1.0 equiv), enol silane 2 (0.4 mmol, 2.0 equiv), [Ir(cod)ClI]2 (2 mol %), (R4 R¢Rc)-L (4 mol

%), KF (1.0 equiv), 18-crown-6 (1.0 equiv), THF (0.4 mL), 50 °C, 12 h.

b . . . . . .
Branched-to-linear ratios (b:l) were determined by 14 NMR analysis of the crude reaction mixtures.

.. . .
Yields of isolated products are listed (the average of at least two runs).

Enantiose-lectivities were determined by chiral HPLC analysis.
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Scope of the Ir-Catalyzed Enantioselective Allylic Substitution of Allylic Carbonates 1

with Enol Silane 3&d

Table 3

2 mol % [Ir(cod)Cll, R o
4 mol % (R)-L

RN 0coMe + > NMe, ZNMe,
1 KF, 18-crown-6 | 5
THF, 50 °C, 12 h
@ 0 S
Y o F Y (0] N4 @]
| ZNMe, | ZNMe, | ZNMe,
5a, b:l > 50:1 5b, b:l > 20:1 5c, b:l > 20:1
79%, 92% ee 69%, 91% ee 65%, 97% ee
F Cl Br
i o] 7 0 i o]
ZNMe, H/\)‘v/\NMe2 | ZNMe,
5d, b:l > 20:1 5e, b:l > 50:1 5f, b:l > 50:1
73%, 95% ee 72%, 93% ee 72%, 91% ee
FsC Me OMe
f\/. o} 7 0 i o}
™ NMe, ‘(\)J\/\ NMe, 2 NMe,
5g, b:l >20:1 5h, b:l > 50:1 5i, b:l > 20:1
63%, 92% ee 80%, 94% ee 69%, 94% ee
Cl
OMe Cl %,Boc
Cr )
Z o Z o Z o
| > NMe, ‘(\)‘\/\ NMe, | ZNMe,
5j, b:l > 50:1 5k, b:l > 20:1 51, b:l > 50:1

72%, 96% ee

0
:/o

| : S NMe,

5m, b:l > 50:1
68%, 98% ee

75%, 92% ee

> NMe,

5n, b:l > 20:1
69%, 98% ee

83%, 94% ee
Me
N o

”/\)v\ NMe,

50, b:l > 20:1
68%, 93% ee

1duosnuey Joyiny

1duosnuen Joyiny

aReaction conditions: allylic carbonate 1 (0.2 mmol, 1.0 equiv), enol silane 3 (0.4 mmol, 2.0 equiv), [Ir(cod)ClI]2 (2 mol %), (R4 RcRc)-L (4 mol
%), KF (1.0 equiv), 18-crown-6 (1.0 equiv), THF (0.4 mL), 50 °C, 12 h.

bBranched—to—Iinear product ratios (b:l) were determined by 14 NMR analysis of the crude reaction mixtures.
C: . .
Yields of isolated products are listed (the average of at least two runs).

Enantiose-lectivities were determined by chiral HPLC analysis.
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Table 4
Sequential Pd-Catalyzed Isomerization of Branched Allylic Carbonates 6 and Ir-

Catalyzed Asymmetric Allylic Substitutions?

OCO2Me 1 mol % Pd(dba)s, 20r3 oo 9
Ar)\/ > Ar/\/\OCOQMe e ”/\)v\ R'
Ir], THF
6 2 mol % PPhg, THF 1 (Ir] 4or5
Me Cl
:: (o] Y 0] Y (o]
| /\OMB | /\OMe | /\OMe
4a, b:l > 20:1 4d, b:l > 20:1 4e, b:l > 20:1
79%, 92% ee 69%, 91% ee 65%, 93% ee
Me Cl
:: 0 e 0
Z>NMe, | Z>NMe, Z>NMe,
5a, b:l > 20:1 5h, b:l > 20:1 5e, b:l > 20:1
73%, 92% ee 72%, 93% ee 72%, 91% ee

aReaction conditions. Step 1: allylic carbonate 6 (0.4 mmol), Pd(dba)2 (1 mol %), PPh3 (2 mol %), THF, rt. Step 2: enol silane 2 or 3 (0.8 mmol,
2.0 equiv), [Ir(cod)CI12 (2 mol %), (RaRcRe)-L (4 mol %), KF (1 equiv), 18-crown-6 (1 equiv), THF (0.8 mL), 50 °C, 12 h.
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Table 5
Evaluation of the Effect of Additives on the Ir-Catalyzed Enantioselective Allylic

Substitution of Carbonate 1a with Enol Silane 2&P

oTMS 2mol % [Irfcod)Cll,  Ph O
PN NOCOMe + N‘omd mol % (A)-L, THF  : ~ome
1a 2 additives | 4a
50°C,12h
entry  additives yield
1 1.0 equiv KF, 1.0 equiv 18-crown-6 81%
2 no additives (no KF and 18-crown-6) N.R.
3 no catalyst, 1.0 equiv KF, 1.0 equiv 18-crown-6 N.R.
4 1.0 equiv KF, no 18-crown-6 N.R.
5 no KF, 1.0 equiv 18-crown-6 N.R.
6 0.1 equiv KF, 1.0 equiv 18-crown-6 76%
7 0.1 equiv KF, 0.1 equiv 18-crown-6 69%
8 0.1 equiv KOMe, 1.0 equiv 18-crown-6 43%
9 0.1 equiv KOMe, 0.1 equiv 18-crown-6 49%
10 4 mol % KOMe, 0.1 equiv 18-crown-6 69%
11€ 4 mol % KOMe, 0.1 equiv 18-crown-6 83%
12 0.1 equiv KOt-Bu, 0.1 equiv 18-crown-6 23%

aReaction conditions: cinnamy| carbonate 1a (0.1 mmol, 1.0 equiv), enol silane 2 (0.2 mmol, 2.0 equiv), [Ir(cod)CI]2 (2 mol %), (Ra.RcRo)-L (4
mol %), THF (0.2 mL), 50 °C, 12 h.

blsolated yields were listed.

c . .
tButyl cinnamyl carbonate was utilized.
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Table 6
Stoichiometric Reactions of Ir-Allyl Complex 8 with Enol Silane 2

oTMS dy-THF
—_—
Z“0Me conditions
2

10
entry conditions ratio (9/4a/10)
1 no KF, 1.0 equiv 18-crown-6, 50 °C, 12 h N.R.
1.0 equiv KF, 1.0 equiv 18-crown-6, 50 °C, 12 h N.R.
no KF, no 18-crown-6, 1 equiv BusNOACc, rt, 0.5 h 1:0.3:1
no KF, no 18-crown-6, 1 equiv BuyNOAC, rt, 18 h 1:0.4:0

1.0 eq KF, 1.0 eq 18-crown-6, 1 eq BuyNOAc, rt,0.5h  1:0.5:1

o 0~ W N

1.0 eq KF, 1.0 eq 18-crown-6, 1 eq BuyNOAc, rt, 12h  0:10:1
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Table 7
Enantioselective Allylic Substitution with Ethylene Complex 7 as the Catalyst®d

OTBS R (0}
4 mol % 7, THF :
RTX>"NocoMe + NNMeZ > 2> NMe,
or40°C,12h
Me OMe

© Q H Q H Q
| ' ™ NMle, |(\)J\/\NMe2 ‘ ' ZNMe,

5a, b:l > 50:1 5h, b:l > 50:1 5i, b:l > 50:1
75%, 93% ee 88%, 94% ee 86%, 95% ee
FsC
Me
<0 Me O l\ o]
| /\NMGZ |(\)’J\/\NMe2 |(\)J\/\NM62
59, b:l > 50:1 5n, b:l > 20:1 50, b:l > 20:1
73%, 92% ee 71%, 96% ee 75%, 94% ee
conditions in Table 3
b:l>50:1
MeO 2 (o) 76%, 80% ee
with catalyst 7, rt, 24 h  with catalyst 7, 0 °C, 48 h
| 7 “NMe; bl 50:1 bil > 50:1
5p 87%, 87% ee 70%, 89% ee
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aReaction conditions: allylic carbonate 1 (0.2 mmol, 1.0 equiv), enol silane 3 (0.4 mmol, 2.0 equiv), 7 (4 mol %), THF (0.4 mL), rt for 24 h or

40 °C for 12 h.
bBranched-to-Iinear product ratios (b:l) were determined by 14 NMR analysis of the crude reaction mixtures.
cheIds of isolated products are listed.

dEnantioseIectivities were determined by chiral HPLC analysis.
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Table 8
Ir-Catalyzed Enantioselective Allylic Substitution with KOMe and 18-Crown-6 as the
Additives®®
O[Si] 2 mol % [Ir(cod)Cl]> R o)

4 mol % (R)-L :
R/\/\OCOQI'BU + N\R' - (\)k/\R'

10 mol% 18-crown-6 ors
THF, 50 °C, 12 h

Me OMe
: 0 0 0
| /\OMe | /\OMe | /\OMG
4a, b:l > 50:1 4d, b:l > 50:1 4c, b:l > 20:1
83%, 93% ee 74%, 95% ee 73%, 93% ee
Me OMe
:: o} 2 (0] 7 0]
Z > NMe, Z " NMe, | Z > NMe,
5a, b:l > 50:1 5h, b:l > 50:1 5i, b:l > 20:1
74%, 93% ee 78%, 93% ee 77%, 94% ee
Me
Me O l\ o)
”/\)J\/\OMe ”/\)JV/\OMe
4n, b:l > 20:1 4m, b:l > 20:1

68%, 89% ee

72%, 91% ee

aReaction conditions: allylic carbonate 16 (0.2 mmol, 1.0 equiv), enol silane 2 or 3 (0.4 mmol, 2.0 equiv), [Ir(cod)CI]2 (2 mol %), (RaRcRc)-L (4
mol %), KOMe (4 mol %), 18-crown-6 (10 mol %), THF (0.4 mL), 50 °C, 12 h.

bBranched—to—Iinear product ratios (b:l) were determined by 14 NMR analysis of the crude reaction mixtures.
C,. . .

Yields of isolated products are listed.

Enantioselectivities were determined by chiral HPLC analysis.

e - . . .
£Butyl allyl carbonates 11 were utilized to suppress the formation of allylic alcohol side products.
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Ir-Catalyzed Enantioselective Allylic Substitution with BusNOAc as the Additivead

0O[Si] 2 mol % [Ir(cod)Cl], R O
4 mol % (R)-L :
R/\/\OCOZMe + N\R. - ’/\)k/\R,
1 20r3 10 mol% Buy,NOAc ‘ 4or5
THF, 50 °C, 12 h
Me OMe
:: o] e < 0
| Z>0Me |M%0Me | Z0Me
4a, b:l > 20:1 4d, b:l > 20:1 4c, b:l > 20:1
72%, 92% ee 70%, 93% ee 63%, 95% ee
Me OMe
: 0 0 <0
| Z>NMe, Z>NMe, | Z>NMe,
5a, b:l > 20:1 5h, b:l > 20:1 5i, b:l > 20:1

72%, 91% ee

|(-\)J\/\OM9

4n, b:l > 20:1
62%, 90% ee

68%, 94% ee

Ve

o)

H/-\)V/\OMe

4m, b:l > 20:1
67%, 95% ee

620/0, 92% ee

aReaction conditions: carbonate 1 (0.2 mmol, 1.0 equiv), enol silane 2 or 3 (0.4 mmol, 2.0 equiv), [Ir(cod)CI]2 (2 mol %), (RaRcRc)-L (4 mol
%), BugNOAC (10 mol %), THF (0.4 mL), 50 °C, 12 h.

bBranched—to—Iinear product ratios (b:l) were determined by 14 NMR analysis of the crude reaction mixtures.

CYieIds of isolated products are listed.

Enantioselectivities were determined by chiral HPLC analysis.
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