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[Cu(S,S)-t-Bu-box](OTf), (1) catalyzes the enantioselective amination of enolsilanes with azodicarboxylate derivatives. Isomerically pure enolsilanes
of aryl ketones, acylpyrroles, and thioesters added to the azo-imide in greater than 95% ee. The use of an alcohol additive was critical to
achieving catalyst turnover.

Recent reports from this laboratory have documented the (Scheme 1) in direct analogy to previously reported Diels—
utility of chiral Cu(ll) Lewis acids such adl in the Alder reactions® While a number of azodicarboxylate
enantioselective catalysis of a range of carboarbon bond derivatives were prepare8a (mp 86°C) was selected over
forming reactions, including carbo- and heterocyclic Diels  3b (mp 99°C) and3c (mp 105°C) for the present study on
Alder, aldol, Michael, and ene reactiohblerein, we report  the basis of its favorable solubility properties and reactivity
the use of these catalysts in the enantioselective aminationprofile. A survey of Cu(ll) complexes revealed that [Cu-
of enolsilanes with azodicarboxylate derivatives (Scheme

1)274 This methodology provides an enantioselective cata- ]

lytic route to differentially protectedi-hydrazino carbonyl Scheme 1
compounds. Me_ Me Ve Me
It was envisioned that azo-imides such a§ upon o\’)ﬁro O%/OT 2
coordination with the chiral Cu(ll) complekto give adduct S/'N N'J I d\)
2, might participate in enantioselective enol amination o’ o’ %
MeiC go” ot CMes MeC /N, TMe
(1) (a) Evans, D. A.; Kozlowski, M. C.; Murry, J. A.; Burgey, C. S; 1 )J\ )k 2
Connell, B.J. Am. Chem. S04999,121, 669—685 and references therein. RO\WN\‘N N~ o
(b) Evans, D. A.; Johnson, J. $.Am. Chem. S04.998,120, 4895—4896. OTMS I v/
(c) Evans, D. A.; Olhava, E. J.; Johnson, J. S.; Janey, Aridew. Chem., )\/R
Int. Ed. Engl.1998 37, 3372-3375. (d) Evans, D. A.; Miller, S. J.; Lectka, X, o Q@ CORQ
T. C.J. Am. Chem. S0d993,115, 70277030. o N, I catalyst PLN )
(2) For reviews on electrophilic amination, see: (a) Boche, G. In \n/ SN COR X ” OR
Stereoselecte SynthesisHelmchen, G., Hoffmann, R. W., Mulzer, J., o R o
Schaumann, E., Eds.; Thieme: Stuttgart, 1996; Vol. 9, pp 58357. (b) e
Greck, C.; Genet, J. PSynlett1997, 741-748. For diastereoselective RO\H/NHNHZ % RO Ns J\ J\ @)
aminations of chiral enolates or chiral silylketene acetals, see: (c) Evans, 0+ O © 2 fumingHNG;or \ﬂ/ N N\_/O
D. A.; Britton, T. C.; Dorow, R. L.; Dellaria, J. . Am. Chem. S04.986, )j\ )J\ NBS, pyridine 0
108, 6395—6397. (d) Evans, D. A.; Britton, T. C.; Dorow, R. L.; Dellaria, a N~ Yo 3a, R = CHCCl
J. F.Tetrahedronl 988,44, 5525—5540. (e) Trimble, L. A.; Vederas, J. C. / 3b, R = CMes
J. Am. Chem. S0d 986,108, 6397—6399. (f) Gennari, C.; Colombo, L.; 3¢, R = CHoPh

Bertolini, G.J. Am. Chem. S0d.986,108, 6394-6395.
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(S,S)-t-Bu-box](OTH (1)” was the catalyst of choice for the
addition of propiophenone enolsilane (4a) to azo-intde
affording the R) hydrazino adduc®a in 99% ee and 96%
yield (Table 1)? The reaction is completely regioselective

Table 1. Survey of Reaction Conditions for Amination 4&

erosion in reaction stereoselection (Table 2). A range of aryl
ketone enolsilanes were aminated in excellent enantioselec-
tivity and yield. The reaction ofa—cprovided the adducts
5a—cin 99% ee and 95% vyield even at20 °C (entries
1-3). Reaction times increased as the R group of the
enolsilane became larger.

o

0 o o .
oms o I C:;Z?tﬁ; Ph)kl/Meo . Table 2. Amination of Aryl Ketone Enolsilanes
o _Me ™ SNTONT o —————» O
Ph)\/ \[O( \S e /N\NJ\NXO O™ mio N j\ j,\ o Ar)k(R o o
aa? 3a, R = CH,CCl e A PN g NP % v
entry catalyst1 additive % yield‘[ % cct  time r ° Troe”” \” N\_/o
1 25mol% 9 99 24h bl 38 R - CHiCCh o
> mol% nonc ” . . .
2 10 mol % none 60 90 24 h entry 417 Ar R T ( C) % yleld‘ % eed time®
3 10mol % Cu(OTh,” 96 99 24h 1 4a Ph Me 20 95 99 2min
4 2mol %  Cu(OTfH," 95 96 24h 2 4b 4-MeOPh Me 20 96 99 <lmin
5 10mol % CF;CH,OH 95 99 3h 3 4¢ 6-MeONap” Me -20 96 99 1 min
_ o 4 44 Ph Et 20 93 98 05h
azZ:E > 99:1.°40 mol %.°48 mol %.9Isolated yield.c Enantiomeric 5  4e Ph Allyl -20 92 97 2h
excess determined by HPLC (Chiralcel AD). (Troc2GZH,CCls.) 6 4f Ph Bu -20 92 98 2h
7 4g Ph Pr 220 86 99  3h
8 4h 4-MeOPh Bu -20 8¢ 98 (6h)

. . . 9 4i 4-MeOPh Bn -20 88 91 3min
on the azo component, suggesting tBats being activated 10 4i 4-MeOPh Bn -78 94 99 (12h)
through the anticipated chela2e Complete conversion was 11 4j 4-MeOPh Ph  -20 95 91 (2h)
observed when a catalyst loading of 25 mol % was employed; 12 4j 4-MeOPh  Ph  -50 94 97 (13D

however, reduction of the catalyst loading resulted in lower  agngisilane of 6methoxy-2-propiononaphthond.Z:E > 99:1.< Isolated
product yield and enantiomeric excess (entries 1 and 2).yield. ¢ Enantiomeric excess determined by HPLC (Chiralcel ATRe-
Presumably, the adduct was competitively binding to the action progress was monitored by in situ IR ;pectroscopy using a ReactIR
copper catalyst thus sequestering it from the catalytic cycle, 1000 from ASI Applied Systems except entries 8 ane-12. ' A total of
It was found that when the reaction was conducted with 1.2 equiv of3 was used; yield is based on enolsilane. (TrogCOH,CCls.)
excess Cu(OT$) (50 mol %) relative to ligand (210 mol

%), the reaction proceeded to completion without a signifi-  gayeral cyclic enolsilanes were also examined in the

cant decrease in enantioselectivity (entries 3 and 4), high- 5 nination reaction (Table 3). The enolsilane of indan@a (
lighting the importance of ligand acceleration in this 55 aminated in only 21% ee (entry 1), whereas the
reactior? However, more reactive enolsilanetb(and4c) 5 methyl-substituted varianb provided the adductb,

were susceptible to Cu(Ob#¥atalyzed additions under these - ;ontaining a tetrasubstituted stereogenic center, in 96% ee
conditions resulting in diminished enantioselectivities (80% (gntry 3. In contrast to the low selectivity observed with

and 90% ee, respectively). . _ 6a, increasing the ring size to the six- and seven-membered
The amination olawas complete within 5 min at78 homologues6c and 6d resulted in products with high
°C when a stoichiometric amount bfwas used (versus 12 enantioselectivities (entries 4 and 5).

24 h for entries +4), indicating t_hat the .ini.ti_al addition is This methodology was extended to thioester silylketene
very _fast and catalyst turnover is rate-limiting. Therefore, acetals, providing access tohydrazino esters and acids
additives to promote catalyst turnover were evaluated. It was

observed that the reaction proceeded to completidhh at
—78°C in the presence of 1 equiv of trifluoroethanol (Table
1, entry 5)!° Ethanol, 2-propanol, and hexafluoro-2-propanol

Table 3. Amination of Cyclic Enolsilanes6)

also worked in a similar manner, but reaction times were OTMS 2
slightly longer. + 32 —omorel Siia
This reaction may also be carried out at higher tempera- ‘ 8 CF3T°:|§OH n W—{
tures (—20°C)* and with lower catalyst loadings (5 mol % " ox
. - .2 . L 6ad Troc = OC(O)CH,CCl3 7 a-d
1) in the presence of alcoholic additives without significant
entry 6 R n T(CC) %yield® %ee’
(3) For diastereoselective aminations of enolates with chiral aminating 1 6a H 1 -78 90 21
reagents, see: (a) Oppolzer, W.; Tamura, O.; Sundarababu, G.; Signer, M. 2 6b Me 1 20 90 86
J. Am. Chem. S0d.992,114, 5900-5902. (b) Harris, J. M.; McDonald, 3 6b Me 1 78 88 96
R.; Vederas, J. CJ. Chem. Soc., Perkin Trans. 1996, 2669-2674. 4 6 H 2 20 514 90
(4) For a merged enolization enantioselective amination, see: Evans, D. ¢ B
A.; Nelson, S. GJ. Am. Chem. S0d.997,119, 6452-6453. 5 6d H 3 -78 94 99

(5) This functionality is present in a number of biologically important
natural products: (a) Ciufolini, M. A.; Xi, NChem. Soc. Re 1998,27,
437—445. (b) Schmidt, U.; Braun, C.; Sutoris, Bynthesisl996, 223—

ajsolated yields? Enantiomeric excess determined by HPLC (Chiralcel

AD or 0J).¢ The corresponding TES enolsilane was aminated in 53% yield

229. For a ribosome-mediated incorporation of hydrazinophenylalanine into @nd 93% ee (20°C, 30 min). The reduced yield is a result of competitive

a protein, see: (c) Killian, J. A.; Van Cleve, M. D.; Shayo, Y. F.; Hecht,
S. M. J. Am. Chem. S0d.998,120, 3032-3042.

reduction of the azo compound with concomitant production of 1-naphthol.
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(Scheme 2). Addition offf)-8 to 3a provided the R) adduct
9in 96% ee 20 or —78 °C). However, a 93.7K)/(2)
mixture of8 afforded R)-9 in only 83% ee. In fact, the pure
(2) isomer afforded the opposite enantiom8j-0in 84%
ee at—78°C (64% ee;—20 °C).*2 Therefore, it is critical to

the pyrrole ring to givel2d (entry 8). Despite their limitation

in the present study, acylpyrrole-derived enolsilanes should
find widespread use as nucleophiles in Mukaiyama-type
addition reactions.

Mechanistic Considerations. The stoichiometric [Cu-

use geometrically pure enolsilanes to achieve high enantio-((S9)-t-Bu-box)](OTf), (1)-catalyzed reaction between enol-

selection in these additions.

Scheme 2
OTMS o musoc\l/lvleo o
+ 3 10 mol% 1 )]\ )k
Me
s X CRiCHOH L No N7 o
B8 THF, -20°C I(-IFOQ \/
>98:2 85% yield, 96% ee
OTMS +BuSOC Me
. gy J0MOI%! Yo o
BuS” X 8 CFLCH,OH N JJ\ )J\
o Troc N N (8]
Me THF, -78 °C H \
8 )9
>98:2 Troc = OC(O)CHCCls  89% vyield, 84% ee

silane4 and azo-imide3 in the absence of trifluoroethanol
results in the rapid formation of an intermediate with an IR
frequency at 1687 cm, characteristic of the €N stretch

in 5,6-dihydrooxadiazené8,as evidenced by in situ IR
spectroscopy (Supporting Information). We propose that this
intermediate is the formal hetero-Diels-Alder addécts

its derived Cu(ll) complexA-1 (Scheme 336 In the absence

Scheme 3

The preceding conclusion led us to investigate silylketene

aminals of acylpyrrole$3 which can more easily be obtained
as the (2) isomer in high geometrical purity (=98:2)
(NaHMDS, THF/DMPU, TMSCI,—78 °C). EnolsilanelOa

proved to be a highly effective nucleophile in the amination

reaction, affordingR) 11ain 99% ee and 96% yield in less
than 30 min at-78 °C (Table 4, entry 1). The reaction was

Table 4. Amination of Acylpyrrole Enolsilanes1(Q)

OTMS Q 0
A R catalyst 1 CNJH/R o, g NJ\/R
. * 3 CFCHOH ~ \— 4 J\ -

10a-d THF Trc” N Ox N—NHOO0x
1aa” Troc 12b-d
entry 109 R mol%cat T (°C) % yield 11° % yield 127 % ee’
1 10a Me 5 -78 96 - 99
2 10a Me 5 -20 95 - 98
3 10a Me 1 -20 93 - 98
4 10b Allyl 5 -20 73 18 98
5 10b Allyl 5 25 75 15 96
6 10c Pr 5 -20 65 23 99
7 10¢ pr 5 25 64 20 99
8§ 10d ‘Bu 5 -20 - 80 -

aZ:E = 98:2.°The hydrate catalyst of was used¢ Isolated yields.
d1solated yield ofL2 after protodesilylation with 10% HCI (see Supporting
Information).® Enantiomeric excess determined by HPLC (Chiralcel AD).

instantaneous at20 °C (entry 2). The enhanced nucleo-
philicity of 10a allowed the catalyst loading to be lowered

of the alcohol additive, this intermediate sequesters the chiral
catalystl suppressing catalyst turnover. Upon the addition
of trifluoroethanol, this intermediate is rapidly transformed
into product hydrazide5 along with silylated alcohol.
Alternatively, when the catalytic process (5 molZ6THF,
—78°C) is carried out in the presence of trifluoroethanol,

to 1 mol %, and the reaction was still complete in less than he buildup of this intermediate is not observed. It is
5 min (entry 3). Unfortunately, increasing the size of the R
group (10band 10c) slowed the reaction enough to allow

for a competing amination of the pyrrole ring (entries?.
Nonetheless, the hydrazino addutib andllcare obtained

(6) Details on the preparation of the azo compouBalscand an X-ray
crystal structure o8c may be found in the Supporting Information.
(7) Evans, D. A.; Peterson, G. S.; Johnson, J. S.; Barnes, D. M.; Campos,

in >96% ee even when the reactions are conducted at 25K R.; Woerpel, K. A.J. Org. Chem1998,63, 4541-4544.

°C.1* The t-Bu-substituted enolsilan&0d proved to be too

(8) The absolute configuration was proven by X-ray crystallography as
well as chemical correlation by conversion to the known oxazolidiridhe

sterically demanding and amination occurred exclusively on (vide infra).

Org. Lett., Vol. 1, No. 4, 1999

597



significant that the sense of asymmetric induction in these AcOH, acetone) to give oxazolidinori&?* Comparison of
reactions is coupled to enolsilane geometry (Scheme 2). Wethe specific rotation ofl6 ([o]p = —17.9 (c1.15, CHC}))

propose that the strorendobias for the OR substituent on
the electron-rich olefin reaction componéhtjocumented
for related hetero cycloadditioA¢ provides the organization
for the 27 reaction component while face selectivity for the

with the literature valu® confirmed the absolute stereo-
chemistry of5ato be the (R) configuration.

The acylpyrrole and thioester hydrazino adducts were
converted to the corresponding esters or carboxylic acids

47t reaction component is controlled by the azo-imide catalyst (Scheme 5% Treatment of the thioest&with NBS in THF/

complex as illustrated in Scheme 3.

Product Modification. The keto hydrazides may be [N ENEEEEEEE

transformed into synthetically useful building blocks. Fol-
lowing Boc protection of adducta!® the imide was

hydrolyzed with LIQH to give orthogonally protected
hydrazinel3 (Scheme 4}? Alternatively, these adducts may

Scheme 4
Q o)
Me
Ph)H/ J(T\ i ab Ph)kl/Me
/N\ % N
Troo™ NT N0 91% Troe” ~NHBoc
5a 13
95% o
d , 94%
oH 1dr220'1 chr215:1
Sl Me o)
Ph o) =
/\l/ ) )]\ e [o7% R = NHBoc (14)
N, )J\ J\ o~ N~ R = NH, (I5)
Tre” N7 NT o f 91%
H v/ )—/ R=H (16)
17 Ph Me

aKey: (a) BogO, cat. DMAP, THF; (b) LIOOH, THF, KO, 0
°C; (c) L-Selectride, THF-78 °C to room temperature; (d) £3iH,
TFA, 0°C; (e) 4 M HCl in dioxane; (f) Zn, HOAc, acetone.

be stereoselectively reduced to provide the derisydor
anti hydrazino alcohols, respectively.For example, the
Et;SiH reduction obaaffords theanti product17 with good
stereoselectivity. Alternatively, during the related L-Selec-
tride reduction ofl3 to the diastereomerisyrthydrazino
alcohol, facile cyclization to the derived-amino oxazoli-
dinonel4is observed. Removal of the Boc group (4 M HCI,
dioxane, 25°C) provided the potentially useflll-amino-
oxazolidinonel5. The N—N bond was readily cleaved (Zn,

(9) The complex betweehandg3 is cationic because at least one of the
triflates is displaced upon binding of the imide moiety. However, Cu(9Tf)
has two open coordination sites so its complex \8ittlemains neutral. For
a review on ligand accelerated catalysis, see: Berrisford, D. J.; Bolm, C.;
Sharpless, K. BAngew. Chem., Int. Ed. Endgl995,34, 1059-1070.

(10) This observation aided the development of two Mukaiyama
Michael reactions: Evans, D. A.; Rovis, T.; Kozlowski, M. C.; Tedrow, J.
S.J. Am. Chem. S0d.999,121, 1994-1995.

(11) The azo compound decomposes in the presence of calabst
temperatures above10 °C.

(12) Compound (S)-9vas recrystallized (96% ee) and its absolute
configuration was proven by X-ray crystallography.

Scheme 58
o) o)
Me Me
C LR R gmew ™ TR
Troe” N7 SN N 11 ) or () Te” N SN o
H /

H
9: X = 8BBu
11a: X = pyrrole

aKey: [X = SBu (9)] (2) NBS, THF, HO; CH:N,, 72%; (b)
LiIOOH, THF, H,0, 0 °C; CH;N,, 60%; [X = pyrrole (11a)] (c)
MeOH, EgN, 90%; (d) HSOy, H,0, dioxane, reflux; CkN,, 74%
(yields are unoptimized). (Troc: BCH,CCls.)

18

H,O provided the carboxylic acid which was converted to
esterl8 with CH,N,. Acylpyrrole 11acould be hydrolyzed
to the carboxylic acid (k5O H,O, dioxane) or converted
directly to esterl8 (MeOH, EgN).?*
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