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Highly enantioselective catalytic intramolecular ortho-alkylation of aromatic imines containing
alkenyl groups tethered at the meta position relative to the imine directing group has been achieved
using [RhCl(coe),], and chiral phosphoramidite ligands. Cyclization of substrates containing 1,1-
and 1,2-disubstituted as well as trisubstituted alkenes were achieved with enantioselectivities >90%
ee for each substrate class. Cyclization of substrates with Z-alkene isomers proceeded much more
efficiently than substrates with E-alkene isomers. This further enabled the highly stereoselective
intramolecular alkylation of certain substrates containing Z/E-alkene mixtures via a Rh-catalyzed
alkene isomerization with preferential cyclization of the Z-isomer.

Introduction

Transition metal catalyzed carbon-hydrogen (C-H) bond activation? is one of the most
powerful strategies for carbon—carbon (C-C) bond formation. Because the C—H bond is
ubiquitous in organic substances, this method has broad potential. Moreover, direct conversion
of C-H bonds into C-C bonds without intermediate pre-activation should shorten reaction
sequences and reduce waste resulting in environmental benefits. Finally, catalytic C-H
activation should enable novel bond connections to rapidly give rise to structurally complex
molecules. In spite of these attractions, challenges in both the reactivity and selectivity for
these transformations remain.

Following Murai’s ground-breaking discovery of Ru-catalyzed chelation-assisted alkylation
of aromatic ketones,2 Jun reported that the scope of the reaction could be extended to
isomerizable alkenes by the use of an imine directing group and Rh-catalyst.3 Previous work
in our group extended this chemistry to intramolecular reactions, which showed significantly
broadened reaction scope over intermolecular coupling reactions.% For example, substrates
with di- and even trisubstituted alkenes underwent cyclization, and aromatic aldimines and
ketimines with heteroatom tethers such as vinyl ethers, allylic ethers, and allylic amines, also
reacted cleanly. The synthetic utility of this transformation was demonstrated in its allgpplication
to the synthesis of potent biologically active natural products and drug candidates.
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Examples of effective enantioselective catalytic C—H bond functionalizations are rare despite
the high degree of activity in this area.5 Murai reported a chelation-assisted enantioselective
alkylation utilizing the pyridine directing group in the intramolecular coupling of olefinic C—
H bonds with alkenes; however, this transformation proceeds with only modest ee’s.” While
the cyclization of the analogous imidazolyl-1,5-diene gave significantly higher
enantioselectivities, the reaction is limited in generality.7 The atropselective alkylation of 2-
arylpyridines by transition metal-catalyzed C-H functionalization has also been reported
although the ee did not exceed 49%.8 More recently Widenhoefer has reported the
enantioselective platinum-catalyzed intramolecular alkylation of indoles tethered to
unactivated terminal alkenes with selectivities up to 90% ee.9 On the other hand, high
stereoselectivity and broader substrate scope have been obtained in intramolecular
hydroacylation as initially reported for the cyclization of 4-pentanals into g-substituted
cyclopentanones.10 In addition, Yu has very recently also reported on the Pd-catalyzed
enantioselective alkylation of diphenyl(2-pyridyl%methane with alkylboronic acids using
monoprotected amino acids as the chiral ligands.

We previously communicated the catalytic enantioselective alkylation of aromatic ketimines
with tethered 1,1-disubstituted alkenes (eq 1),12 which represented one of the first highly
enantioselective catalytic reactions involving aromatic C H bond activation. Herein, we
disclose the full details of this work and further report on ligand optimization that has enabled
greatly expanded substrate scope, including the intramolecular hydroarylation of 1,2-
disubstituted and 1,1,2-trisubstituted alkene substrates. Cyclization of substrates with Z-alkene
isomers proceeded much more efficiently than substrates with E-alkene isomers. This further
enabled the highly stereoselective intramolecular alkylation of certain substrates containing
Z/E-alkene mixtures via a Rh-catalyzed alkene isomerization with preferential cyclization of
the Z-isomer.

BnN BnN
5 mol% [RhCl(coe),],
15 mol% L*

*
XJLR < R

X =CHs. O up to 96% ee

(1)

Results and Discussion

A. Enantioselective Cyclization of 1,1-Disubstituted Alkenes

A.1. Ligand Screening—We initiated our study by testing the cyclization of alkene 1 using
Rh complexes with various ligands in order to identify the optimal ligand for this reaction. Our
efforts focused on chiral monodentate Iigands13 because catalysts derived from chelating
phosphines were inefficient for this reaction.# Of the range of chiral monodentate phosphines
screened (Chart 1), only phosphoramidites gave acceptable enantioselectivities. A brief
summary of results for chiral phosphoramidites and the structurally related TADDOL-based
ligands is given in Table 1.

High enantioselectivities and complete conversions were obtained with the (S)-binol-derived
phosphoramidites with a bulky amine substituent (L9 — 11, entries 11, 14, and 15). Alkene 1
cyclized quantitatively in the presence of 5 mol% [RhCI(coe),], and 15 mol% L10 to give 2
in 88% ee within 2 hours at 125 °C. In contrast, (—)-TADDOL-based phosphites L1 — 3 (entries
1-13), (-)-TADDOL-based phosphonite L4 (entry 4), (S)-binol-derived phosphites L5 (entry
5), and phosphoramidites L6 — 8 (entries 6 — 8) that incorporate unhindered secondary amines
all proved to be ineffective catalysts, giving either poor conversions, poor ee’s, or both. Both

J Org Chem. Author manuscript; available in PMC 2009 September 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Harada et al.

Page 3

diastereomeric ligands L10 and L11 afforded the same enantiomer in the same yield and with
comparable enantioselectivities (entries 14 and 15). These data, combined with the result that
L9, bearing an achiral amine substituent, also gave the same sense of induction (entry 11),
indicates that the chirality of the binaphthyl moiety is primarily responsible for the asymmetric
induction and that the sterics of the amine substituent, rather than its chirality, contribute to
the overall induction and catalyst efficiency.

A.2. Further Optimization of Reaction Parameters—The ratio of ligand to Rh had a
significant effect on the reaction efficiency. The optimal phosphoramidite to Rh ratio for the
cyclization of 1 was found to be between 1:1 and 1.5:1. Increasing this ratio dramatically
inhibited the reaction (Table 1, entries 9 — 13). Similar results have been observed in Rh-
catalyzed hydrogenation using phosphoramidite ligands. 14

To further enhance the enantioselectivity, the reaction temperature was lowered using ligands
L9, L10, and L11, which all gave quantitative cyclizations of 1 at 125 °C (Table 1). Indeed,
at 50 °C, 1 cyclized using L10 in 95% ee and 94% yield in only 9 hours (Table 2, entry 2).
Increases in enantioselectivities were also obtained using ligands L9 and L11 at lower
temperatures, although the reactions were significantly slower (Table 2, entries 1 and 3).

A.3. Substrate Scope—To explore the scope of this enantioselective cyclization, substrates
3,5, 7, and 9 were evaluated using the optimal ligands L9, L10, and L11 (Table 2). These
substrates cyclized in nearly quantitative yields under the optimal conditions for each substrate.
Ligands L10 and L11 consistently gave faster reaction rates than L9. Ligands L10 and L11
also showed higher enantioselectivities for all substrates except the sterically encumbered silyl
substrate 3, for which the least hindered ligand L9 gave the optimal result (70% ee, entry 4).

Vinyl ether 9 exhibited the most efficient reaction of all the substrates explored. Even at room
temperature the reaction proceeded cleanly with ligand L10 giving the desired product
(R)-10 in high yield and with 96% ee (entry 16). Ligand L11 afforded a less efficient catalyst
but provided the same high level of selectivity as that obtained with diastereomer L10 (entry
18).

A4. Applications of Enantioselective Cyclizations of 1,1-Disubstituted Alkene
Substrates—The substrate examples shown above demonstrate the utility of this
methodology for the synthesis of a diversity of chiral products including chiral indanes,
dihydropyrroloindoles, and dihydrobenzofurans. In addition, the cyclization of alkene 3
enables the introduction of a hydroxyl group, as the SiMe,Ph functlonallty can be oxidized
with retention of configuration using the conditions developed by Flemlng and Tamao.16
Phenylsilane (S)-11 was converted to the fluorosilane, which was cleanly OX|d|zed using mild
hydrogen peroxide conditions to give (S)-12 in 92% overall yield (eq. 2) 2 Furthermore, we
also applied the enantioselective cyclization methodology to the asymmetric synthesis of the
potent protein kinase C inhibitor tricyclic indole 15 (eq. 3) In the course of the synthesis, a
key intermediate 14 was prepared in 61% yield and 90% ee by the cyclization of alkene 13.
This synthesis is noteworthy not only because it provided much more efficient entry to inhibitor
15, but also because it represents the first example of the enantioselective catalytic cyclization
of an aldimine rather than a ketimine substrate.

0 0]
1) HBF,, ELO/CH,Cly
SiMe,ph  2) KF. H0, KHCO; -
92%

($)-11 (8)-12
()
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B. Enantioselective Cyclization of 1,2-Disubstituted Alkenes

Next, our study focused on 1,2-disubstituted alkenes, which were more difficult substrates for
enantioselective cyclization because Z/E-alkenes isomerization occurs at rates that are
competitive with cyclization.

B.1. Initial Evaluation of Olefin Isomers—We began our study on 1,2-disubstituted
alkene substrates by examining which of three isomeric alkenes, 16, 17, and 18, provided the
2,3-dihydro-3-methylbenzofuran product 19 with the greatest efficiency and selectivity (Table
3). We also monitored alkene isomerization as the reactions proceeded. Z-Alkene 18 was the
best substrate with respect to both yield and enantioselectivity (entry 3). Alkene 18 cyclized
in the presence of 10 mol% [RhClI(coe),]» and 20 mol% L10 to give (R)-19 in 82% yield and
85% ee in 96 hours at 50 °C. None of the benzopyran that might be produced upon isomerization
of the alkenyl group from vinyl to allyl was seen. Much lower yield and enantioselectivity were
observed in the reaction of allyl substrate 16 (entry 1). Reaction of E-alkene 17 was slower
than that of the Z-isomer 18 (entry 2). However, both isomers gave the same stereoselectivity,
and Z/E isomerization of the substrate was observed during the cyclizations of both 17 and
18 (entries 2 and 3). It is therefore likely that regardless of the Z or E stereochemistry of the
starting material, cyclization proceeded through the Z-alkene.

B.2. Ligand Screening—We next screened various phosphoramidite ligands (Chart 1)13
for enhancing the enantioselectivity of the reaction using Z-alkene 18 as a substrate (Table 4).
N,N- Diisopropylphosphoramidite L9 provided high yield and the highest enantioselectivity
among the (S)-binaphthy! type of ligands (76% yield, 87% ee, entry 2). N,N-
Dicyclohexylphosphoramidite L12 showed lower selectivity (77% ee, entry 5) compared to
L9. Increased steric hindrance as exemplified by the N-tert-butyl, N-isopropylphosphoramidite
L13 (entry 6) resulted in a dramatic decrease in yield as did the less hindered N,N-
dibenzylphosphoramidite L8 (entry 1). Ligand L11, the diastereomer of L10, provided lower
yield but the same stereoselectivity as L9 and L10 (61% yield, 85% ee, entry 4). These results
indicate that the stereoselectivity is predominantly controlled by the diol moiety of the
phosphoramidite ligands, in analogy to what was observed in the reaction of 1,1-disubstituted
alkenes. Accordingly, the chiral diol was varied, keeping the diisopropylamino group intact.
(S)-Octahydrobinaphthol-based ligand L.18 gave the best result (82% yield and 91 % ee, entry
11). (S)-Dimethylbinaphthol-based ligand L14 also resulted in increases in enantioselectivity
(90% ee, entry 7), and the (S)-VANOL-based ligand L16 (entry 9) and the (S)-VAPOL-based
ligand L17 (entry 10) accelerated the cyclization; however, none of these were better than
L18 overall. The hindered (S)-biphenol-, (S)-octahydrobinaphthol-, and (-)-TADDOL-based
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ligands, L15 (entry 8), L20 (entry 13), and L21 (entry 14), respectively, all gave dramatically
reduced yields.

B.3. Further Optimization of Reaction Parameters—In the interest of exploring
reaction efficiency, we further investigated the reaction conditions using 18 as a substrate and
L18asaligand (Table 5). Increasing the temperature from 50 to 75 °C accelerated the reaction
and resulted in only a modest reduction in selectivity (entry 2). Although high
enantioselectivities were obtained in all solvents that were investigated (entries 1, 3, and 4),
1,4-dioxane provided both the fastest reaction and the highest conversion (entry 4).

B.4. Substrate Scope—We also studied the scope of 1,2-disubstituted alkenes in this
enantioselective cyclization reaction using the optimal ligands (Table 6). The ethyl-, i-butyl-,
and phenyl-substituted substrates 20, 22, and 24 all cyclized with high enantioselectivities
(entries 2 —4). In the reactions of aldimine substrate 26, enantioselectivities were high, but the
yields were much lower than for the corresponding ketimine substrate 18 regardless of ligand
used (entries 5 — 7). In addition, L19 rather than L18 provided the highest enantioselectivity
for the cyclization of aldimine substrate 26 (87-89% ee, entry 7).

C. Stereoselective Cyclization of 1,1,2-Trisubstituted Alkenes

Finally, we explored the challenging stereoselective cyclization of 1,1,2-trisubstituted alkenes,
in which two stereocenters would be set. We began our investigation with olefin isomers 28
and 29. We again monitored not only conversion to product but also alkene isomerization
(Table 7). Reaction of the E-alkene isomer 28 using L16 in toluene at 75 °C for 68 hours gave
30 in modest yield and with low enantioselectivity (40% yield and 31% ee, entry 1). In contrast,
afaster reaction that resulted in a higher yield and enantioselectivity was observed for substrate
29, which was a 4:1 mixture of Z and E isomers (81% yield and 69% ee, entry 2). The
enantioselectivity of the reaction was increased by lowering the reaction temperature and by
using 1,4-dioxane as the solvent (80% ee, entry 3). Ligands L18 and L19 resulted in additional
increases in enantioselectivity, although the reaction efficiency was lower than that observed
for L16 (entries 4 and 5). The highest selectivity was achieved with L19 (91% ee, entry 5),
and with this ligand, the E-isomer 28 was completely unreactive to either cyclization or alkene
isomerization. Additionally, trisubstituted alkene substrate 31 also cyclized to yield (2S,
3R)-32 with high enantioselectivity, although a higher reaction temperature was required in
this case (Table 6, entry 9). Interestingly, cyclization of the 1,1,2-trisubstituted alkene
substrates 29 and 31, which were Z/E mixtures, gave only the syn-isomer products as
determined by NMR and X-ray structural analysis (see Supporting Information and Section
D), further indicating that when Z/E mixtures of trisubstituted alkene substrates are used only
the Z-alkene isomer, which is expected to give the syn-product, cyclizes.

D. Determination of Absolute Configuration for Cyclization Products

The absolute configuration of the two cyclization products, (R)-19 and (2R,3R)-30, were
determined by X-ray crystallography after their derivatization. The N-benzylimine (R)-19 was
hydrolyzed under acidic conditions and the resulting ketone was converted to the N-sulfinyl
imine (Sg,R)-33 by condensation with (S)-2,4,6-trimethylbenzenesulfinamide (Figure 1).
(2R,3R)-30 was similarly derivatized to hydrazone (2R,3R)-34 (Figure 2). CIF files for the X-
ray crystal structures of (Ss,R)-33 and (2R,3R)-34 are provided in the Supporting Information.
The absolute stereochemistry of the representative cyclized products was thus determined to
be (R)-19 and (2R,3R)-30. The absolute configurations of (R)-21, (R)-23, (R)-25, (R)-27, and
(2S,3R)-32 were assigned by analogy to the absolute configurations of (R)-19 and (2R,
3R)-30.
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E. Mechanistic Discussion

Phosphoramidites have recently gained prominence as ligands for asymmetric catalysis due to
their remarkable effects in catalytic asymmetric conjugate additions/ and Rh-catalyzed
hydrogenation reactions.14 The exceptional rates and stereoselectivities observed may be
attributed to the unique binding properties of the phosphoramidite ligands, which include ¢
donation to the metal center and enhanced = acceptor ability compared to phosphines.

The results presented in Table 1 (entries 9 — 13), which display the effect of the ligand-to-Rh
ratio, strongly suggest that only one ligand is bound to one Rh center throughout the catalytic
cycle. Excess ligand most likely generates an inactive Rh species having more than one
phosphoramidite ligand bound. This conclusion is also supported by the fact that
phosphoramidites bind very strongly to Rh as a result of their & acceptor properties.14 Thus,
it seems likely that multiple phosphoramidite ligands on a Rh center could render it inactive.

Based on our results, and in accordance with the catalytic cycle described by Junl8 for the
analogous intermolecular reaction, a possible catalytic cycle is given in Scheme 1. Pre-
coordination of the imine and successive C—H oxidative addition to the Rh center would
generate a Rh—H complex 35. Coordination of the alkenyl group to the metal, followed by
migratory insertion of the double bond into the Rh—H bond, would provide metallacycle 36,
which can then undergo reductive elimination to afford the product. Deuterium labeling studies
performed by Jun and coworkers on the analo%ous intermolecular reaction indicate that the
reductive elimination step is rate-determining. 8

The stereoselectivities are presumably due to highly diastereoselective migratory insertion.
The fact that both Z- and E-isomers of 1,2-disubstituted alkenes give the same selectivity (Table
3, entries 2 and 3) can be rationalized by the observation that the E-olefin isomer was converted
to the Z-isomer during the reaction, which could then react. The trisubstituted E-alkene
substrate 28 reacted much more slowly and with lower selectivity than that of the corresponding
substrate 29 with a 4:1 Z- to E-isomer ratio (Table 7, entries 1 and 2). This lower selectivity
can perhaps be explained by isomerization of the double bond from vinyl to allyl, which then
cyclized with decreased selectivity, similar to that observed in the reaction of 16 (Table 3, entry
1).

Conclusions

In summary, we have developed a highly stereoselective intramolecular hydroarylation of
alkenes via directed C H bond activation using a Rh/chiral phosphoramidite catalyst system,
which represents a very rare example of an enantioselective catalytic reaction involving
aromatic C H bond activation.

Moreover, the identified catalyst system enables the intramolecular alkylation reaction to
proceed at low temperatures, leading to increased selectivity. Finally, good substrate scope
was achieved with 1,1- and 1,2-disubstituted as well as 1,1,2-trisubstituted alkenes all serving
as effective substrates. For the cyclization of the 1,2-disubstituted and 1,1,2-trisubstituted
alkenes, the Z-alkene isomers were much more effective substrates than the corresponding E-
isomers. This stereoselective catalytic transformation provides access to a range of chiral
indanes, dihydrobenzofurans, and dihydropyrroloindoles with different substitution patterns
and therefore should be applicable to the asymmetric synthesis of a range of biologically active
compounds.
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Experimental Section

General procedure for 1H NMR experiments

In a glovebox, to a medium-walled NMR tube was added a mixture of [RhCl(coe),], (0.005
mmol, 10 mol%), phosphoramidite ligand (0.010 mmol, 20 mol%) in 0.40 mL of solvent, and
a solution of imine (0.050 mmol) and 2,6-dimethoxytoluene internal standard (0.010 mmol)
in 0.10 mL of solvent. The tube was fitted with a Cajon adapter, the mixture was frozen using
liquid N5, and then the tube was flame sealed under vacuum. The NMR tube was then placed
in oil bath heated to the appropriate temperature and the progress of the reaction was monitored
periodically by TH NMR spectroscopy. After the indicated reaction time, the sealed tube was
opened and the mixture was concentrated. The residue was dissolved in a small amount of
methylene chloride, silica gel was added, and the mixture was concentrated to dryness. The
residue was subjected to silica gel column chromatography and eluted with a 1:20 mixture of
ethyl acetate and hexanes for chiral HPLC analysis. Racemates for HPLC analysis were
prepared as crude material by using PCys or FcPCy; as a ligand instead of a chiral
phosphoramidite.

(R)-1-(3-Methyl-2,3-dihydrobenzofuran-4-yl)ethanone ((R)-48) [Table 6, entry 1]

In a glovebox, to a medium-walled NMR tube was added a mixture of [RhCl(coe),], (3.6 mg,
0.0050 mmol) and (S)-diisopropyl-(8,9,10,11,12,13,14,15-octahydro-3,5-dioxa-4-
phosphacyclohepta[2,1-a;3,4-a'ldinaphthalen-4-yl)amine (4.2 mg, 0.0099 mmol) in 1,4-
dioxane (0.40 mL) and a solution of benzyl-[1-{3-[((Z)-propenyl)oxy]phenyl}ethylidene]
amine (13.4 mg, 0.0505 mmol) in 1,4-dioxane (0.10 mL). The tube was fitted with a Cajon
adapter, the mixture was frozen, and then the tube was flame sealed under vacuum. The NMR
tube was then placed in oil bath heated to 50 °C for 48 h. After the reaction, the sealed tube
was opened and the mixture was concentrated. To the residue were added 1,4-dioxane (0.50
mL) and concentrated HCI/H,O (1/1) (0.50 mL). The mixture was stirred at room temperature
for 3 h and then extracted with diethyl ether four times. The combined organic layer was
concentrated and the residue was purified by silica gel column chromatography (silica gel: 15
mL, eluted with 20:1 hexanes/ethyl acetate) to give the title compound as a colorless oil (6.3
mg, 71% yield). IR (ZnSe, thin film) vay (cm™1): 1680, 1584, 1442, 1355, 1256, 1236. 1H
NMR (400 MHz, CDCl3): 6 7.38 (d, J = 8.0 Hz, 1H), 7.23 (t, J = 8.0 Hz, 1H), 6.99 (d, J = 8.0
Hz, 1H), 4.54 (t, J = 8.6 Hz, 1H), 4.29 (dd, J = 2.8, 8.6 Hz, 1H), 4.04-3.96 (m, 1H), 2.60 (s,
3H), 1.24 (d, J = 6.8 Hz, 3H). 13C{*H} NMR (100 MHz, CDCl3): § 199.0, 160.5, 133.8, 133.6,
128.2,122.1, 114.1, 79.0, 37.0, 28.1, 20.1. HRMS (EI): m/z calcd. for C11H1505 (M*):
176.08373; found: 176.08366. Chiral HPLC (Chiralcel AS column, 1% iPrOH/hexanes, 1mL/
min): major, 6.41 min; minor, 5.90 min; 90% ee. [o]p2® +135.35 (c 0.99, CHCl3). Maximum
value based upon sample enantiomeric purity: [a]p2° +150.39 (¢ 0.99, CHCI3).

By a similar procedure starting from benzyl-[1-{3-[((2)-propenyl)oxy]phenyl}ethylidene]
amine (132.8 mg, 0.5005 mmol), [RhCI(coe)s]» (36.0 mg, 0.0502 mmol), and (S)-diisopropyl-
(8,9,10,11,12,13,14,15-octahydro-3,5-dioxa-4-phosphacyclohepta[2,1-a;3,4-a']
dinaphthalen-4-yl)amine (42.5 mg, 0.100 mmol), the title compound was also obtained as a
colorless oil in 57.3 mg (65% yield) and 90% ee.

(2R,3R)-1-(2,3-Dimethyl-2,3-dihydrobenzofuran-4-yl)ethanone ((2R,3R)-53) [Table 6, entry 8]

In a glovebox, to a medium-walled NMR tube was added a mixture of [RhCl(coe)]» (3.5 mg,
0.0049 mmol) and (S)-(8,9,10,11,12,13,14,15-octahydro-3,5-dioxa-4-phosphacyclohepta[2,1-
a;3,4-a’ldinaphthalen-4-yl)-bis((R)-1-phenylethyl)amine (5.5 mg, 0.010 mmol) in 1,4-dioxane
(0.40 mL) and a solution of benzyl-[1-[3-(1-methylpropenyloxy)phenyl]ethylidene]amine (Z/
E = 4/1 for olefin) (13.9 mg, 0.0497 mmol) in 1,4-dioxane (0.10 mL). The tube was fitted with
a Cajon adapter, the mixture was frozen, and then the tube was flame sealed under vacuum.
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The NMR tube was then placed in oil bath heated to 50 °C for 72 h. After the reaction, the
sealed tube was opened and the mixture was concentrated. To the residue was added 1,4-
dioxane (0.50 mL) and concentrated HCI/H,O (1/1) (0.50 mL). The mixture was stirred at
room temperature for 3 h and then was extracted with diethyl ether four times. The combined
organic layer was concentrated and the residue was purified by silica gel column
chromatography (silica gel: 15 mL, eluted with 20:1 hexanes/ethyl acetate) to give the title
compound as a colorless oil (5.6 mg, 59% yield). IR (ZnSe, thin film) vyay (cm™1): 1680, 1583,
1442, 1355, 1263, 1231. 1H NMR (400 MHz, CDCls): 0 7.38 (d, J = 8.0 Hz, 1H), 7.21 (t, J =
8.0 Hz, 1H), 6.96 (d, J = 8.0 Hz, 1H), 4.75 (quint, J = 6.8 Hz, 1H), 3.83 (quint, J = 6.8 Hz,
1H), 2.60 (s, 3H), 1.49 (d, J = 6.8 Hz, 3H)1.06 (d, J = 6.8 Hz, 3H). 13C{*H} NMR (100 MHz,
CDCl3): 6199.0, 160.1, 135.4, 133.6, 128.0, 122.3, 114.0, 83.3, 40.0, 28.1, 15.0, 13.8. HRMS
(EI): m/z calcd. for C1oH1405 (M*): 190.0994, found: 190.0993. Chiral HPLC (Chiralcel AS
column, 0.5% iPrOH/hexanes, ImL/min): major, 13.5 min; minor, 12.7 min; 93% ee. CD (c
=4 x 1072 M, MeOH): Amax (Ag): 251 (+6.20). A 1H-IH NOESY spectrum of (2R,3R)-53
indicated that the geometry of the two protons on the dihydrofuran ring was cis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Absolute configuration determined by X-ray structure obtained of sulfinyl imine (Sg,R)-33
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Br N02

NH

Figure 2.

Absolute configuration determined by X-ray structure obtained hydrazone (2R,3R)-34
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R.__NBn X R'._NBn
R R
R? . l
X H X" “R2
llf.ed%tct?}e [Rh] pre-coordination
elimination
Rl ,Bn ?n
/I\{ 1 /N\[Rh]
[Rh] R
X R? //2
36 H X" R
migratory oxidative
insertion 5 | B insertion
R! Bn R Padt
N H —N H
-\ / R3 N4 R3
[Rh] [Rh]
\// = /
X X
R2 35 R?

olefin coordination

Scheme 1.
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py Ph
OO L5:R=OPh L12: R = N(c-CgH, )

0 0
>< ' o L6: R = NMe, L13: R = N(iPr)(Bu)

PR Sp_R
Sp—
0 0 L7:R= N O
Ph™ pp —v
L1:R=OM L8 : R=NBn,
IR= € R = ;
L2-R=0Ph L9 : R = N(i-Pr),
L3: R =OMenthyl L10 : R =N((R)-(CHCH;Ph)),
L4 :R=Ph L11 : R = N((S)-(CHCH;Ph)),
330 o = 1C
~P—N
Oy

L18: R =N(iPr),
L19: R = N((R)-(CHCH;Ph)), L20 L21

Chart 1.
Chiral Monodentate Phosphorus Ligands
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Table 4

Asymmetric Cyclization of Alkene 18 Using Various Chiral Phosphoramidite Ligands

Page 18

BnN BnN
10 mol% [RhCl(coe), ],
20 mol% ligand
| toluene-dy
Q) 50 °C
18 (R)-19

entry ligand time (h) %yield® % ee
1 L8 44 7 n.t.
2 L9 20 44 -

96 76 87
3 L10 45 75 -

96 82 85
4 L11 96 61 85
5 L12 96 71 77
6 L13 20 2 n.t.
7 L14 96 64 90
8 L15 95 27 80
9 L16 21 81 86
10 L17 43 76 88
11 L18 96 82 91
12 L19 68 79 87
13 L20 96 20 78
14 L21 95 6 5

a,,. . . . . .
Yields based on 1H NMR integration relative to 2,6-dimethoxytoluene internal standard.

bEe's determined after hydrolysis of (R)-19 with silica gel using chiral HPLC. n.t.: not tested.
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