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Despite substantial recent research activity in theHGctivation Chart 1
areal2 to our knowledge there is only one report on the catalytic
enantioselective coupling of aromatic-€ bonds with alkenes. OO Rl @Z;P[ﬁ QVPth
In that case, only very modest ees were observed. Recently, we PR22 fe 7T TE o;W<
reported on the intramolecular alkylation of aromatic imines in OO <
which the alkene is tethered meta to the imine (e his reaction 1R'=NMe,, R* = Ph 4 R = NMe, 6
e L 2F{ NMe,, R2 = C 5R=0Me
exhibits a much broader alkene scope than that obtained in related OM: R Phy
system&and provides an efficient route to functionalized bicyclic 1 ?;FE)PT\IM
ring systems that would be difficult to access by other methods. Ph Ph OO e
By allowing the coupling of highly substituted alkenes, this reaction IR 0., 1BR=N_0
= o>
enables the preparation of branched products bearing stereocenter?< O 9 R = OMenthyl OO :g ; : mﬁ_";r)
Herein, we communicate our development of an asymmetric variant 10R =Ph (S,R,R)-16a R = N(CHCHsPh),
of these reactions, leading to the first highly enantioselective (S,5,5)-16b R = N(CHCH,Ph),

catalytic reaction involving aromatic-€H bond activation. More-
Table 1. Asymmetric Cyclization of Ketimine 17 Using Various
over, the identified catalyst system enables the intramolecular Chll’a| Monophosphine Ligands

alkylation reaction to be performed at temperatures @3ower BnN BnN

than our previously reported conditions. Indeed, the reaction can 17 5 mol % [RhCl(coe)]> 18
even be carried out at room temperature for one of the optimal >
substrates. This reaction should prove to be especially valuable in 15 mol % ligand, toluene
view of the fact that there are no known general methods for — - : -
preparing these compounds enantioselectively. ligand temp (°C) fime (1) % yield 18 ee
1 125 20 5 nd
1) (PPh3)sRNCI (cat) O R, O Rig 2 125 20 trace nd
ﬂ) 125150 °C, oluene. Ra ° Ry " 3 125 20 48 855)
[5 Ry O (5( j 4 125 20 ] n
Bl N x£n 5 75 6 99 35R)
X =CHyp, O, NR 6 100 6 56 239
n=0,1 7 75 20 93 17 R
8 75 20 94 IR
. 9 75 20 9f 38R
_ We fogused our efforts on the chiral monodentate phosphor_us 10 125 20 34 0
ligands displayed in Chart 1 because chelating phosphines provide 11 125 20 & nd
inefficient catalysts for this reaction. Our investigation began by 12 125 25 15 199
testing the cyclization of ketimin&7 with rhodium complexes of ﬁ igg gg ég 28
each of these ligands (Table 1). Of the phosphines tedte@)( 15 125 < 100 83(3
the P-N I_igands (L 2, and4) gave poor coqversions; thes_e re_sults 16a 125 <2 100 8809
are consistent with the previous observation that chelating ligands  16b 125 <2 99 8709

retard the reaction rate. The-® ligands3, 5, and6 gave much ] p ] _ _ _
higher conversions, probably due to the fact that oxygen coordinates, * Yields based oaH NMR integration relative to 2,6-dimethoxytoluene
. " internal standarc® Ees determined after hydrolysis @8 with 1 N HCI

more weakly than nitrogen to late transition metal centers. Notably, (aq) using chiral GC or HPLC. Sense of induction is indicated in parentheses.
rhodium complexes ob and 6 both proved to be much more cRemainder of mass balance is unreacted starting material.
efficient catalysts than the previously reported achiral Wilkinson’s
catalyst (125°C, 4 h) but gave only modest ees.

Phosphite and phosph idite ligand Idtth6b

OS% e 3n| pt osfpthoraml Itﬁ lgg: S areTaA%pgao:_n% ued 0t Ketimine17 cyclized quantitatively in the presence of 5 mol %

sﬁzzpah';te;‘fgutﬁg {—C)J-TA?DI:DS(%/C-szed Sh(ogphonimo theaé)e_ [RhCI(coe)], and 15 mol %L6ato give 18in 88% ee within 2 h

binol-derived phosphité 1. and bhosph i hat at 125°C. The sense of stereochemical induction is predominantly
ino-gerived phosp i » and phosphorami ltest atllncorpprate determined by the binol backbone of the phosphoramidite ligands;
unhindered secondary aming2—14 all proved to be ineffective

o . . comparing diastereomei$a (88% ee, 125C) and16b (87% ee,
catalysts, giving either poor conversions, poor ees, or both.

trast, tioselectiviti d 125 °C) shows that the stereochemistry of the amino group is
contrast, impressive enantioselectivities and conversions Were|n3|gn|f|cant The phosphoramidite/Rh ratio in the cyclization of

T The Center for New Directions in Organic Synthesis is supported by Bristol- 17 was found t,o be optlmal at1.5or _1' higher !’atIOS S|gr1|f|9antly
Meyers Squibb as a Sponsoring Member. slow the reaction rate without affecting enantioselecti¢ityhis

obtained with the §)-binol-derived phosphoramiditd$, 16a and
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Table 2. Asymmetric Cyclization of Aromatic Iminesa?

Substrate Product Entry  Ligand T;?gl)p T(lll:;e %oyield  %ee'

1 15 125 2 100 83

BnN Bn 2 15 50 48 65 93

17 (S-18 3 16a 125 2 100 88

4 16a 50 9 94 95

5 16b 125 2 99 87
S S 16 ____: S0 48 _ 92 % .

B 7 15 125 0.3 91 70

BN (5120 8 16a 125 025 98 22

19 &)—smm 9 16a 50 20 75 25

SiiezP 10 16b 125 025 100 27
RS § SRS 16b ____: S0 20 % 42

12 15 125 0.5 9 76

BN, BnN. 13 15 75 4 100 83

Ik § (S22 14 16a 125 1 99 80

® [ T )=pn 15 16a 75 3 96 90

Ph 16 16b 125 0.5 95 79
RPN ¥ SR 16b ___ 75 35 .98 .90 _

Bn BnN 18 15 125 12 78 63

) 23 SR e 16a 125 1 90 70

N N

% 20° 16b 125 1 99 68

21 15 125025 99 86

22 15 50 >200 69 89

BnN BnN 23 16a 125 025 99 90

25 (R)-26 24 16a 50 15 99 93

L > 25 16a rt 23 95 96

o 26 16b 125 025 99 91

27 16b 50 15 99 95

28 16b rt 100 99 96

aReactions performed using 5 mol % [RhCl(c§gind 15 mol % ligand
in tolueneds. ® Absolute configurations ofS)-22 and(R)-26 were assigned
by chemical derivatization and X-ray structure determination (see Supporting
Information). The absolute configurations(&-18, (S)-20, and(R)-24 were
assigned by analogy.Yields based oAH NMR integration relative to 2,6-
dimethoxytoluene internal standaftEes determined after hydrolysis of
the imine product using chiral GC or HPLEPerformed using 10 mol %
ligand.

result suggests that only one ligand is bound to the metal in the
active catalyst.

O

27 1) HBF, Et;0/CH,Cl,
2) KF, Hy0,, KHCO,

92%

28

(@)

SiMe,Ph OH

Due to the efficiency of the reaction with ligand$, 16a and
16b at 125°C, we lowered the temperature in hopes of further
enhancing the enantioselectivity (Table 2). Indeed, atGQthe
cyclization of17 using ligandl6aproceeded with 95% ee and 94%
yield in 9 h (Table 2, entry 4). It is noteworthy that the temperature
is 75°C lower than that required in our previously optimized study
using Wilkinson’s catalyst2 Similar increases in ee were obtained
using ligandsl5 and16b, although reaction rates were not as high
(Table 2, entries 2 and 6).

To explore the scope of this enantioselective cyclization reaction,
substratesl9, 21, 23, and 25 were evaluated using the optimal
ligands (Table 2). At 125C, complete conversion was observed
within 1 h for each ligand. Upon lowering the temperature to 50
or 75°C, ligandsl6aand16b consistently provided more efficient
reaction rates than liganth, and16awas slightly more efficient
than 16b. Ligands16a and 16b also provided higher enantio-
selectivities for all but the sterically encumbered silyl substrate
19 where the least hindered ligarih gave the optimal result
(entry 7). Importantly, ketimind.9 is a versatile substrate, as the
SiMe,Ph functionality can be stereospecifically converted into an
OH group using conditions developed by Flenfirrgpd Tamabd
(eq 2). Styrenyl substratl and indole23 both cyclized rapidly,
and ligand16a gave the best conversion and enantioselectivity
(entries 15 and 19, respectively).

Vinyl ether 25 provides the most efficient reaction. At room
temperature, the reaction proceeded cleanly with ligegalgiving

the desired produ@6 in high yield and with 96% ee (entry 25).
Here again, ligand6b is a less efficient catalyst but provides an
ee as high as that obtained with diastereofta (entry 28).

The exceptional rates and enantioselectivities observed using the
phosphoramidite ligansnay be due to their unique binding pro-
perties, which include reduceddonation to rhodium and enhanced
st acceptor ability compared to phosphines. The enantioselectivities
are presumably due to highly diastereoselective migratory insertion
of the olefin into the Rk-H bond after C-H activation?

In summary, we have developed a highly enantioselective and
efficient method for the intramolecular imine-directee B/olefin
coupling reaction using chiral phosphoramidite ligands. Application
of this methodology to other substrates and to the preparation of
biologically relevant compounds is currently underway.
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