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Summary: In situ combination of diphosphinic amides and
Zr(NMey),4 results in the formation of chiral zirconium bis-

metric, intramolecular alkene hydroamination catalyzed by group
4 bis(amido) complexesThe reported catalysts employ readily

(amido) complexes. The complexes are competent catalysts foavailable chiral ligands and provide enantioselectivities of up

intramolecular asymmetric alkene hydroamintion, gding
piperidines and pyrrolidines in up to 80% ee and high yield.
This system utilizes an inexperesprecatalyst, readily prepared
ligands and is the first asymmetric alkene hydroamination
catalyst based upon a neutral zirconium bis(amido) complex.

The development of catalysts for intramolecular asymmetric

to 80% ee.

Having previously demonstrated that in situ combination of
various diamines or diols and group IV tetrakis(dimethyl)amides
provides competent hydroamination catalystse screened
various combinations of these compounds as catalysts in the
cyclization of1 (eq 1)1°11In an effort to develop a practical

alkene hydroamination has been the subject of intense investiga-

tion over the past 15 yeats® While considerable advances have

been made using catalysts containing a variety of metals, no
general solution has emerged. To date, catalysts based on group
3 and lanthanide metals have shown the most promise for

unactivated alkenés2 However, even within this class only a
small number (4) of highly enantioselective reactior90%
ee) have been reporté@Thus, alkene hydroamination remains
an open area of research.

Recently, Schaféi(and subsequently Livinghoudeeported
that neutral group IV bis(amido) complexes bearing achiral

22 mol% ligand, j\
0,
HN ~ 20 mol % M(NMey)s NOCEs
tol, 135 °C, 24h,
1 then TFAA 2

catalyst, we focused exclusively on commercially available or
readily prepared diols, diamines, and amino alcohols (Table 1;
Figure 1)}2 Although enantioselective catalysts based on
titanium and hafniud? were also identified, the zirconium
catalyst prepared by combination of diphosphinic an8de&c

ligands are competent catalysts for intramolecular alkene and Zr(NMe) (entry 11) proved significantly more enantiose-
hydroamination. Our group has previously reported that closely I_ectlve than others that we stud|ed_. _Under unopt|m|z_ed condi-
related catalysts containing chiral dialkoxide and diamide ligands tions (see footnote, Table 1), pyrrolidi@avas obtained in 67%

are effective in intramolecular allene and alkyne hydroamina-
tion.2 We decided to explore the possibility that these types of
chiral complexes could be applied to asymmetric alkene
hydroamination. Herein, we report the first examples of asym-
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ee and excellent yield. Given this initial result, we elected to
explore additional ligands of the same general structure.

A series of diphosphinic amides was prepared using one of
two short synthetic sequenc¥sThese ligands were investigated
in the cyclization of1 (Table 2). Ligands containing the
cyclohexanediamine backbone proved to be the most selective
(entries 1-5). Variation of the phosphorus substituent (R) had
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was analyzed by chiral GC.

(11) The absolute stereochemistry of amidewas established by
determination of the des-acyl piperdine using the method reported by
Livinghouse usingO-acetylmandelatic acid; see ref 3a. The absolute
stereochemistries of the remaining products have not been established.
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Table 1. Results from Initial Screen of Ligands for Table 3. Substrate Scope under Optimized Conditions
Conversion of 1 to 2 (reactions performed in toluene)
M(NMey)4, % conversion(% ee) entry product mol% temp (°C)/ % yield

entry ligand Ti Zr Hf cat.? time (h) (% ee)
1 none 97(0) 80(0) 88(0) _
2 R,R-3a <5(n/a) 92(21) 94(13) . 1 ) 20 115/24 95(80)
3 R-4a <5(n/a) 89(18) 59(30p A .
4 R-4b <5(n/a) 90(23) 24(269 >©\ 10 115/48  91(80)
5 S,S3b 97(9) 94(20) 94(13) o , .
6 R.4c 88(<5) 87(<5) 87(<5) ) K 14 8524 96N
5 s4d <5(nla) 97¢:5) 63(19) 20 o ssus o151y
6 5a 59(13) 97(24y 98(9y

7 5b 52(6) 98(27p 99(12p 2

8 6 84(26) 96(5) 98(7) 3 CNK cr, 15 20 135/72 33(62)*
9 7 <5(n/a) <5(n/a) <5(n/a)

10 8 95(15p 99(34p 73(18p o

11 R,R-3c 8(<5) 96(67) 76(58) . Oin\m % 0 135/24 79033y
aConditions: 22 mol % ligand, 20 mol % M(NMp, 135°C, tol, 24 h;

ligand and M(NMe)s were preheated to 13%C for 15 min prior to
introduction ofl. Unless otherwise indicated, ti&enantiomer of product Py

predominated. Conversion was determined using chiral GC by comparison 5 ><;N\ s 17 20 135/24 93(62)°
of the sum of the enantiomers of product to the remaining starting material. Bn
b The R-enantiomer was predominant. ° 20 115/48 93(70)°
PN
Table 2. Results from the Use of Diphosphinic Amide 6 Q\J\ ors 18 20 115/48 85(70y
Ligands with Zr(NMe )4 in the Conversion of 1 to 2
entry ligand R % conversion % ee 7 Nj\c L 19 10 115/48 78(80)
1 3c Ph 98 67 >CJ\
2 9 Ph 96 50 o
3 10 Ph 95 55
4 11 Ph <1 n/a 8 ><:'J“\)1\C1DH7 20 20 135/24 75(55)
5 12 Ph 46 16 Bn
6 13a o-tol <1 n/a a . P ; ;
Prepared in situ by combination of equimolar amounts of ligand and
; igb g'g'Q:3l(:CF3)2 ggcomp Gnéa Zr(NMey)4 in toluene and heating at the reaction temperature for 15 min
9 1 33 3 5-C6H3 (23M 99 68 prior to introduction of substratd.Ligand and Zr(NMe)4 preheated at 105
10 13 ’C-ﬁ gM el 99 70 °C for 15 min.¢ GC yield determined usingéMes as an internal standard;
1" 13]? p_CGHA(OMe) o o6 ee determined by chiral G@.32% starting material remained in solution
12 139 g-SGCe‘Il-(I Mee) 99 75 at the end of the reactiofilsolated yield; ee determined by chiral GC.
197 3 2 f . _ f . . .
13 13h 3.5-GHa(1BU), 98 62 Isolated yield as 2-naphthoyl amide; ee determined by chiral HPLC.

2 Conditions: 22 mol % ligand, 20 mol % Zr(NMg, 135°C, tol, 24 h; yield or ee of the product_ o_btalned in the reaction. Lowgrmg
ligand and Zr(NMe), were preheated to 135C for 15 min prior to the reaction temperature did improve the ee, and under optimized
introduction of1. In all cases, the ligand was tigRenantiomer and the ~ conditions,2 was produced in 95% yield and 80% ee in 24 h
Senan?iomer _of2 was predominant in the product. Conversion ‘was ysing 20 mol % each df3gand Zr(NMe), (Table 3). Lowering
determined using chlra_l _GC by comparison of the sum of the enantiomers the catalyst loading to 10 mol % provid&dn 91% yield and
of product to the remaining starting material. . . .

identical ee in 48 h.

Table 3 illustrates the substrate scope of the asymmetric
hydroamination reaction using the combination kg and
Zr(NMey)4 as the catalyst. Formation of piperidithé (entry 2)

pronounced effects on catalytic activity. Thartho-tolyl-
containing ligand13a gave catalytically inactive complexes

I(iegtr:'(ﬁ;g ’ d\(/av:(ljlrentr;essaS\;vt;:thrgl):Jrgg:;d;gl)zprr&elnnykla-fiut:.qtg:ted proceeded in 99% yield and 51% ee using 20 mol % catalyst at
ganc - P | €Xp 9 85 °C. Lowering the catalyst loading to 10 mol % providbgl
containing other electron-deficient arenes proved more stablein sliahtly lower vield but without erosion of ee. Substrates
to the reaction conditions, but did not provide improved catalysts Ity F yiex C .
(entries 9 and 10). The addition of electron-donating groups !ack|_ng_tr_1e gemln_al dimethyl group C_OUId also be cyclized, albeit
did improve catalyst performance in the cyclizationlofThe n d'm'.”'Shed é/.'elclj) 6.‘”0' deelk(entnes |3 %n_d hé'l).h S.”%S”?‘;‘es
para-methoxyphenyl-containing liganéi3e provided slightly containingirans-disubstituted alkenes cyclized in high yield wit
higher enantioselectivity. The more sterically demandirtho- moderate enantioselection (entry 5). Cyclization of 2-allylaniline
. . . o v 0 :
methoxyphenyl group id3f provided even higher selectivity, provided18 in 93% yield and 70% ee as determined by GC

but at the cost of slightly diminished reactivity. Among the analys!s (entry .5)' Qn a larger scali§ could be |solate_d In
X . 85% yield and identical ee. As a means of corroboration, we
ligands screened, the best proved to be 3,5-dimethylphenyl-

substituted ligand 3g(entry 12). This ligand provided the best also wished to isolate other hydroamination products. 2-Naph-
S A ) o g thoyl chloride proved the most convenient derivitizing agent
combination of reactivity and enantioselectivity, providim

75% ee and 99% conversion under these unoptimized conditions.f or this purpose, providing amides of sufficient molecular weight

L ) . . and stability for facile isolation. Isolated yields and enantiose-

arger meta substituents did not improve catalyst performanceI vities f id d by thi hod ies 7 and 8

(entry 13) ectivities for amides prepared by this metho (entries 7 and 8)
S o L are similar to those determined by the GC method.

I—_Ia\_/mg |dent|f|_ed a promising ligand, we squght to further Although we have not yet undertaken detailed mechanistic
optimize the cyclization 01_ using th_e (_:omblnatlon di3gand studies of this catalytic system, we have attempted to identify
Zr(NMey)4 as catalyst. Neither variation of the solvent (PhH,

Ph-F, Ph-Cl, 1,4-dioxane, and pyridine) nor the addition of basic  (15) The fact that LiNMe does not inhibit the reaction excludes the
(LINMe)'® or acidic (HE;O-B(CeFs)4) additives affected the  possibility that catalysis is due to trace acidic impurities.
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3b R = CHoCH,'Bu sa Ar Ph
a, Ar =
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I NHPOIR NHP(O)Rz Figure 2. ORTEP representation of the solid-state structur2laf
R™ "NHP(O)R2 NHP(O R2 “INHP(O)R Arenes connected to P29 have been truncated for clarity. Thermal
9 R'=Ph O, 2 ellipsoids are shown at 50% probability.
10 R' = mesityl 13 )
1R =By 12 Scheme 2. Proposed Catalytic Cycle and Catalyst
Figure 1. Structures of ligands examined. Decomposition
1g _Z(NMeo)s 0 - 21

Scheme 1. Products from the Reaction of Diphosphinic
Amide Ligands and Zr(NMey)4

R. R
’P‘\O o} /w

[of
3¢ Zr(NMey), N/ NMe, o N\\‘ //N N
or13 ~ dgtol, o IS MM, 150 °C. (A N=Zf, )
75°C, 24 h N. JoNMez "o n Cﬁf\\) N
20aR = Ph 21 [2+2] 22 24
20gR= 3,5-CGH3M62 N
. . . . SCHg ‘
the catalytically active species generated from the combination

of the diphosphinic amide ligands and Zr(Nie Upon 23

combination of eitheBc or 13g and an equimolar amount of
Zr(NMey)4 in dg-toluene at 25°C, a complex mixture of  to inhibit the latter process represents a potential avenue for
compounds arose with 10 unassigned signals observed in thdurther optimization of this catalyst system.

31P NMR spectrum. Heating this mixture at 76 for 24 h led In summary, we have developed the first asymmetric alkene
to the clean formation of the expected 1:1 Zr:ligand ad@ct hydroamination catalyst based upon a neutral zirconium bis-
(Scheme 1), along with traces of the 2:1 addaét'* The (amido) complex. This system utilizes an inexpensive zirconium

structure of20 was assigned by the indicative dimethylamide precatalyst and a readily prepared diphosphinic amide ligand
signals in the'H NMR spectrum at ca. 3.55 ppm and a single and provides cyclic amines in high yields and up to 80% ee. In
peak in the3P NMR spectrum at ca. 33 ppm. Addition of Situ preparation of the active catalyst obviates the need to isolate
substrate to in situ generatgfland subsequent heating provided moisture-sensitive compounds. Studies aimed at further opti-
product at a rate similar to the rates of the reactions reported inmization of the ligand architecture and full elucidation of the

Table 1. Heating the solution @0 at 135°C (with or without mechanism of this transformation are ongoing.
substrate present) resulted in the slow formatio2 bfAt 150
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23 by substrate regenerates the imido species and delivers th
cyclic amine product. Slow decomposition2fito 21 represents
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Supporting Information Available: Complete experimental
details for the preparation of diphosphinic amide ligands and
cyclization experiments, copies of thel and 13C NMR spectra
or 3c, 9—12, 13a—g, and 17-21, and chromatograms for ee
analysis.



