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The palladium-catalyzed BuchwattHartwig aryl amination between 2;8iaminobiphenyl and 2 equiv
of 2-(2-bromophenyl)oxazoline has been used to prepare a new class of tetradentate bis(amino-oxazoline).
The reaction between 2;8iaminobiphenyl and 1 equiv of 2-(Bromophenyl)oxazoline is highly selective
for monoarylation, and the resulting products have been reacted in a second arylation to afford
unsymmetrically substituted bis(amino-oxazolines). These new diamido/donors belongrtptselass
of ligand and exist as an equilibrium mixture §8S S andSaR,S-diastereocisomers, which interconvert
by rotation about the biaryl axis. Variable-temperattHeNMR studies and line-shape analysis of simu-
lated spectra gavAH* andAS values of 51.5-57 kJ mot* and—25.9 to—57.0 J mof* K%, respec-
tively, for diastereointerconversion. Interestingly, reaction of one of the symmetrical bis(amino-oxazoline)
with [Cu(MeCN)][PFg] results in dynamic resolution to afford diastereopi8e}S)-[Cu(L)][PFe], which
has a highly unusual sawhorse geometry at copper with the two oxazolines occtrpgigcpordination
sites and two weak interactions to the nitrogen atoms of the secondary amino gtb@psl3C NMR
spectra of this copper complex are entirely consistent with a si@gleymmetric diastereoisomer in
solution that shows no sign of diastereointerconversion even after standing for one week.

Introduction heterocyclic motifs such as 1-functionalized indoteand (v)
aminations in solid-phase organic synthési#lore recently,
this methodology has been employed in the synthesis of nitro-
gen-based ligand3 such as multidentat€;- and C,-sym-
metric monosulfoximes for copper-catalyzed Diefdder and
hetero Diels-Alder reaction¥* as well as carbonyl-ene and
g/lukaiyama-type aldol reactiort8terdentate bis(oxazolines) for

symmetric transfer hydrogenatiéhand nonracemic anisole

Since its discovery, the palladium-catalyzed Buchwald
Hartwig amination of aromatit,and more recently vinylié,
electrophiles has proven to be an immensely powerful trans-
formation, since the resulting amines, enamines, or imines are
either valuable products or highly versatile intermediates. Indeed
this technique has been heralded as one of the most importan

modern cross-coupling processes and has been applied to th%

synthesis of a variety of important targets including (i) biologi-
cally active molecules such &barylpiperazines,a-carboline
natural product analoguésind modified glycosylaminesgii)
aryl- and alkylamine-based polymérgligomers! and den-
drimers? (i) small molecules that are useful as hole transport
material§ and selective metal cation detection systéfn@y)

*To whom correspondence should be addressed. E-mail:
simon.doherty@ncl.ac.uk.

(1) For leading reviews see: (a) Jiang, L.; Buchwald, S. LMetal-
Catalyzed Cross-Coupling Reactio2nd ed.; De Meijere, A., Diederich,
F., Eds.; Wiley-VCH: Weinheim, Germany, 2004; p 699. (b) Hartwig, J.
F. In Handbook of Organopalladium Chemistry for Organic Synthesis
Negishi, E., Ed.; Wiley-Interscience: New York, 2002; p 1051. (c)
Buchwald, S. L.; Mauger, C.; Mignani, G.; Scholz, Adv. Synth. Catal
2006 348 23. (d) Muci, A. R.; Buchwald, S. LTop. Curr. Chem2002
219 131. (e) Hartwig, J. FAcc. Chem. Red998 31, 852. (f) Wolfe, J.
P.; Wagaw, S.; Marcoux, J.-F.; Buchwald, SAcc. Chem. Re4998 31,
805. (g) Schlummer, B.; Scholz, Wdv. Synth. Catal2004 346, 1599.

(2) For an informative review see: Barluenga, J.; ValdesC@em.
Commun 2005 4891.

(3) (a) Kerrigan, F.; Martin, C.; Thomas, G, fetrahedron Lett1998
39, 2219. (b) Zhao, S.; Miller, A. K.; Berger, J.; Flippin, L. Aetrahedron
Lett 1996 37, 4463. (c) Morita, S.; Kitano, K.; Matsubara, J.; Ohtani, T.;
Kawano, Y.; Otsubo, K.; Uchida, Mletrahedron1998 54, 4811.

(4) (a) Abouabdella, A.; Dodd, Rietrahedron Lett1998 39, 2119. (b)
Boger, D. L.; Panek, J. Setrahedron Lett1984 25, 3175. (c) Boger, D.
L.; Duff, S. R.; Panek, J. S.; Yasuda, W.0rg. Chem1985 50, 5782. (d)
Boger, D. L.; Duff, S. R.; Panek, J. S.; Yasuda, 81.0rg. Chem 1985
50, 5790.

(5) Chida, N.; Suzuki, T.; Tanaka, S.; Yamaddl étrahedron Lett1999
40, 2573.

10.1021/0m0602714 CCC: $33.50

nd 2-pyridyl-functionalized tetradentate biaryls for zirconium-
catalyzed polymerizatioH. The latter are rare examples of chiral
nonracemic diamido/donors (Chart 1) that have been developed

(6) Kanbara, T.; Izumi, K.; Narise, T.; Hasegawa, Rolym. J 1998
30, 66. (b) Goodson, F. E.; Hartwig, J. Macromolecule4998 31, 1700.

(c) Goodson, F. E.; Hauck, S. I.; Hartwig, J. >.Am. Chem. Sod.999
121, 7527. (d) Kandara, T.; Oshima, M.; Imayasu, T.; Hasegawa, K.
Macromolecules 998 31, 8725.

(7) (a) Louie, J.; Hartwig, J. AMacromoleculesl998 31, 6737. (b)
Singer, R. A.; Sadighi, J. P.; Buchwald, S. L. Am. Chem. Sod 998
120, 213. (c) Sadighi, J. P.; Singer, R. A.; Buchwald, SJLAm. Chem.
Soc 1998 120, 4960.

(8) Louie, J.; Hartwig, J. FJ. Am. Chem. Sod 997, 119, 11695.

(9) Hauck, S. I.; Lakshmi, K. V.; Hartwig, J. Prg. Lett 1999 1, 2057.

(10) Witulski, B.; Zimmermann, Y.; Darcos, V.; Desvergne, J. P;
Bassani, D. M.; Bouas-Laurerifetrahedron Lett1998 39, 4807.

(11) Willis, M. C.; Brace, G. N.; Holmes, I. Angew. Chem., Int. Ed
2005 44, 403.

(12) (a) Willoughby, C. A.; Chapman, K. Tletrahedron Lett1996
37, 7181. (b) Ward, Y. D.; Farina, VTetrahedron Lett1996 37, 6993.

(13) For a comprehensive review see: Okamura, H. BoImCkem.
Lett 2004 33, 482. Bolm, C.; Hildebrand, J. B. Org. Chem200Q 65,
169.

(14) (a) Bolm, C.; Simic, OJ. Am. Chem. So@001, 123 3820. (b)
Bolm, C.; Martin, M.; Simic, O.; Verrucci, MOrg. Lett 2003 5, 427. (c)
Bolm, C.; Verrucci, M.; Simic, O.; Cozzi, P. G.; Raabe, G.; Okamura, H.
Chem. Commun2003 2826 (d) Bolm, C.; Martin, M.; Gescheidt, C.;
Palivan, D.; Neshchadin, H.; Bertagnolli, M. P.; Feth, A.; Schweiger, G.;
Mitrikas, G.; Harmer, JJ. Am. ChemSoc 2003 125, 622.

(15) (a) Langner, M. Bolm, CAngew. Chem., Int. EQ004 43, 5984.

(b) Langner, M.; Reny, P. Bolm, C.Chem. Eur. J2005 11, 6254. (c)
Langner, M. Reny, P. Bolm, C.Syn Lett.2005 781.
(16) McMannus, H. A.; Guiry, P. Jl. Org. Chem?2002 67, 8566.

© 2006 American Chemical Society

Publication on Web 08/05/2006



4342 Organometallics, Vol. 25, No. 18, 2006

Chart 1

OMe

O

as potential alternatives to tlamsaCp, unit for use in group 4
and lanthanide metal-catalyzed enantioselective reactfdns.

5L
H N

O x

4

Doherty et al.

efficient asymmetric catalysis provided that coordination is
highly diastereoselective or that the diastereoisomer with
matched axial and central chirality is more active and/or
selective than its mismatched counterpart. Since oxazoline-based
ligands have proven to be extremely effective for stereocontrol
in a variety of enantioselective metal-catalyzed reactfrss,
multidentate ligand that combines a biaryl diamine and an
oxazoline could find widespread use in early transition metal,
main group, and lanthanide-based Lewis acid asymmetric
catalysis. The escalating interest in chiral diamido ligands has
prompted us to report our use of the palladium-catalyzed
Buchwald-Hartwig aryl amination for the modular assembly
of amino-oxazolines of typé.

Results and Discussion

Synthesis of Amino-Oxazolineslnitially, the C,-symmetric
bis(amino-oxazolinesya—c were targeted as potential nonra-

this regard, Scott and co-workers have examined the efficiency cemic diamido/donors. The key step in the synthesis of this class

of lanthanide complexes of diamido/donors such lasn
enantioselective aminoalkene hydroamination/cyclization, al-

of ligand involves a palladium-catalyzed Buchwaldartwig-
type arylation between 2;2liaminobiphenyl and 2 equiv of the

though, despite the well-expressed chirality of the catalysts, thecorresponding 2-(2oromophenyl)oxazolingsa—c, according

ee values obtained were at best modest-@1%)1° Brintzinger
has reported that the closely related chiral biaryl-bridged
diamido/donor2 forms a zirconium complex that exhibits
moderate activity for MAO-activated olefin polymerization;
propene gives partly isotactic polypropene (5B#tmmm).2° In

to eq 1. This is a particularly attractive strategy since both
starting materials are readily available from inexpensive re-
agents. The 2;2iaminobiphenyl is conveniently prepared by
reduction of 2,2dinitrobiphenyl in the presence of Pd#&and

the 2-(2-bromophenyl)oxazoline is prepared in a single step

a closely related strategy, Schrock prepared the binaphthyl-based;is the zinc-catalyzed condensation between 2-bromobenzoni-

C,-symmetric diamido/donoB and isolated cationic mono-
alkyl complexes of group 4 that were inactive toward 1-hex-
ene polymerizatioR! The atropisomeric 6,&limethylbiphenyl-
bridged bis(iminooxazolidine¥, prepared by Scott and co-
workers, formedC,-symmetric dibenzyl complexes of group 4
that displayed low activity for ethene and 1-hexene polymeri-
zation, possibly due to formation of a tight ion pair between
the active cation and the counteranin.

Each of these ligands is chiral by virtue of restricted rotation

about the biaryl axis; that is, they are atropisomeric and are

prepared from the corresponding enantiopureé@gminobiaryl,
which either is relatively expensive to purchase or must be
prepared in a multistep synthesis and resoR#dd.this regard,

trile and an appropriate enantiopure amino alcohol, according
to the procedure of Pfaltz and co-worké¥s.

R!
2 @(t:\}""]{l +HN 0 NH, Pd cat (l)//\N ﬁ O HQO
- 2 @ base b O N\g) (])
Rl

solvent

R'=Pr,5a

R!=Pri, 6a
R'=Bu!, 5b R'=Bu, 6b
R!=Ph, 5¢ R!=Ph, 6c

Preliminary studies focused on the use of second-generation
Buchwald-Hartwig catalysts based on dba) and rac-

we have been interested in examining alternative strategies forg|NAP [2,2-bis(diphenylphosphino)-1':binaphthyl] since this

incorporating chirality into tetradentate biaryl-bridged diamido/

combination has proven to be extremely effective for the

donors and reasoned that this could be achieved by combiningamination of electron-rich, electron-poor, and electron-neutral

the readily available and inexpensitrepog* 2,2 -diaminobi-
phenyl with a chiral donor fragment such as an oxazoline to
afford a new class of diamido/donog)( Although thetropos

aryl halides with a wide range of amin&sMoreover, both
Schrock® and Scoft” have previously used palladium catalysts
based omac-BINAP for the synthesis of diamido ligands. Thus,

biphenyl tether in these diamido/donors cannot be resolved, thegptimum conditions for the coupling of 2:¢Bromophenyl)-

combination of axial and central chirality could result in highly
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°C for 16-20 h) and used to prepare bis(amino-oxazolines)
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Scheme 1. Synthesis of Monoarylation Products 6¢f and Unsymmetrically Substituted Bis(amino-oxazolines) 6gth

0
S C o 2
N, NH, Pd,(dba); N o
H,N. _—

H
. O rac-BINAP HN O N
N
R' =P, 6d; R! = Bu', 6e
R! =Ph, 6f
R]
® 2 e o e
N + \N sz(dba)_v, /N H N
H,N, H 79 rac-BINAP © N H 79
SR e Che
R! B
R! =Bu!, 6e; R! =Ph, 6f R' =Bu!, 6g; R' =Ph, 6h

aReagents and conditions: (i) #dba} (2 mol %),rac-BINAP (4 mol %), NaCGBu, toluene, 90C, (ii) Pd(dba} (2 mol %),rac-BINAP (4 mol
%), NaOBu, toluene, 95C.

Isolation of 6d—f from the reaction between 2;8iamino- temperature. However, suttoposligands have been success-
biphenyl and 2 equiv of 2-(Zbromophenyl)oxazoline strongly  fully applied to asymmetric catalysis since coordination to a
indicated that the first arylation was markedly faster than the substitutionally inert metal increases the barrier to atropinter-
second and that it should be possible achieve high selectivity conversion and allows the enantiomeric conformations to be
for monoarylation by reducing the stoichiometric ratio of'2,2  resolved®! Perhaps the best-documented of these ligands is
diaminobiphenyl to 2-(2bromophenyl)oxazoline. Indeed, the BIPHEP (2,2-bis(diphenylphosphino)biphenyi§,32 which has
selective monoarylation of 2:2liaminobiphenyl with 1 equiv  been successfully applied to palladium- and platinum-catalyzed
of 5a—c was catalyzed by B¢tbay/rac-BINAP in toluene to Diels—Alder 33 hetero-Diels-Alder,2* and carbonyl-ene reac-
give good yields of the desired produ@d—f (Scheme 1).  tions3® the rhodium-catalyzed cycloisomerization of 1,6-
Spectroscopically and analytically pure sample§aff could enynes’® and the ruthenium-catalyzed asymmetric hydrogena-
only be obtained by flash column chromatography since the tion of ketones’
crude reaction mixture was always contaminated by minor

qua_ntities oféa—c (typic_:ally <5%). SIighFIy highgr Chem_ose' (29) (a) Flores, M. A.; Manzoni, M. R.; Baumann, R.; Davis, M. M.;
lectivity for monoarylation could be obtained by increasing the schrock, R. ROrganometallics1999 18, 3220. (b) MnManus, H. A.; Cozzi,
stoichiometric ratio of diamine to oxazoline. The ;Ribay/ P. G.; Guiry, P. JAdv. Synth. Catal200§ 348 551. (c) Lu, S.-F.; Du,

oot ; s D.-M.; Xu, J.Org. Lett 2006 8, 2115. (d) Du, D.-M.; Lu, S.-F.; Fang, T.;
BINAP combination also proved to be a highly efficient catalyst XU, 13, Org. Chem2005 70, 3712. (&) Lu, S.-F. DU, D.-A- Xu. J.: Zhang,

for the mqnoarylation obe and 6f with _5a, which afforded ~ S.-W.J. Am. Chem. So@006 128 7418.

good to high yields of the unsymmetrically substituted bis-  (30) For a comprehensive and extensive review see: Walsh, P. J. Lurain,
(amino-oxazolinespg and 6h, respectively (Scheme 1). The A (%i)B(gI)S?rIEé g{cﬁmbeeéigggrlga ‘:;)2'9\7\)hite b s Gaghe R
most distinctive featun_e of théH NMR Spec”_um of6g 'S_the Organometallicszboq 19, '4376. (bj Mikar’ni, K.; Aikawa, ’K.; Korenaga,
presence of four low-field well-separated signals, which cor- T.Org. Lett 2001 3, 243. (c) Yamanaka, M.; Mikami, KOrganometallics
respond to two pairs of nonequivalent secondary amines 2002 21, 5847. (d) Korenaga, T.; Aikawa, K.; Terada, M.; Kawauchi, S.;

. . S . _ : Koichi, M. Adv. Synth. Catal2001, 343 284. For examples of oth&opos
associated with an equilibrium mixture of tw@-symmetric diphosphines see: (e) Doherty, S.: Knight. J. G.: Robins, E. G.; Scanlan,

diastereoisomers, which interconvert slowly on the NMR time 7. H.; Champkin, P. A.; Clegg, WI. Am. Chem. So€001, 123 5110. (f)
scale. Schrock and co-workers have previously prepared aDoherty, S.; Robins, E. G.; Nieuwenhuyzen, M.; Knight, J. G.; Champkin,

; ; iami ; P. A.; Clegg, WOrganometallic002 21, 1383. (g) Doherty, S.; Newman,
tetradentate unsymmetrical chiral diamido/donor basedas a C R Rath, R. K.. van den Berg, J.-A ; Hardacre, C.: Nietwenhuyzen, M.

2,5-t§tra_hydrofuran via a step\_/vise reductive amination  gpight, J. G.Organometallic2004 23, 1055.
substitution sequen@8 and Guiry and co-workers have (32) The activation barrier to axial rotation in BIPHEP has been deter-
prepared a series of unsymmetrical terdentate amido/bis- mined AG* = 22 (+1) kcal mol* at 125°C), and rotation about the biaryl

. . . A axis in the uncoordinated state is too fast to resolve the axial chiral
(oxazolines) using BuchwateHartwig aryl amination meth-  CJe oo o

odology?® These latter amido/donors combine with chromium (33) () Becker, J. J.; White, P. S.; GagiM. R. J. Am. Chem. Soc
chloride to form highly efficient catalysts for the asymmetric 2001 123 9478. See also: (b) Doherty, S.; Newman, C. R.; Rath, R. K]
Nozaki-Hiyama allylation and crotylation of aldehyd®, L“‘(’é 5'{5"M'?&Z‘$Viv82h‘%zk§3v’aw'k ,K\’(]l'ggt'j', %%n'aef\t;.ﬁgoﬁe% gggg'
while their symmetric counterparts have been applied to the 4, 91."(b) Mikami, K.; Aikawa, K.; Yusa, YOrg. Lett 2002 4, 95. (c)
zinc-catalyzed FriedelCrafts alkylation of indole with nitro- Mikami, K. Aikawa, K. Yamanaka, MPure Appl. Chem2004 76, 537.

i i i ith See also: (d) Doherty, S.; Knight, J. G.; Hardacre, C.; Luo, H.-K.; Newman,
alkenes, the asymmetric Henry reaction of nltromethane .W'th C.R.; Rath, R. K.; Campbell, S.; Nieuwenhuyzen,®iganometallic2004
a-keto esters, and the asymmetric Michael addition of nitro- 53 g157
alkanes to nitroalkene’8c— (35) (a) Aikawa, A.; Mikami, K.Angew. Chem. In. EQ003 42, 5458.

Solution NMR Studies.Ligands based on a 2;8ubstituted (7l32)5'\7/“k§mh *|< KﬁEk)UnDOVhH-:tA'kSan, Ka“_n%ev; Cne”(]- In. E(C:QO?_ES 44H «
H H H H H . See also: (C onerty, S.; Goodricn, P.; Raraacre, C.; LU0, H.-K.;
biphenyl tether have been attracting cor!5|d<_arable interest mwieuwenhuyzen’ M.: Rath, R. Organometallic2005 24, 5945.
recent years, and several noteworthy applications to the area of = (3g) () Mikami, K.; Kataoka, S.; Yusa, Y.; Aikawa, Krg. Lett 2004
asymmetric catalysis have appeafetigands of this type with 6, 3699. (b) Mikami, K.; Kataoka, S.; Aikawa, tOrg. Lett 2005 7, 5777.
only two ortho substituents typically exhibiropos character; (b>(§z)r§ﬁ2’$2‘a¥v?Aﬁav“f$k?<m"TEQ'&%EVAVA _C}?:VTA’U '(;EI %Q_O&?kgfﬁ F;éj’-
that is, the barrier to racemization of individual chiral skew synth catal210 343 284. (c) Mikami, K.; Korenaga, T.: Terada, M.;

conformations is not sufficiently high to allow resolution at room Ohkuma, T.; Pham, T.; Noyori, RAngew. Chem., Int. EA999 38, 495.
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The biphenyl-bridged 2-(5-alkyl)- and 2-(5-ferrocenyl)bis-

0, R,
N
USRS
R

(oxazolines) 8 (R = alkyl, CsH4FeCp), developed by Ikeéfa ~_ o
and Patt®® respectively, also belong to th®posclass of ligand, MJV/\\ SRR // \‘\ 283
as do the 3,3bithiophene-bridged analogu8secently intro- o - o
duced by Banaglf& (Chart 2). Even thoug8 (R = alkyl) exists 328K 200s™
as an interconverting equilibrium mixture of two diastereoiso- “’/\\&_w AA

mers, only one coordinates to copper(l), and the resulting - o
complex catalyzes the highly enantio- and diastereoselective 318K J\ 955!
cyclopropanation of styrene with ethyl diazoacetate, giving ee _Jk /L - / \ L
values up to 84%¢8° In marked contrast, their 2-(5-ferrocenyl)

counterpart gave a much lower ee, even though its solution 303K 3540
behavior and coordination properties paralleled its alkyl- /\ ) //\

substituted counterpari8 Similarly, the conformationally flex-
ible 3,3-bithiophene-bridged bis(oxazoline® gave near- k

No
racemic mixtures in the copper-catalyzed cyclopropanation of 23K J J\ Exchange
styrene, although respectable ee’s{66%) were obtained with
their atropisomeric counterpartsSince6a—c have only two " T - " . .
ortho substituents on the biphenyl tether, they should also belong!10  10.5 100 ppm 11.0 105 100 ppm
to thetroposclass of ligand and exist as an equilibrium mixture Figure 1. Observed (a) and simulated (b) variable-temperdidre

of the SaR,S- and S,aS S-diastereoisomers, related by rotation NMR spectra of6b showing exchange of the secondary amino
about the biaryl axis (Chart 3). protons as the5aS,S-and SaR,Sdiastereoisomers interconvert.
Spectra recorded idg-toluene.

Chart 3 Table 2. Activation Parameters for the Atropinterconversion

F of 6b, 6e, and 6f
|/.\N O NQ\ |//\N " O N parameter 6h? 6bP 6e 69
— H

N\) AH*, kJ molt 57.5+1 56.5+15 51.5+15 53.1+1
O AS,JmortK-t -259+4 -30.0+£7 -57.0+£7 -39.3+t4

o
N
jani
A
o]
o
Z.
B
o]

7:-"
?uu

a Activation parameters determined from line-shape analysis of the N-H
S.aR.S S.,a8.S protons. Activation parameters determined from line-shape analysis of the
tert-butyl signals.
Table 1. Minor:Major Diastereoisomeric Ratios for 6a—h at
293 and 213 K Figure la clearly shows that the chemical shift of one of the
6a 6b 6c 6d 6e 6f 69 6h N-H protons is markedly more temperature-dependent than the
293K 4555 4150 4555 4852 4951 4654 4555 4555 other, which we te_ntatlvely attribute to a dlfferenc_:e in the naFure
213K 32:68 31:69 39:61 47:53 5852 47:53 37:63 36:64 and extent of the intramolecular hydrogen'bond|ng interactions
in the two diastereoisomers. Simulation of the variable-
temperaturéH NMR spectra ofb (Figure 1b and Supporting
Information) and Eyring analysis of the derived rate constants
gaveAH* and AS values of 57.5+ 1 kJ mott and—25.9+
4 J K-1 mol=%, respectively, for the exchange process using
the secondary amino protons anéi* and AS* values of 56.5
+ 1.5 kJ mott and—30.0+ 7 J K- mol™%, respectively, using
thetert-butyl groups (Table 2). ThAG* value of 66.2 kJ moft

apDetermined by"H NMR spectroscopy (500 MHz) in CITl.

Solution'H NMR studies revealed th&ia—h exist as an
equilibrium mixture of diastereoisomers, which interconvert
slowly on the NMR time scale. The diastereoisomeric ratios
listed in Table 1 show that the equilibrium is essentially
independent of the oxazoline substituent but varies with
temperature. A clear picture of the interconversion of3fa® S- A !
6b and SaSS6b diastereoisomeric pair was provided by a calculated at 283 K is similar to that of 64.8 kJ mbdletermined

variable-temperaturéH NMR study. For comparison and to  BY Iked&® for |nterconv_er3|or'1 of theSaRS- and SaSS
ensure consistency, the line-broadening behavior of the two low- diastereoisomers of a series of Zigphenyl-bridged 2-(5-alkyl)-
field signals associated with the protons of the secondary aminoPiS(0xazolines)8, and the estimated barrier of 68.2 kJ ol
groups (Figure 1a) and that of the two singlets belonging to the for the corresponding process in their 2-(5-ferrocenyl)-
tert-butyl substituents of the oxazoline rings (Supporting substituted derivativé® Since the activation barrier to axial

Information) was monitored. In addition to the exchange process, forsion is relatively low and interconversion of the two
diastereoisomers very fast (35!sat 303 K), it will not be

(38) (a) Imai, Y.: Zhang, W.; Kida, T.; Nakatsuiji, Y.; lkeda,J. Org. possible to resolve these two diastereocisomers. The monoary-
Chem 200Q 65, 3326. (b) Zhang, W.; Xie, F.; Matsuo, S.; Imahori, Y.;  lation product6e showed similar solution behavior, and line-
Kida, T.; Nakatsuiji, Y.; Ikeda, [Tetrahedron: Asymmetrg006 17, 767. shape analysis of the correspond}thMR spectra gaVAH*

(39) Patti, A.; Pedotti, SChirality 2005 17, 233. _
(40) Benaglia, M.; Benincori, T.; Mussini, P.; Pilati, T.; Rizzo, S.; and AS' values of 51.5+ 1.5 kJ mot* and—57.0+ 7 J K™

Sannicolg F. J. Org. Chem2005 70, 7488. mol~2, respectively. In the case g, the low-temperature
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Figure 2. Observed (a) and simulated (b) variable-temperalidrBlMR spectra o6gto show the pairwise exchange of secondary amino
protons as th&aS,S-and SaR,Sdiastereoisomers interconvert. Spectra recorded-toluene.

limiting 'H NMR spectrum contains four well-separated signals
associated with the N-H protons of the two possilile
symmetric diastereoisomers. The temperature dependence of
these signals (Figure 2a) clearly shows that the two diastereo-
isomers interconvert, and line-shape analysis of these spectra
(Figure 2b) gaveAH* and ASF values of 53.14 1 kJ mot?
and—39.3+ 4 J K1 mol™, respectively, which are entirely
consistent with the corresponding activation parameters obtained
for 6b and6e

Single-Crystal X-ray Structures of 2,2-Bis(2-(4-isopropyl-
4,5-dihydro-oxazol-2-yl)phenylamino)-1, :biphenyl (6a), 2-(2-
(4-isopropyl-4,5-dihydro-oxazol-2-yl)phenylamino)-2amino-
1,1-biphenyl (6d), and 2-(2-(4tert-butyl-4,5-dihydro-oxazol- Figure 3. Molecular structure oBa, highlighting the S-stereo-
2-yl)phenylamino)-2-(2-(4-isopropyl-4,5-dihydro-oxazol-2-  chemistry about the biaryl tether and the intramolecular hydrogen-
yl)phenylamino)-1,1-biphenyl (6h). Crystals of a single dia-  bonding interaction between N(1)-H and N(2). Hydrogen atoms
stereocisomer oba suitable for X-ray structure determination except for H(1) and its symmetry equivalent have been omitted
were grown by slow diffusion of hexane into a concentrated for clarity, and ellipsoids are at the 30% probability level. The
dichloromethane solution at room temperature, and a perspectiveunlabeled atoms are related to labeled atoms by a crystallographic
view of the molecular structure is shown in Figure 3. The C, axis running vertically down the page. Selected bond lengths
molecule has a crystallograph@ axis. The structure reveals (A) and angles (deg): N(£)C(1) 1.405(3), N(2)C(13) 1.287(4),

. ) L : N(2)—C(15) 1.490(3), G-C(13) 1.361(3), G-C(14) 1.443(6)
the presence of an intramolecular H-bonding interaction betweenc(13)_N(2)_C(15) 108.0(3). C(13)0—C(14) 105.8(3). C(%)

the secondary amino N-H and the nitrogen atom of the proximal ;1= c(7)127.4(2). C(B-N(1)—H(1). 120(2). C(7>N(1)—H(1
oxazoline ring [N(1):*N(2) = 2.700 A and N(13H(1)- - -N(2) 1£2)(2).( )127.4(2), CYN(L)=H(1), 120(2), C{ry N(L)—H(1)

= 144°] as well as a weake— interaction between the close
and parallel phenyl ring attached to the oxazoline fragment. The ondary amino N-H and the nitrogen atom of the oxazoline ring
two rings of the biaryl unit, which are related by 2-fold rotation [N(2)---N(3) = 2.696 A and N(2}H(2A)---N(3) = 136°],
symmetry, are close to perpendicular, with a dihedral angle of essentially identical to the corresponding interaction described
72.5, typical for a 2,2-disubstituted biaryl. For example, the  above for6a, and a weaker hydrogen bond between the primary
rings of the biaryl tether in 2/2bis(ferrocenylhydroxymethyl)-  amino N-H and the nitrogen atom of the secondary amine N(2)
1,1-biphenyl adopt a near-orthogonal arrangement according [N(1)-+-N(2) = 3.158 A and N(1}H(1A)--*N(2) = 128°]. The
to Monte Carlo conformational searctesA single-crystal dihedral angle between the two rings of the biaryl tether is°%61.2
X-ray structure of the monoarylated prodiéet has also been  The corresponding geometric parameters for the other dia-
obtained, and in this case the crystal used for the data collectionstereomer are similar. The structure of the unsymmetrical bis-
contained both diastereoisomers. The molecular structure of the(amino-oxazoline)sh was also obtained for comparison with
SaR-diastereoisomer, shown in Figure 4, reveals two types of that of 6a, and the crystals, grown by slow diffusion of a
intramolecular H-bonding interactions: one between the sec- concentrated chloroform solution layered with methanol, con-
tained a mixture of both diastereoisomers. The molecular
(41) Patti, A. Pedotti, STetrahedron: Asymmetrg005 16, 965. structure of the5 aR,Rdiastereoisomer (Figure 5) qualitatively
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most striking feature of théH NMR spectrum of10 is its
simplicity, which is consistent with a singl€;-symmetric
diastereoisomer. A single low-field resonanceda.46 of
intensity 18H, three doublets of doubletséa#.69, 4.33, and
3.46 associated with the protons attached to C4 and C5 of the
oxazoline ring, and a broad singlet of intensity 2Hdab.96
belonging to the protons of the secondary amino group are all
consistent with aC,-symmetric environment. Th&C NMR
spectrum supports this interpretation with one low-field signal
at 0 168.8 for the carbon atom of the oxazoline imine, two
signals ab 75.0 and 70.5 for C4 and C5 of the oxazoline ring,
and signals ad 34.0 and 25.6 for théert-butyl substituent, in
addition to 12 distinct signals for the carbon atoms of the
aromatic rings. A marked upfield shift of the N-H protons from
0 10.5 in6b to 6 5.96 in 10 and a characteristically large
Figure 4. Molecular structure of theSaR-diastereomer of the downfield coordination induced chemical shift9, of —0.6 and
monoarylation producéd, illustrating the two sets of hydrogen-  —0.4 (A0 = OHijigana—0 Hicomplex pPpm) for the oxazoline ring
bonding interactions. Hydrogen atoms except for H(1A) and H(2A) C(5)-H signal$? combined with a downfield shift of C1 of

have been omitted for clarity, and eIIips%ids are at the 30% the oxazoline ring fromd 163.7 in6b to 167.3 in10 suggest
probability level. Selected bond lengths (A) and angles (deg): ¢ 6h coordinates in aN,cN,«cN«N-tetradentate manner. In
N(l)_c(%) 1.404(4), N(2y C(12) 1'423(4)’ N(2yC(13) 1.378(3), addition, thelH NMR spe’ctrt;m ’of a 1:1 mixture odb and
g()?)a(ci()_gizldglid_ﬁ)é(E)(%();((:l(g,z](12')_72((?:3,)01(22%? é&g; [Cu(MeCNY][PFg] in CD,Cl,, recorded immediately after dis-
N(3)—C(21) 107.4(2), C(19)O(1)—C(20) 105.4(2). solution, also contained a single set of resonances, which sug-
gests that the formation df0 is both rapid and highly dia-

stereoselective. Moreovet( appears to be stable with respect
to diastereointerconversion since #heNMR spectrum showed

no evidence for line-broadening between 213 and 308 K and
no change after standing at room temperature for 1 week. Thus,
it appears that the reaction between [Cu(MegRFs] and an
equilibrium mixture of6b results in dynamic resolution to afford

a singleC,-symmetric diastereoisomer. However, the observed
spectrum could also be accounted for by a rapidly intercon-
verting mixture of two or mor€,-symmetric diastereoisomers.

At this stage we favor the former explanation on the basis that
the room-temperaturtH NMR spectrum of the uncoordinated
ligand contains two sets of resonances associated with slow
interconversion of th&,aR,S-and S aS S-diastereoisomers and
that it is reasonable to assume that the rate of interconversion
Figure 5. Molecular structure of th&aR,Rdiastereoisomer of the  \ould not increase upon coordination compared with that of
unsymmetrically substituted bis(amino-oxazolifia)viewed along the free ligand. While coordination dfopos ligands often

the biaryl axis to emphasize stereochemistry and showing theN(2) i, reases the barrier to diastereointerconver&ahere are
H---N(1) and N(3)~H--*N(4) hydrogen-bonding interactions. Hy- .-\ 51e in which metal coordination accelerates the rate of

drogen atoms except for H(2) and H(3) have been omitted for . . -
clarity, and ellipsoids are at the 30% probability level. Selected racemizatiorf? In one instance, Rebek reported that coordination

bond lengths (A) and angles (deg): NE(7) 1.495(7), N(1y of a bipyridyl crown ether to palladium decreasa&* for
C(9) 1.279(8), O(1)}C(9) 1.383(6), O(1)C(8) 1.469(7), N(4) racemization by 11 kcal mot relative to the free ligantfa
C(34) 1.281(7), N(4)yC(36) 1.480(6), O(2)C(35) 1.449(7), O(2) However, such metal-accelerated racemization appears to be
C(34) 1.372(6), C(15yN(2)—C(16) 127.4(4), C(2HN(3)—C(28) unigue to bipyridyl and biisoquinoline ligands, the origin of
127.7(4), C(16)N(2)—H(2) 114(3), C(155N(2)—H(2) 117(3), which is poor overlap of the nitrogen lone-pair orbitals with
C(27)-N(3)—H(3) 119(3), C(28)N(3)—H(3) 113(3). those of the metal and the increase in-M bond strength on
going from the ground state to the transition state. Ikeda has
resembles that @ain that there are intramolecular H-bonding  recently investigated the coordination chemistry of a series of
interactions between the secondary amine N-H and the nitrogen2 2 -biaryl-bridgedtropos 2-(5-alkyl)bis(oxazolines) and dem-
atoms of the oxazoline rings, respectively. onstrated that coordination to copper(l) occurs with high
Copper(l) Coordination Chemistry of 6b. Since oxazoline  diastereoselectivity for all oxazolines examined, while the
ligands are most often used in combination with copper salts selectivity for other metal such as Ag(l), Pd(ll), and zZn(ll)
for asymmetric catalysis, the reaction betwegmand [Cu- depended on the oxazoline substitu#Ratti observed a similar
(MeCN)J[PFg] was investigated with the aim of establishing |evel of selectivity for coordination of th§aSS-diastereoisomer
the nature of the metaligand bonding, the coordination of the 2-(5-ferrocenyl)-substitute8 to zinc3® A related dia-
geometry at the metal center, and whether one of the diastereostereoselective coordination has also been identified for a series
isomers coordinates preferentially. Addition of 1 equivef
to a dichloromethane solution of [Cu(MeCjPF¢] resulted (42) Caplar, V.; Raza, Z.; Roje, M.; Torifs V.; Horvat, G.; Pdar, J.;
in the gradual appearance of a pale green-yellow color, which Piantanida, I.; @i¢, M. Tetrahedron2004 60, 8079.
became more intense with time. After stirring overnight the 10%437) ‘fg%_R(etgeﬁ er F:‘]|.(;, CJ‘_’SB‘_*;”OT'LHC}"V?_“EE{'ﬁﬁmbﬁ’g;@-;"c‘}g?g
solution was filtered, concentrated, and layered with hexane t0 19 4315, (c) Rebek, J. J.; Marshall, 0. Am. Chem. Soc983 105
give colorless needlelike crystals of [@b]][PFs] (10). The 6668.
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Co-symmetric environment observed by solution NMR spec-
troscopy. The Cu(yN(1) and Cu(1)-N(4) bond lengths of
1.897(4) and 1.898(4) A are similar to those in related copper-
(I) oxazoline complexes such as the '&lémethylbiphenyl-
bridged 2,2-bis(oxazoline) reported by Corey and used for
the highly enantioselective synthesis of siretfirgs are the
C(7)-N(1) and C(32)-N(4) bond lengths of 1.279(7) and
1.274(7) A, respectively. The dihedral angle between the two
rings of the biaryl tether is 80°1Unfortunately, since a variable-
temperature solutiotH NMR study of10 showed no evidence
for line-broadening between 213 and 208 K, it has not been
possible to establish whether the resulting spectra are due to a
time-averagedC,-symmetric sawhorse geometry or a rapidly
interconverting mixture of two- and four-coordinate complexes
by virtue of N(amine)-dissociation and subsequent N-inversion.

Figure 6. Structure of the cation of [C6b)][PFe] (10) showing Similar behavior has recently been identified in a study of
the sawhorse geometry at copper and the approxi%mmetry atroplsomerlc discrimination in new ruthenlum(ll) Complexes
of the complex. Hydrogen atoms have been omitted for clarity, of the C;-symmetric bidentate chiral phenyl-bridged bis-
and ellipsoids are at the 30% probability level. Selected bond lengths (oxazolines), 1,2-bis([4alkyl-4',5'-dihydro-2-oxazolyl]ben-
(A) and angles (deg): Cu(HN(1) 1.897(4), Cu(1¥N(2) 2.838- zene?” Uncoordinated, these ligands exhibit free rotation about
(5), Cu(1)-N(3) 2.640(5), Cu(1yN(4) 1.898(4), N(1}C(5) 1.484-  the C-C bond linking the aromatic tether and the oxazoline
(6), N(1)-C(7) 1.279(7), O(Ly C(7) 1.344(6), N(4yC(32) 1.274-  fragment, while coordination results in restricted rotation to
(7). Ngg_g(e’g) 1'49?:(7)’ O(chégzs) 1'344C(:6), N(l_z)Clé:(l)_ afford a single diastereoisomer that shows no evidence for
Tg)j -12(18), N(2yCu(1)~N(3) 93.81(13), C(13)N(2)—C(14) interconversion. DFT calculations gave an energy difference of
A4(4), C(13XN(2)—H(2) 114(3), C(14XN(2)—H(2) 117(3), 1 . .
C(25)-N(3)~C(26) 120.8(4), C(25¥N(3)—H(3) 118(4), C(26) 5.7 kgal mot?t in favor of the Ies_s sterlpally congested dla-.
N(3)—H(3) 108(4). stereoisomer and an energy barrier to diastereointerconversion

of 26.0 kcal mot?, fully consistent with the formation of a single

of stereochemically dynamic 2;Bis(phospholes) linked by a  noninterconverting diastereoisomer.
chiral tether. Introduction of the chiral tether resulted in partial .
control of the central and axial chirality to afford an equilibrium Conclusions

mixture of diastereoisomers, which reacted with [MEleCN),] Palladium-catalyzed BuchwaidHartwig arylation methodol-
M = qu, Pt) to afford diastereo- and enantiopure palladium ogy has been used to prepare a new clasmpbstetradentate
and platinum complexe¥. diamido/donor based on a 2fiphenyl-bridged bis(amino-
The identity ofl0was unequivocally established by a single-  oxazoline). Previously, chiral diamido/donors have been based
crystal X-ray study (Figure 6), which provided precise details on an enantiopure atropisomeric biaryl-bridged tether such as
about the nature of the metellgand bonding, revealed a highly  pinaphthyl or a 6,6substituted biphenyl. Here, we adopted an
unusual geometry adopted by copper, and established theajternative strategy by incorporating central chirality, in the form
absolute stereochemistry of the coordinated bis(amino-oxazo-of an oxazoline, into the donor fragment. Since the first arylation
line). A survey of the literature and the CSDrevealed that  proceeds markedly faster than the second, the monoarylation
relatively few copper(l) complexes of bis(oxazolines) have been products were isolated and used to prepare unsymmetrically
structurally characterized. The X-ray study confirmed thdt  sypstituted bis(amino-oxazolines) via a second palladium-
crystallized as a single diastereoisomer, as anticipated from thecatalyzed arylation. Variable-temperatutel NMR studies
solution'H and*3C NMR spectra, and the configuration of the  showed that the bis(amino-oxazolines) and monoarylated prod-
biaryl axis was established to b& aAt first site the copper  ycts exist in solution as an equilibrium mixture 86R,S-and
appears to adopt a near-linear two-coordinate geometry with 555 S diastereoisomers, which interconvert by rotation about
the two oxazolines in drans arrangement with a N(4) the biaryl axis. Line-shape analysis of simulated spectra gave
Cu(1)-N(1) angle of 169. However, closer inspection reveals AH* andASF values of 51.5-57.0 kJ mot! and—25.9 to—57.0
additional weak interactions between copper and the nitrogenj mol? K-, respectively. Coordination ofb to copper(l)
atoms of the secondary amines, and although the E(3) results in a dynamic resolution to afford diastereop@eS(9-
and Cu(1)-N(3) bond lengths of 2.838 and 2.640 A, respec- [Cu(6b)][PFe], which shows no evidence for diastereointercon-
tively, are significantly longer than a typical coppenitrogen version. The straightforward modular synthesis of these new
o-bond, they are within the sum of the van der Waals radii of diamido/donors, the combination of axial and central chirality,
2.90 A. In fact, N(2) is close to planar ancPdpybridized (Sum  and the diastereoselective coordination will each be integral to

of angles at N(2j= 356.6), which suggests that any interaction  the application of these ligands in asymmetric Lewis acid
with copper is extremely weak. Thus, the coordination of copper catalysis.

is highly unusual, intermediate between square planar and

tetrahedral, _and can most aptly be des_cribed as a “sawhorse” Experimental Section
geometry with the two secondary amino groups forming a ] ] ] ] ) -
N(2)—Cu(1)-N(3) angle of 93.81 While 10 has C; sym- General Comments.All manipulations involving air-sensitive

metry in the solid state, it is clear from the projection shown in materials were carried out in an inert-atmosphere glovebox or using

Figure 6 that only minor distortions are required to achieve the

(46) Gant, T. G.; Noe, M. C.; Corey, E. Jetrahedron Lett1995 36,

8745.
(44) Robe E.; Ortega, C.; Mikina, M.; Mikolajczyk, M.; Daran, J.-C.; (47) Sala, X.; Plantalech, E.; Romero, |.; Rarez, M.; Llobet, A.;
Gouygou, M.Organometallics2005 24, 5549. Poater, A.; Duran, M.; SoJaVl.; Jansat, S.; Goez, M.; Parella, T.; Stoeckli-

(45) Allen, F. H.Acta Crystallogr. Sect. R002 58, 380. Evans, H.; Benet-Buchholz, Chem. EurJ. 2006 12, 2798.
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standard Schlenk line techniques under an atmosphere of nitrogerD.60 (s,tert-Bu). 13C{H} NMR (125.77 MHz, CDCJ, 298 K, ¢):
or argon in oven-dried glassware. Diethyl ether and hexane were 163.7 (oxazoline&2=N), 163.5 (oxazolin€&e=N), 146.3, 146.2,

distilled from sodium/potassium alloy, dichloromethane from
calcium hydride, toluene from sodium, and THF from potassium

under an atmosphere of nitrogen. Deuteriochloroform was pre-

dried with calcium hydride, vacuum-transferred, and stored over
4 A molecular sieves. 2-Bromobenzonitrile, JRitba), and
sodiumtert-butoxide were purchased from Aldrich Chemical Co.,
andrac-BINAP was purchased from Strem Chemical Co. Unless

140.2, 139.9, 134.3, 133.3, 132.8, 132.7, 131.7, 13.0, 129.6, 128.6,
128.3,124.5,123.7, 123.4,116.7, 116.6, 113.4, 113.3, 110.5, 110.4,
76.8 (oxazoline-ChD), 67.2 (oxazoling2H,N), 34.0 C(CHy)s),

33.9 (C(CHs)3), 26.4 (CCHa3)3), 26.3 (CCHa)3). Anal. Calcd for
CagHaaN4Oy: C, 77.78; H, 7.21; N, 9.55. Found: C, 78.02; H, 7.31;
N, 9.89. MS (70 eV, El):m/z 586 [M*], 529, 429, 386, 369, 311,
269. [o]p = +119.8 € 1.0, CHCI).

otherwise stated, commercially purchased materials were used 2 2-Bjis(2-(4-phenyl-4,5-dihydro-oxazol-2-yl)phenylamino)-

without further purification. The 2-(Zbromophenyl)oxazolines
were prepared according to literature procedéfedd and
13C{1H} NMR spectra were recorded on a JEOL LAMBDA 500
or a Bruker AMX 300 instrument. Thin-layer chromatography
(TLC) was carried out on alumina sheets precoated with silica gel

1,2-biphenyl (6c) was prepared according to the procedure
described above fofa and isolated as a white solid in 58%
yield, present as an equilibrium mixture of two diastereoiso-
mers (45:55)H NMR (500.0 MHz, CDQCl,, 298K, ¢): 10.01
(br s, NH), 9.87 (br s, NH), 7.98 (t,J = 9.0 Hz, Ar-H), 6.73

60F 254, and column chromatography was performed using Merck 7. 29 (m, ArH), 6.55 (t,J = 8.6 Hz, Ar-H), 6.45 (t,J = 8.6

Kieselgel 60.

Synthesis of 2,2Bis(2-(4-isopropyl-4,5-dihydro-oxazol-2-yl)-
phenylamino)-1,1-biphenyl (6a). An oven-dried Schlenk flask was
loaded with Pe(dba), (0.065 g, 0.07 mmol).ac-BINAP (0.087 g,
0.14 mmol), 2,2diaminobiphenyl (0.326 g, 1.78 mmol), 242
bromophenyl)oxazoline (0.954 g, 3.56 mmol), soditam-butoxide

Hz, Ar—H), 5.15 (dd,J = 13.0, 19.0 Hz, oxazoline4d;0), 5.05
(dd,J = 13.0, 19.0 Hz, oxazoline4d;0), 4.51 (ddJ = 13.0, 16.0
Hz, oxazoline-&i,0), 4.47 (dd,J = 13.0, 16.0 Hz, oxazoline-
CH,0), 4.04 (ddJ = 16.0, 19.0 Hz, oxazolineddN), 3.94 (dd,J
= 16.0, 19.0 Hz, oxazolineddN). 3C{*H} NMR (125.77 MHz,
CDCl;, 298 K, 9): 164.9 (oxazoline==N), 164.8 (oxazoline-

(0.512 g, 5.34 mmol), and dry degassed toluene (25 mL), and the C=N), 146.2, 142.8, 139.8, 139.7, 133.1, 132.8, 132.1, 131.9, 130.2,

mixture heated at 93C for 20 h, during which time the color of
the solution turned from purple to a deep yellow-brown. The

progress of the reaction was monitored by removing small aliquots,

which were analyzed by TLC anéH NMR spectroscopy to
determine when the 2-(bromophenyl)oxazoline had been com-

pletely consumed. The toluene was removed in vacuo, the re-

sulting residue extracted into diethyl ether (60 mL), and the re-
sulting solution filtered through a short pad of silica gel. The ether
was removed and the product purified by flash column chroma-
tography (hexaneethyl acetate, 50:3) to givéa as an off-white
solid in 82% vyield (0.81 g), present as an equilibrium mixture
of two diastereoisomers (32:68H NMR (500.0 MHz, CDCl,,
218K, 6): 10.51 (br s, NH), 9.82 (br s, NH), 7.58 (d= 8.0 Hz,
Ar-H), 7.51 (d,J = 8.0 Hz, ArH), 7.32-7.41 (m, ArH), 7.24 (d,
J=28.4Hz, ArH), 7.20 (t,J = 7.4 Hz, ArH), 7.15 (t,J = 7.4 Hz,
Ar-H), 7.06 (d,J = 8.4 Hz, ArH), 7.03 (d,J = 8.4 Hz, ArH),
6.84 (t,J = 7.2 Hz, ArH), 6.54 (t,J = 7.3 Hz, ArH), 6.44 (t,J

= 7.4 Hz, ArH), 4.3 (t,J = 8.2 Hz, CH), 4.22 (tJ = 9.0 Hz,
oxazoline-®,0), 3.90 (m, oxazoline-8,0), 3.78 (m, oxazoline-
CHN), 1.40 (septJ = 6.6 Hz, GHMey), 1.34 (septJ = 6.8 Hz,
CHMe,), 0.69 (d,J = 6.8 Hz, CHVey), 0.64 (d,J = 6.6 Hz,
CHMe,), 0.63 (d,J = 6.6 Hz, CHVley), 0.48 (d,J = 6.4 Hz,
CHMe,). 13C{H} NMR (125.77 MHz, CDCJ, 298 K, 9): 163.5
(oxazoline€=N), 145.9, 139.9, 139.8, 133.8, 133.0, 132.5, 131.5,

129.9,128.9, 128.4, 128.2, 127.6, 123.3, 122.8, 122.2, 121.6, 116.9,
116.6, 113.8, 113.7, 110.6, 110.3, 73.4 (oxazol&O), 73.1
(oxazoline€H,0), 70.4 (oxazolingZHN), 70.2 (oxazolineg2HN).

Anal. Calcd for GgH4oN4O,: C, 80.49; H, 5.47; N, 8.94. Found:

C, 80.79 H, 5.53; N, 9.09. MS (70 eV, E)miz 626 [M'],

506, 359, 331, 311, 285, 270, 255, 248] = —278.2 ¢ 1.0,
CH.Cl,).

Synthesis of 2-(2-(4-Isopropyl-4,5-dihydro-oxazol-2-yl)phe-
nylamino)-2'-amino-1,1-biphenyl (6d). An oven-dried Schlenk
flask was loaded with R¢tba) (0.078 g, 0.085 mmolyac-BINAP
(0.105 g, 0.17 mmol), 2;2iaminobiphenyl (0.391 g, 2.13 mmol),
isopropyl-substituted 2-(romophenyl)oxazoline (0.571 g, 2.13
mmol), sodium tert-butoxide (0.306 g, 3.19 mmol), and dry
degassed toluene (15 mL), and the mixture heated 4C%0r 16
h, during which time the solution turned from purple to deep yellow-
brown. The reaction was monitored by removing small aliquots,
which were analyzed by TLC andH NMR spectroscopy to
determine when the 2-¢Gbromophenyl)oxazoline had been com-
pletely consumed. The toluene was removed in vacuo, the residue
extracted into diethyl ether (60 mL), and the resulting solution
filtered through a short pad of silica. The ether was removed and
the product purified by flash column chromatography (dichlo-
romethane-hexane, 1:2, v/v) to givéd as a pale cream-colored
solid, present as an equilibrium mixture of two diastereoisomers

129.8,129.6, 128.3, 128.2, 123.9, 123.3, 122.7, 116.5, 113.0, 112.5(48:52). 1H NMR (500.0 MHz, CBCl,, 263 K, 9): 10.18 (br s,

110.5, 73.2 CH,0), 68.9 (oxazoling=HN), 33.3 CHMe;,), 19.3
(CHMey), 19.0 CHMe;,). Anal. Calcd for GgH3gN4O,: C, 77.39;
H, 6.86; N, 10.03. Found: C, 77.78; H, 7.01; N, 10.22. MS (70
eV, El): mz558 [M*], 386, 355, 311, 2694f]p = +109.2 € 1.0,
CH,CL,).
2,2-Bis(2-(44ert-butyl-4,5-dihydro-oxazol-2-yl)phenylamino)-
1,1-biphenyl (6b) was prepared according to the procedure
described above foBa and isolated as an off-white solid in 67%
yield, present as an equilibrium mixture of two diastereoisomers
(46:54).'H NMR (500.0 MHz, GDg, 253K, 0): 10.92 (br s, M),
10.32 (br s, M), 7.49 (d,J = 7.9 Hz ArH), 7.28-7.35 (m, Ar-
H), 7.23 (t,J = 7.9 Hz ArH), 7.18 (d,J = 8.6 Hz, ArH), 7.11 (t,
J=7.3Hz, ArH), 7.06 (t,J= 7.3 Hz, ArH), 6.98 (t, brJ = 7.6
Hz, Ar-H), 6.84 (d,J = 8.2 Hz, ArH), 6.66 (t,J = 7.3 Hz, ArH),
6.43 (d,J = 7.4 Hz, ArH), 6.30 (t,J = 7.3 Hz, ArH), 4.13 (app
t, J= 9.2 Hz, oxazoline-8,0), 4.11 (app tJ = 8.9 Hz, oxazoline-
CH;0), 3.94 (app tJ = 8.6 Hz, oxazoline-E,0), 3.90 (app tJ
= 8.6 Hz, oxazoline-B8,0), 3.79 (app tJ = 9.15 Hz, oxazoline-
CHN), 3.73 (app tJ = 9.2 Hz, oxazoline-EIN), 0.64 (stert-Bu),

N-H), 10.05 (br s, NH), 7.66 (dd,J = 1.5, 8.0 Hz, ArH), 7.62
(dd,J = 1.5, 8.0 Hz, ArH), 7.58 (d,J = 8.0 Hz, ArH), 7.55 (d,

J = 8.0 Hz, ArH), 7.44 (d,J = 8.5 Hz, ArH), 7.42 (d,J=8.5

Hz, Ar-H), 7.22-7.33 (m, ArH), 7.04-7.13 (m, ArH), 6.64-6.7

(m, Ar-H), 3.70-4.20 (m, oxazoline &N + CH;0), 1.51 (septJ

= 7.0 Hz, HMe,), 1.41 (sept) = 7.0 Hz, HHMey), 0.73 (d,J =

7.0 Hz, CHMey), 0.69 (d,J = 7.0 Hz, CHMe,), 0.59 (d,J = 7.0

Hz, CHVe,), 0.58 (d,J = 7.0 Hz, CHVI&,). 13C{H} NMR (125.77
MHz, CDCk, 298 K,6): 162.9 (oxazoling==N), 162.8 (oxazoline-
C=N), 145.4, 145.2, 144.2, 144.1, 139.6, 139.5, 132.4, 132.2, 132.0,
131.9,131.7,131.6, 130.0, 129.9, 128.5, 128.4, 128.0, 128.1, 125.1,
124.9,123.3,123.1,121.8,121.7, 118.6, 118.5, 117.1, 116.9, 115.5,
115.4, 112.9, 112.7, 111.1, 110.9, 72.6 (oxazo@N), 72.6
(oxazoline€HN), 68.4 (oxazoling=H,0), 68.2 (oxazolingzH,0),

32.6 (CHMey), 32.5 CHMe,), 18.9 CHMe,), 18.8 CHMe,), 18.3
(CHMe,), 18.2 CHMe,). Anal. Calcd for G4HosN3O: C, 77.60;

H, 6.78; N, 11.31. Found: C, 77.91 H, 6.97; N, 11.37. MS (70 eV,
El): m/z 371 [M*], 354, 311, 296, 284, 269, 196, 16&]p =
+53.6 € 1.0, CHCIy).



Modular Synthesis of a New Class of Bis(amino-oxazoline)

2-(2-(4+ert-Butyl-4,5-dihydro-oxazol-2-yl)phenylamino)-2-
amino-1,1-biphenyl (6e)was prepared according to the procedure
described above fddd and isolated as a pale yellow solid in 73%
yield, present as an equilibrium mixture of two diastereoisomers
(48:52)."H NMR (500.0 MHz, CBCl,, 213 K, d): 10.09 (br s,
NH), 9.93 (br s, NH), 7.67 (dd,J = 1.5, 8.0 Hz, ArH), 7.64 (dd,
J=1.5, 8.0 Hz, ArH), 7.58 (d,J = 8.0 Hz, ArH), 7.54 (d,J =
8.0 Hz, ArH), 7.41 (d,J = 8.5 Hz, ArH), 7.39 (d,J = 8.5 Hz,
Ar-H), 7.32 (t,J= 7.5 Hz, ArH), 7.29 (t,J = 8.0 Hz, ArH), 7.27
(dd,J = 1.5, 7.5 Hz, ArH), 7.24 (t,J = 7.0 Hz, ArH), 7.14 (t,J
= 7.0 Hz, ArH), 7.11 (t,J = 7.5 Hz, ArH), 7.07 (t,J = 8.0 Hz,
Ar-H), 7.05 (d,J = 8.90 Hz, ArH), 7.03 (d,J = 7.5 Hz, ArH),
6.29-6.74 (m, ArH), 4.15 (ddJ = 9.5 Hz, oxazoline-€,0), 4.11
(dd,J = 10.0 Hz, oxazoline-85), 3.95 (ddJ = 8.0 Hz, oxazoline
CH,0), 3.89 (ddJ = 9.0 Hz, oxazoline-&,0), 3.80 (ddJ = 9.0
Hz, oxazoline-@iN), 3.74 (dd,J = 8.0, 10.0 Hz, oxazoline4@N),
3.64 (br s, M), 3.60 (br s, NH,), 0.62 (s,tert-Bu), 0.52 (stert-
Bu). 13C{'H} NMR (125.77 MHz, CDCJ, 298 K, ¢0): 163.6
(oxazoline€=N), 163.4 (oxazolin€==N), 146.4, 146.3, 144.8,
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resulting residue extracted into diethyl ether(280 mL), and the
resulting solution filtered through a short pad of silica. The ether
was removed and the product purified by flash column chroma-
tography (hexanedichloromethane, 2:1) to givgg as an off-white
solid in 84% yield (0.20 g). An analytically pure sample was
obtained by slow diffusion of a chloroform solution layered with
methanol. The product is present as an equilibrium mixture of two
diastereoisomers (32:68% NMR (500.0 MHz, GDg, 273K, 0):
10.70 (br s, N-H), 10.63 (br s, N-H), 10.25 (br s,Hy; 10.17 (br

s, NH), 7.78 (t,J = 9.4 Hz, ArH), 7.50 (t,J = 7.8 Hz, ArH),
7.45 (t,J = 8.5 Hz, ArH), 7.39 (dd,J = 7.6, 1.5 Hz, ArH), 7.38
(dd,J=7.9, 1.5 Hz, ArH), 7.33 (d,J = 8.55 Hz, ArH), 7.30 (d,

J = 8.5 Hz, ArH), 7.26 (t,J = 8.9 Hz, ArH), 7.20 (d,J = 8.6

Hz, Ar-H), 7.16 (d,J = 8.6 Hz, ArH), 6.9-7.14 (m, ArH), 6.83

(t, J=7.4 Hz, ArH), 6.79 (t,J = 7.6 Hz, ArH), 6.54 (tJ=7.0

Hz, Ar-H), 6.52 (t,J = 7.0 Hz, ArH), 6.47 (t,J = 6.7 Hz ArH),
3.44-3.77 (m, oxazoline-8,0 + CHN), 1.33 (sept] = 6.7 Hz,
CHMe,), 1.24 (septJ = 6.7 Hz, (HMe,), 0.71 (d,J = 6.7 Hz,
CHMey), 0.67 (d,J = 6.7 Hz, CHVe,), 0.65 (d,J = 6.7 Hz,

144.6, 140.1, 139.9, 133.6, 133.2, 132.9, 132.5, 132.4, 132.3, 131.8 CHMe), 0.63 (s,tert-Bu), 0.61 (s,tert-Bu), 0.60 (d,J = 6.7 Hz,
131.7,130.6, 130.5, 129.2, 129.1, 128.6, 128.5, 125.7, 125.3, 124.4CHMe,). Anal. Calcd for G/H4oN4O2: C, 77.49; H, 7.04; N, 9.78.
124.1,123.4,123.3,119.5,119.1, 117.5, 117.4.116.3, 116.2, 113.3Found: C, 77.78, H, 7.19; N, 10.04. MS (70 eV, Eivz 572

113.1,111.5,111.4, 76.9 (oxazoli@iN), 76.8 (oxazoling=HN),
67.4 (oxazoline2H,0), 67.3 (oxazolingH,0), 34.1 C(CHy)s),
33.9 (C(CHy)3), 26.4 (CCHa3)3), 26.2 (CCH3)3). Anal. Calcd for
C25H27N30: C,77.89; H, 7.06; N, 10.90. Found: C,78.11, H, 6.89;
N, 11.01. MS (70 eV, El):m/z 385 [M'], 368, 328, 285, 256.
2-(2-(4-Phenyl-4,5-dihydro-oxazol-2-yl)phenylamino)-2amino-
1,1-biphenyl (6f) was prepared according to the procedure
described above fdd and isolated as a red oil in 79% yield, present
as an equilibrium mixture of two diastereoisomers (47:93)NMR
(500.0 MHz, CDCly, 298 K, 6): 10.18 (br s, NH), 10.16, br s,
N-H), 7.69 (t,J = 6.0 Hz, ArH), 7.53 (t,J = 8.6 Hz, ArH), 7.40
(d,J= 8.5 Hz, ArH), 7.30 (d,J = 8.5 Hz ArH), 7.12-7.26 (m,
Ar-H), 7.01 (t,J = 6.6 Hz, ArH), 6.97 (t,J = 7.4 Hz, ArH), 6.91
(dd,J = 1.2, 7.5 Hz, ArH), 6.87 (t,J = 7.6 Hz, ArH), 6.83 (t,J
= 7.1 Hz, ArH), 6.65 (t,J = 7.5 Hz ArH), 6.63 (t,J = 7.5 Hz,
Ar-H), 6.47 (t,J = 7.4 Hz, ArH), 6.43 (t,J = 7.8 Hz, ArH), 6.33
(d,J = 7.8 Hz, ArH), 6.32 (d,J = 7.9 Hz, ArH), 5.08 (app tJ
= 9.6 Hz, oxazoline-8,0), 5.06 (app tJ = 9.6 Hz, oxazoline-
CH,0), 4.47 (app tJ = 9.6 Hz, oxazoline-8,0), 4.46 (app tJ
= 9.6 Hz, oxazoline-8,0), 3.90 (app tJ = 9.6 Hz, oxazoline-
CHN), 3.89 (app tJ = 9.4 Hz, oxazoline-EIN), 3.31 (br s, NH,),
3.14 (br s, NHp). 13C{*H} NMR (125.77 MHz, CDCJ, 298 K, 0):
164.8 (oxazoling==N), 164.7 (oxazoline&e=N), 146.1, 145.7,

[M+], 515, 429, 386, 369, 355, 31la], = +98.8 € 1.0, CH-
Cly).

2-(2-(4-Phenyl-4,5-dihydro-oxazol-2-yl)phenylamino)-2(2-(4-
isopropyl-4,5-dihydro-oxazol-2-yl)phenylamino)-1, kbiphenyl (6h)
was prepared according to the procedure described abovggfor
and isolated as colorless crystals in 77% vyield by slow diffusion
of a chloroform solution layered with methanol at room temperature.
The product is present as a rapidly interconverting mixture of two
diastereoisomersH NMR (500.0 MHz, GDg, 343 K, §): 10.35
(br's, NH), 10.20 (br s, NH), 7.80 (d,J = 7.7 Hz, ArH), 7.70 (d,
J=7.8Hz, ArH), 7.4 (d,J = 8.0 Hz, ArH), 7.31 (d,J = 8.0 Hz,
Ar-H), 7.28 (br d,J = 7.3 Hz, ArH), 7.18 (d,J = 7.6 Hz, ArH),
6.9-7.1 (m, Ar-H), 6.8 (tJ = 7.4 Hz, ArH), 6.7 (t,J = 7.4 Hz,
Ar-H), 6.51 (t,J = 7.6 Hz, ArH), 6.45 (t,J = 7.0 Hz, ArH), 4.88
(br app t,J = 8.5 Hz, oxazoline-8,0), 4.08 (app tJ = 14.0 Hz,
oxazoline-®,0), 3.76 (app tJ = 7.6 Hz, oxazoline-B,0), 3.66
(app t,J = 8.3 Hz, oxazoline-B,0), 3.54-3.60 (m, oxazoline-
CH,O + CHN), 1.40 (br septJ = 6.7 Hz, GHMey), 0.70 (d,J =
6.7 Hz, CHVey), 0.62 (d,J = 6.7 Hz, CHVe,). Anal. Calcd for
CsgH3eN4O2: C, 79.03; H, 6.12; N, 9.45. Found: C, 79.45, H, 6.34;
N, 9.89. MS (70 eV, El):m/z 592 [M*], 429, 388, 355, 3111,
270. [o]p = —65.0 € 1.0, CHCL,).

Synthesis of [Cu(6b)][PF] (10). A solution of6b (0.070 g, 0.12
mmol) in dichloromethane (5 mL) was transferred via cannula to

144.8,144.4,142.8, 142.7, 140.1, 140.0, 132.5, 132.4, 132.3, 132.2a dichloromethane solution of [Cu(MeC}PF¢] (0.045 g, 0.12
132.0,131.9, 129.0, 128.9, 128.7, 128.6, 128.5, 127.8, 127.7, 127.2mmol). After stirring overnight the resulting solution was filtered,
127.1,125.3,125.2, 1235, 123.1, 121.9, 120.4, 118.9, 118.8, 117.7 concentrated, layered with-hexane, and left to diffuse at room
117.5, 115.9, 115.8, 114.0, 113.8, 114.0, 113.7, 111.4, 111.2, 71.9%temperature to afford colorless needlelike crystald@fin 88%

(oxazoline€HN), 71.8 (oxazoling=HN), 69.0 (oxazoline=H,0),
68.8 (oxazolineg2H,0). Anal. Calcd for G/H.3N3z0: C, 79.97; H,
5.72; N, 10.36. Found: C, 80.10, H, 5.89; N, 10.52. MS (70 eV,
El): m/z405 [M*], 388, 374, 357, 284, 270, 2561]r = —99.4 €
0.85, CHCly).

Synthesis of 2-(2-(4ert-Butyl-4,5-dihydro-oxazol-2-yl)phe-
nylamino)-2'-(2-(4-isopropyl-4,5-dihydro-oxazol-2-yl)phenylami-
no)-1,1-biphenyl (6g). An oven-dried Schlenk flask was loaded
with Pdy(dba}; (0.016 g, 0.017 mmolyac-BINAP (0.0205 g, 0.033
mmol), 6b (0.160 g, 0.42 mmol), isopropyl-substituted 2-(2
bromophenyl)oxazoline (0.111 g, 0.41 mmol), soditem-butoxide

yield (0.083 g).'H NMR (500.0 MHz, CDC}, 298 K, 6): 6.8 (t,
J = 7.4 Hz, 2H, ArH), 7.50 (d,J = 7.7 Hz, 2H, ArH), 7.32 (d,
J=7.9Hz, 4H, ArH), 7.25 (t,J = 6.7 Hz, ArH), 7.19 (t,J= 7.0
Hz, 4H, ArH), 6.82 (d,J = 7.9 Hz, 2H, ArH), 5.94 (br s, 2H,
N—H), 4.40 (app tJ = 9.3, 6.4 Hz, 2H, oxazolinedd,0), 4.32
(app t,J = 8.5 Hz, oxazoline-€,0), 3.58 (dd,J = 9.8, 6.4 Hz,
oxazoline-GIN), 0.54 (s, 18Htert-Bu). 13C{H} NMR (125.77
MHz, CDCl, 298 K,d): 168.7 (oxazolinege=N), 142.6 @r), 140.1
(Ar), 135.1 Ar), 132.0 @Ar), 129.9 (Ar), 129.3 Ar), 127.3 Ar),
125.4 @r), 125.3 @r), 124.2 @r), 120.9 @r), 113.1Q4r), 74.9
(oxazoline€CHN), 70.5 (oxazoling=H,0), 33.9 C(CHs)s), 25.6

(0.06 g, 0.63 mmol), and dry degassed toluene (5 mL), and the (C(CH3)3). Anal. Calcd for GgHaCuChFsN,OP: C, 53.22; H,

mixture heated at 10%C for ca. 20 h, during which time the color
of the solution turned from purple to a blood red. The progress of

the reaction was monitored by removing small aliquots, which were

5.04; N, 6.37. Found: C, 53.31, H, 5.29; N, 6.63. MS (70 eV, EI)
m/z 649 [M*].
Crystal Structure Determinations of 6a, 6d 6h, and 10Data

analyzed by TLC to determine when the starting materials had beenwere collected on Nonius KappaCCD and Bruker SMART diffrac-
completely consumed. The toluene was removed in vacuo, thetometers with graphite-monochromated MaxKadiation § =
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Table 3. Summary of Crystal Data and Structure Determination for Compounds 6a, 6d, 6h, and 10

6a 6d 6h 10
formula GeH3gN4O2 Co4H25N30 C3oH36N402 CagHa2Cu N4O, 1 +PFRs~*CHoClo
M 558.7 3715 592.7 880.2
cryst size, mm 0.4& 0.44x 0.42 0.40x 0.30x 0.30 0.15x 0.15x 0.05 0.33x 0.25x 0.22
temperature, K 150(2) 150(2) 120(2) 150(2)
cryst syst monoclinic monoclinic triclinic tetragonal
space group c2 P2, P1 P4,

a, A 16.5149(16) 11.8347(11) 9.9081(15) 10.6787(3)
b, A 9.3288(7) 11.6956(15) 11.1339(17) 10.6787(3)
c A 10.5748(10) 14.5993(16) 14.528(2) 34.894(2)
o, deg 90 90 96.546(2) 90

p, deg 109.120(8) 102.316(10) 102.257(2) 90

y, deg 90 90 90.104(2) 90

Vv, A3 1539.3(2) 1974.2(4) 1553.8(4) 3979.1(3)
z 2 4 2 4

Deale g €T3 1.205 1.250 1.267 1.469

u(Mo Ka)), mmrt 0.076 0.078 0.079 0.792

Omax deg 26.4 275 31.0 25.0

no. of refins measd 14 339 30409 10537 28949
no. of unique reflns 1662 4722 5652 6999

Rt (0nF?) 0.0402 0.0431 0.0478 0.0423

no. of params 197 534 831 510
Re[F2> 20(F?)] 0.0552 0.0427 0.0625 0.0546

R (all data) 0.1361 0.1019 0.1682 0.1422
GOF (9 1.187 1.102 1.016 1.078

max., min. diff map, e A3 0.34,-0.45 0.26-0.31 0.67-0.27 0.97-0.43

aConventionalR = 3 ||Fo| — |F¢||/Y|Fo| for “observed” reflections havings? > 20(F?). * Ry = [YW(Fo? — FA)IwW(F?)?Y2 for all data.° GOF =
[SW(Fo?2 — FAZ(no. of unique reflns— no. of params}j2

0.71073A) for6a, 6d, and10 and on a Bruker APEX2 diffracto- ~ the chiral space group4, rather tharP4s) by refinement of the
meter with synchrotron radiatiot & 0.8462 A) for6h.%8 Selected ~ €nantiopole parameter to a value of 0.009(£7).
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