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Abstract: A comparative investigation into palladium-catalyzed allylic amination of unsubstituted aziridines
and secondary amines has been carried out. The use of NH aziridines as nucleophiles favors formation of
valuable branched products in the case of aliphatic allyl acetates. The regioselectivity of this reaction is
opposite to that observed when other amines are used as nucleophiles. Our study provides evidence for
the palladium-catalyzed isomerization of the branched (kinetic) product formed with common secondary
amines into the thermodynamic (linear) product. In contrast, the branched allyl products obtained from
unsubstituted aziridines do not undergo the isomerization process. Crossover experiments indicate that
the isomerization of branched allylamines is bimolecular and is catalyzed by Pd°. The reaction has significant
solvent effect, giving the highest branched-to-linear ratios in THF. This finding can be explained by invoking
the intermediacy of g-complexes, which is consistent with NMR data. The apparent stability of branched
allyl aziridines towards palladium-catalyzed isomerization is attributed to a combination of factors that stem
from a higher degree of s-character of the aziridine nitrogen compared to other amines. The reaction allows
for regio- and enantioselective incorporation of aziridine rings into appropriately functionalized building blocks.
The resulting methodology addresses an important issue of forming quaternary carbon centers next to
nitrogen. The new insights into the mechanism of palladium-catalyzed allylic amination obtained in this
study should facilitate synthesis of complex heterocycles, design of new ligands to control branched-to-
linear ratio, as well as absolute stereochemistry of allylamines.

Introduction compoundg:® Allylamines are also valuable synthetic interme-

Installation of an aziridine functional group into organic diates for the preparation oé- and f-amino acidga
molecules presents significant synthetic challenges. The aziridine@lkaloids?*™9 and aza-carbohydrate derivatiViés.The ally-
ring in its simplest NH form does not benefit from a straight- [amine group can be introduced by direct allylic amination of
forward, one-step protocol similar to the abundant examples of olefins or by nucleophilic substitution at the allylic positibn.
oxygen atom transfer in epoxidation chemistry. Enantiomerically However, commonly used protocols that employ allyl alcohol
enriched aziridines have been available via transition metal Starting materials, such as Mitsunobu chemistry, cannot be used
catalysis since the early 1990s, but only in thiiprotected for making allyl aziridines based onKp co_n_sideratior_\§, _
forms where the substituent on nitrogen is typically difficult to whereas another commonly used route that utilizes epoxide ring

remove. Conventional methods of making aziridihémcluding opening/ring closure sequence is not divergent. In turn, allylation
reactions that utilize starting materials from the chiral pool, pose ©f unsubstituted aziridines using allyl bromides is complicated
functional group compatibility issues. Thereforepdification by overallylation and concomitant aziridine ring opening.

of aziridine-containing starting materials can be viewed as a Reductive amination, a typical solution to this problem in the
viable route for making more complex aziridine-containing (@) Trost, B. M. Crawley, M. Lhem. Re. 2003 103, 20212043

. . . . . . . rost, B. M.; Crawley, M. L.Chem. Re. — .
molecules, espec_lally if the ring installation is desired at a Iater (5) Trost, B. M.Chem. Pharm. Bull2002 50, 1-14.
stage of synthesis. At present, there are only a few reactions (6) (E" BBurges? Ié 5.|u, L. hTR Ra\k/,ﬁ!). Org.ACge_n\}\}ﬁQ?a 5854,3/'5.%—%63.
that fall into this category.As a possible implementation of (Sgclzovéirr’ki,; Trans, 1997 1411 1420, (0) lchikawa, Y. lto. T
this strategy, we opted to explore routes from unsubstituted 2'%2?3?-& ;25& '\Tllgy2||§tttt§88?3. %ggg;igig- ((g)) gg Eé;ttékisr}i'-
aziridines to their allylated derivatives as a potentially rich Leit, S. M. J. Am. ch’em_ySodggg 121, 8126-8127. (f) qMagn[Js,' P

source of precursors to a wide range of allylamines. The Lacour, J.; Coldham, I.; Mugrage, B.; Bauta, W.EetrahedronL995 51,
p 9 y 11087-11110. (g) Johnson, T. A.; Curtis, M. D.; Beak, P.Am. Chem.

allylamine functionality is found in many biologically active Soc.2001, 123 1004-1005. (h) Liu, H.; Liang, X.; Sohoel, H.; Buelow,
A.; Bols, M. J. Am. Chem. So@001, 123 5116-5117. (i) Trost, B. M.;
(1) Aziridines and Epoxides in Organic Synthe&fsidin, A. K., Ed.; Wiley- Van Vranken, D. LJ. Am. Chem. S0d.993 115 444-458.
VCH: Weinheim, Germany, 2006. (7) Ricci, A.Modern Amination Method®Viley-VCH: Weinheim, Germany,
(2) Watson, I. D. G.; Yudin, A. KCurr. Opin. Drug Discaeery Dev. 2002 5, 2000.
906-917. (8) (a) Mitsunobu, OSynthesisl981 1-28. (b) Hughes, D. LOrg. Prep.
(3) (a) Alezra, V.; Bouchet, C.; Micouin, L.; Bonin, M.; Husson, H.-P. Proced. Int.1996 28, 127—-164. (c) Wisniewski, K.; Koldziejczyk, A. S.;
Tetrahedron Lett200Q 41, 655-658. (b) Alezra, V.; Bonin, M.; Micouin, Falkiewicz, B.J. Pept. Sci1998 4, 1-14. (d) Nune, S. KSynlett2003
L.; Policar, C.; Husson, H.-FEur. J. Org. Chem2001, 2589-2594. 1221-1222.
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OH ) was heated at 6€C for 2 h, the decomposition was complete

Ruy, <ROHO Ry A MO RUY . NaCNBHy RU and no3awas seen by GC, allowing the bis-allylated product

R? R2 +H0 R? R? 7 to be isolated in 84% vyield (Table 2, entry 5 and Table 1,

RCHO OH . entry 19). If N-benzyl cyclohexene imine was used in the

D ——= DN~ —%— Dney reaction instead ofa (using the same conditions as Table 2,
, R R entry 3) no new products were observed. This indicates that

Isolable Highly Strained the byproduct is not derived from a tetraalkyl aziridinium ion,

Intermediate

Figure 1. Reductive amination of secondary amines versus unsubstituted
aziridines.

as is the case in aziridine alkylation with alkyl halideSlearly,
the decomposition results from a buildup of acetic acid over
the course of the reaction. The acid-catalyzed openimdyaifyl
case of common secondary amines, is problematic with aziri- cyclohexene imine by the acetate anion results in a secondary
dines because the corresponding iminium ions are highly amine that is rapidlyN-allylated. Addition of 2 equiv of K-
strained (Figure 1). Thus, transition metal catalyzed allylic CO; to the reaction suppressed formation of the byproduct to
amination of allyl alcohol derivativé$ appears to be the most ~ such an extent that even after 72 h at €D no ring-opened
reasonable route towatdtallyl aziridines. In the course of our  product was detected ,ROs; was found to be superior to soluble
studies into the scope of this process, we uncovered a significantamine bases such asBtand DIPEA (2 equiv were used). The
deviation in the behavior of aziridine nucleophiles from that of |atter bases slowed, but did not prevent, decomposition.
common secondary amines in allylic amination. The present When we attempted to recov@a (Table 1, entry 1), an
study investigates the course of allylic amination with aziridines isolated yield of 45% was achieved, although both conversion
and provides a mechanistic basis for further development of and selectivity were 100% by GC. The decrease in the isolated
related nitrogen transfer chemistry. In particular, our results yield was attributed to the volatility of the allyl aziridine product
suggest that the nature of amine can have a decisive effect on(3a). Isolation of the allylic amination products of the reaction
the regiochemistry of amination. Our study also underscores of 2a with unsubstituted aziridinedb and 1c was also
the facility with which simple aziridine-containing building  complicated by the same issue. These volatile allyl aziridine
blocks can be installed in complex environments for further products could be trapped by reaction with thiophenol, allowing
elaboration. recovery of the resultant 1,2-aminosulfide products in good
yields (Table 1, entries 2 and 3). Allylic amination with aziridine
1d required high catalyst loading (20 mol % Pd) and additional
In the course of our recent studies in aziridine chemi¥try,  equivalents oRato achieve complete conversion and isolation
we found that unsubstituted aziridines undergo facile palladium- of the allyl aziridine producBc in 79% vyield (Table 1, entry
catalyzed allylic amination with allyl acetates and carbonates 4). The difficulties in achieving full conversion using aziridine
(eq 1)*°2 A wide range of allyl aziridines has been prepared 1d were attributed to the increased steric environment around
using this procedure (Table 1). nitrogen. As well, the chelating ability dfd toward palladium
Optimal reaction conditions were developed using cyclohex- petween the aziridine nitrogen and the carbonyl side chain
ene imine {a) and allyl acetate2a) as model substrates (eq oxygen is a process that likely impedes cataly3i8ziridine
2). With 1 mol % [Pdfz3-CsHs)Cl]2 as the source of palladium  1gwas by far the least reactive substrate used, providing only
and 4 mol % PPhas ligand, full conversion ofa to N-allyl traces ofN-allyl aziridine product when 4 equiv &fa and 20
cyclohexene imine3a) was achieved in THF in 30 min with  mol % Pd are used and the reaction is heated tCi€or 72
1.2 equiv of2a (Table 2, entry 3). As expected, in the absence h,
of ligand (Table 2, entry 2) the reaction did not proceed. The  When monosubstituted allyl acetates were used in allylic
reaction also did not proceed if allyl alcohol was substituted amination reactions, the possibility of two regioisomeric prod-
for allyl acetaté!! The reaction with allyl carbonates did continue ycts arose: the unsubstituted, or linear, ison®rgnd the
to completion, although at a slower rate. The reaction worked substituted, or branched, isomet) (eq 1). When cinnamyl
equally well in THF (Table 2, entry 3), toluene (Table 2, entry acetate Zb) was reacted with.a, the linear isomer3d) was
7), and MeCN (Table 2, entry 8) and with lower efficiency in  favored over the branched isomddj (Table 1, entry 5). The
diethyl ether (Table 2, entry 6) and hexanes (Table 2, entry 9). [Pd(;3-C3Hs)Cl]./BINAP catalyst gave a 97% combined yield
The reaction also worked with several other palladium sources gnd produced the best product distribution with a 92:8 ratio
(Table 2, entries 1812). When the reaction was left longer favoring 3d. In the case of PRhthe product distribution
than 30 min, anO-acyl N,N'-diallyl amino alcohol {rans-2- remained constant at 81:19 linear to branched, irrespective of
(diallylamino)cyclohexyl acetater) began to form, reducing  the palladium source. Inclusion of the trifluoroacetate anion
the selectivity (Table 2, entry 4). Heating the reaction mixture through the use of Pd(GOFs), as the palladium source
or concentrating the solvent during workup increased the decreased the regioselectivity to 75:25. Sterically demanding
decomposition such that only traces3afwere isolated in these phosphines such asd*{ol); and electron-deficient phosphines
cases. When 2 equiv @ were used and the reaction mixture - such as P(§Fs)s provided no conversion. Similar results were
achieved wherilb and 1c were used, giving the linear allyl

Results

(9) Trost, B. M.; VanVranken, D. LChem. Re. 1996 96, 395-422.

(10) (a) Watson, I. D. G.; Styler, S. A.; Yudin, A. K. Am. Chem. S02004 aziridine products3e and 3f in 88 and 83% isolated yields,
126, 5086-5087. (b) Sasaki, M.; Yudin, A. KJ. Am. Chem. So@003 r tively (Table 1, entri nd 7). When 1,3-diphenyl allyl
125 14242-14243. (c) Siu, T.; Yudin, A. KJ. Am. Chem. SoQ002 espec ey( able 1, e . es 6 a d. ) N 3 qp enytaty
124, 530-531. (d) Watson, |. D. G.; Yudin, A. KJ. Org. Chem2003 acetate Zf) was used, similar high yields were achieved (Table
68, 5160-5167.

(11) (a) Atkins, K. E.; Walker, W. E.; Manyik, R. MTetrahedron Lett197Q (12) We have observed a lack of reactivity of carbonyl-containing aziridines in
11, 3821-3824. (b) Kinoshita, H.; Shinokubo, H.; Oshima, ®rg. Lett. other transition metal-catalyzed processes: Chen, G.; Yudin, A. K. 2004,
2004 6, 4085-4088. The University of Toronto, Toronto, Canada, unpublished results.

J. AM. CHEM. SOC. = VOL. 127, NO. 49, 2005 17517



ARTICLES

Watson and Yudin

Table 1. Synthesis of N-Allyl Aziridines by Palladium-Catalyzed Allylic Amination

R1

R2

R3
j:NH —
1 Pd, L, THF, rt R2

1a R',R? = -(CH,),-
1bR"=CH3 R?=H
1c R'=CO,Me, RZ=H

OAc R®

R® RS

R4 R®

F Re R Rl
2 )N)\/kw C S

3

1d R' = COPh, R? = -(CH,),CH=CH,

2
R 4

1eR'=Ph,R?=H
1f R' = Ph, R?=CH,
1g R' = Ph, R?= COPh

isolated
entry allyl acetate catalyst product yield (%)
“ P [Pd(77-C5Hs)CI], (1 mol%) CD N s
1 po ™7 2a PPh, (4 mol%) N da 45
H
b P [Pd(77°-C5Hs)C], (1 mol%) N
2 ao"~F  2a PPb, (4 mal%) U 5 99
SPh
H
v _ [PA(77-C5Hs)C], (1 mol%) Me N
3 A0 2a PPh, (4 mol%%) \[SPh 6 64
3 [0}
_ [Pd(77-C5Hs)Cl], (10 mol%) ~
4 A 2a BINAP (20 mol%) \;\\//&yj\pn 3c 79
QN/\/\Ph 3d
Pd(77-C;Hs)Cl], (1 mol%) 99’
5 ACO/\/\Ph 2b [ Ph .
BINAP (2 mol% (92:8Y
(2 mol%) Cpr
P [Pd(77-C;H5)CI], (1 mol%) -
6 ACO/\/\Ph 2b BINAP (2 m()l%) \DN/\/\Ph 3e 88
_ [Pd(77-C5H;5)Cl], (1 mol%) MeO,C P
7 AT~ g 2b BINAP (2 mol%) \DN/\/\Ph 3f 83
e [PA(77-CsHs)Cl] (1 mol%)  meoc ™"
-UsHs 2 mol~o €0
8 1 2c BINAP (2 mol%) \DNJLCOZMe 3g 84
[Pd(77-C5HS)Cll, (1 mol%) > X
9 Ao 2 BINAP (2 mol%) N 4h 89
3j
10" A 2 [Pd(77-C5Hs)CI] (1 mol%) \DN“/* 90
(V) o
AcO BINAP (2 mol%) \DNX/ 4j (29:71Y
[Pd(77-C3H;5)Cl], (2.5 mol%) MeO,C .
1 AcO/\)\ 2d Xantphos (5 mol%) \DN></ 4k 43
[Pd(77-C;H5)C1], (1 mol%) Ph
2 TINAD (2 L) Ll 4m 7
=
= 0 QN 3n .
A AcO 2e Pd(CO,CF3), (5 mol%) | 80 y
PPh; (10 mol%) (12:88
| &N
W\

17518 J. AM. CHEM. SOC. = VOL. 127, NO. 49, 2005
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Table 1 (Continued)

isolated
entry allyl acetate catalyst product yield (%)
OAc [PA(17-CsHs)Cl], (1 mol%) N 97
4 A A BINAP (2 mol%) QNJ\/\”‘ B (97%ee)
OAc [Pd(77-C3Hs)Cl], (1 mol%) e 97
5 A ¥ BINAP (2 mol%) "IN 34 (989 cey
Qhe [Pd(77-C;Hs)Cl], (1 m01%)  meo,C., 1"
16 Ph)\/\Ph A" PPh; (4 mol%) HT)N)\/\Ph 3r 79
[PA(7-CsH)CI], (1 mol%) Q
17 @ 2 BINAP (2 mol%) (v 3 70
OAc
CO,Me 773
[PA(7-CsH)CI], (1 mol%) Q
18 2h BINiAIf @ nzlol%) ON come 3t 80
OAc
N
‘ P [Pd(77-C;Hs)Cl], (1 mol%) N
19 AOTNF 2a PPh, (4 mol%) U N 7 84
‘OAc
773 Phj:OAc
[Pd(77-C3H5s)Cl], (1 mol%)
20" AP 2a PP1313 E 4 mol% ) eI 8 65
N2
H
[Pd(77-C3Hs)Cl], (1 mol%) NJ(Z
N N BINAP (2 mol%) Q ? 7

OAc

aReaction performed with 2 equiv ofKOs. P Isolated after addition of 1 equiv of PhSH to in situ prepared allyl aziridine in MeGhlatile products
isolated after reaction with PhSH as per noté Beaction performed with 2 equiv of allyl acetate at%&D ¢ Combined yield! Linear to branched ratio.
91solated yield is low due to volatility of the product; GC analysis indicates that there is full convet€iginde.

A~OAc 2a aziridine 1a afforded the corresponding-allyl aziridine @p)
ONH ON/\/ (2 in 97% ee. Gratifyingly;Lb afforded the correspondirig-allyl
Pd cat., L, solvent aziridine @q) in 98% ee under similar reaction conditions. To
1a 3a our knowledge, these values are the highest achieved with

. ) ) ) BINAP in allylic amination, which usually gives low enantio-
Table 2. Reaction of Cyclohexene Imine (1a) with 1.2 Equiv of

ivitiecl4
Allyl Acetate (2a) selectivitiest
- , — In the reaction of 1,1-dialkyl substituted allyl acetatd
palladium source ligand T t conv  selectivity X .
entry (2 mol % Pd) @mol%) sovent () () () (%) (prenyl acetate) withla, the branched _|somer4_l(1) was
1 = — THE T 16 0 — unexpectedly found to be the only product, isolated in 89% yield
2 [PdeP-CHe)Cll, — THE it 16 0 - (Table 1, entry 9). Although the reaction was sluggish with2Ph
3 [Pd@*-CsHs)Cll. PPy THF rt 0.5 100 100 as a ligand, BINAP provided complete conversion within 6 h
g {Egg?g:?g:? Egg mE go 13 igg 83 in THF at room temperature resulting in a regiochemical ratio
~\3I5, 2 . i
6  [PdySCHoCll, PPh  EtO n 1 100 03 of 8:92 (I_|near t_o branched). The use of _2-methylput-3-ep-2-yl
7  [Pd@*-CsHs)Cll.  PPh PhMe  rt 1 100 100 acetate?j), the isomer oRd, resulted in a similar regiochemical
8 [Pd(nz-CsHs)CI]z PP MeCN rt 1 100 100 ratio (6:94) favoring the branched product (Figure 2). When
20 E(?((g';;sm)cug SPQ _rlm_eHxsnes rtrt 015 10364 1%%0 the reaction with prenyl acetat2d) was left for longer periods
1 pq,(dba):.CHCb PPh  THF 05 100 100 of time (up to 72 h), or heated at temperatures up t6G0no
12 Pd(OAc) PP THF rt 0.5 100 100 linear product was ever observed. The only compound that was
13 Pd(PPB-Cl - THF 1t 16 o - isolated under these reaction conditions was the product of ring-
opening with acetic acid (Table 1, entry 21). To exclude the

a Refers to the amount df-allyl aziridine product vs the total amount o L . . .
of all products in the reaction observed by GC. possibility of initial formation of linear product followed by its

in situ conversion into the isolated branched aziridine, we

1, entries 1416). This chemistry can be applied to the —— .
preparation of enantiomerically enriched aziriditiésy enan- (19 € 28 G Mot GeA e Ao 20 03 (G55
tioselective allylation. The use oRJ-BINAP as a ligand with (14) Kodama, H.; Taiji, T.; Ohta, T.; Furukawa, $ynlett2001, 385-387.
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)vOAc
2d QNH
1a

[:D X/
or N
Pd(n3-C3Hs)Cl], (1 mol %)

2d )\A
OAc

QNH
Pd(n3-C3Hs)Cl], (1 mol

BINAP (4 mol %)
solvent, rt

%)

1a
>8°; BINAP (4 mol %) 4h ></ /\)\
= THF, 1t ON Z . ON AN 4
2j
4j 3

Figure 2. Formation of branched allyl aziridinéh from isomeric allyl

acetates.

Table 4. Effect of Solvent on Conversion and Regiochemistry

Zd)\/\ dielectric time conv regioselectivity
X OAc entry solvent constant? (h) (%) (linear/branched)
ONH Pd(n3-C3Hs)Cll, (1 mol %) 1 THF 7.6 6 100 8/92
1a ligand, THF, rt, 16 h 2 PhMe 14 49 46/54
3 MeCN 38 14 49 45/55
M /\)\ 4 CH,Cl» 8.9 14 31 61/39
QN * O:N @) 5 CHCh 4.8 24 0 -
4h 3h aSee ref 16.
Table 3. Variation of Ligand and Dependance of Regiochemistry MeO-C
2
bite angle conv regioselectivity \[:NH
entry ligand (deg)? (%) (linear/branched) )\/\OA 1c MeOzC\[: ></
1 PPh - 15 10190 ® Pd(1®-C4Hs)Cll, (5 mol %) N
2 P(OEt) - 100 8/92 2d ligand (10 mol %), THF, rt 4k
3 dppe 82.6 82 15/85 (5)
4 dppp 91.6 92 14/86
5 BINAP 92.8 100 8/92 Table 5. Effect of Various Ligands on the Reaction with 1c
6 (3-Tol-BINAP N 100 11/89 time  conv  regioselectivit
7 dppb 97.1 100 6/94 . . ’ i h{j
8 dppf 98.7 100 15/85 entry palladium source ligand (h) (%) (linear/branched)
9 (S9-DIOP 100.0 100 7/93 1 [Pd@3-C3Hs)Cll2  BINAP 24 65 3/97
10 Xantphos 104.6 100 4/96 2 [Pd@3-CsHs)Cll2  dppf 21 39 3/97
3 [Pd@3-CsHs)Cll,  Xantphos 8 100 1/99
aAverage P-M—P angles calculated from crystal structures retrieved 4 [Pd@>-CsHs)Cll2  dppe 21 0 -
from the CSD'® 5 [Pd@3-CsHs)Cll2  dppb 21 0 -
6 [Pd@3-CsHs)Cll,  (S,S)DIOP 21 0 -
synthesizedN-prenyl cyclohexene imine (7-(3-methylbut-2- 7 [Pd(’7§‘C3H5)C']2 P(OEty 21 0 -
)-7-aza-bicyclo[4.1.0]heptan&h) by alkylation of cyclo- & [PdyCts)Cll2 - PP 21 0 _
enyl)-7-aza-bicyclo[4.1.0]heptan8h) by alkylation of cy 9 Pd(CQCF) PPh 21 0 -
hexene imine with prenyl bromide. The aziridirgh was 10  Pd(CQCR); BINAP 21 0 -

subjected to typical reaction conditions. No branched product
was observed, indicating that linear-to-branched interconversion,, . . 4-fold decrease in the reaction rate. In the case of

does not opgrate under the react|on. condltlons.. i chloroform the reaction did not proceed (Table 4, entry 5).
We examln(.ed whether changes in the steric environment Methy! aziridine (b), methyl aziridine-2-carboxylatd € and
around palladium would have any effect on the observed pnonv) a7iridine {6 also produced the branched allyl aziridine
reglose!ectn{lty of allylic amination w_|th azmdmeg. Different product when reacted witd in THF (Table 1, entries 10
phosphine ligands were employed n the .reactlon to assesslz)_ The reaction betweelb and2d produced an allyl aziridine
whether there was an effect on regiochemistry. A number of w5 a5 00 volatile to be directly isolated. Addition of
@fferent bld'entate ligands with yarylng b't.e angdfesere used thiophenol into the reaction mixture after the initial allylic
In the reaction of cyclc_)hexene imindd) with prenyl acetate amination was complete allowed the ring-opened 1,2-amino-
(2d) (Tab_le 3.)' '.A‘” the I_|gands employed favored the branched sulfide product to be isolated in 90% yield favoring the branched
product in similar ratios, ranging from 15:85 to 4:96 with isomer in a ratio of 71:29 (Table 1, entry 10)In the case of
Xantphos. The latter provided the highest regioselectivity (Table 16, the usual reaction conditions using the BINAP ligand gave
3 e“"fy 10) . . only 6% conversion. When the amount of palladium catalyst
A significant SOIVem.EﬁeCt was ob_s_erved "_1 the fe'c?c“on was increased to 5 mol %, the conversion increased, but was
betweenla and 2d. A high reg|oselet_:t|V|ty of _8.92 favoring still only 65% (Table 5, entry 1). A number of different
the branched product was observed in THF with BINAP as the conditions and phosphine ligands were attempted with this

ligand (Table 4'_ gntry 1)..When the solvent was Changed.to substrate (Table 5). Most of the conditions that were tried failed
toluen'e: acgtonltrlle, or dlchloromethlane, the reaction regio- to give any conversion (Table 5, entries 20). Only with the
selectivity dlsappea_re_d (Tabl_e 4, entries4). In the cases of bidentate Xantphos ligand did the reaction reach full conversion
toluene and acetonitrile the linear-to-branched ratio was close
to 1:1, while in the case of dichloromethane, the linear isomer (16) Riddick, J. A.; Bunger, W. BOrganic Sobents: Physical Properties and
predominated by about 6:4. In all these cases there was more mg'r‘soc‘?gnocfef’“Hg%j‘t{;’gﬁ("dl%%;T\e,g?”liﬁ“es of Organic Chemistry; Wiley-
(17) We believe that the lower regioselectivity in this case results from some

isomerization of the ring-opened product as the ring-opening step is
performed in the presence of Pd catalyst (one-pot procedure).

(15) Dierkes, P.; van Leeuwen, B.Chem. Soc., Dalton Tran$999 1519-
1529.

17520 J. AM. CHEM. SOC. = VOL. 127, NO. 49, 2005
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1a ONH Q
N
O~ )\/\>QN/ +)\/\)\/\ (6)
Pd cat. Ligand < > & N:O
Table 6. Reaction of 1a with 2e in THF
time conv selectivity regioselectivity
entry palladium source mol % ligand? (h) (%) (%)° (linear/branched)
1 [Pd@3-CsHs)Cl)2 5 BINAP 12 99 56 19/81
2 [Pd(;3-CsHs)Cl] 2 5 PPh 72 100 52 17/83
3 Pd(CQCRs)2 5 PPh 32 100 76 12/88
4 Pd(CQOCRs)2 1 PPh 48 79 65 12/88
5 [Pd(;3-CsHs)Cl] 2 1 P(OEt} 48 100 54 29/71
6 [Pd(73-CsHs)Cl] 2 1 dppb 16 100 41 19/81
7 [Pd(73-CsHs)Cl]2 1 dppe 48 69 37 25/75
8 [Pd@3-CsHs)Cl)2 1 CyPPh 48 79 22 3/97
9 [Pd(;3-CsHs)Cl] 2 1 (p-MeO-GsHa)sP 16 3 9 16/84
10 [Pdé73-C3H5)C|]2 1 P(O-TO|)3 48 0 - -

a2:1 ligand to Pd for monodentate ligands, 1:1 ligand to Pd for bidentate ligaRisers to the amount df-allyl aziridine product vs the total amount

of all products in the reaction observed by GC.

in 8 h, while the regioselectivity still favored the branched
isomer (Table 5, entry 3). Optimization of the reaction enabled
a 43% yield of4m using 2.5 mol % [Pdf3-C3Hs)Cl], and 5
mol % Xantphos (Table 1, entry 11). The low yield4rh was
attributed to the volatility of the product, which made its
isolation difficult.

The use of geranyl acetat2d] in the reaction withla also
produced the branched produbt as the major isomer (Table
6) in THF. The reaction was more sluggish than the prenyl
acetate Zd) reaction, and higher catalyst loadings were required
to achieve full conversion. As with cinnamyl aceta2g), P(o-
Tol); did not provide any conversion (Table 6, entry 10). Full
conversion and good selectivities were achieved with P(#Et)
or PPh with [Pd@;3-C3Hs)Cl]; as the palladium source (Table
6, entries 5 and 2, respectively) after fairly long reaction times
(48 and 72 h, respectively). BINAP was found to be the best
ligand in combination with [Pd3-C3Hs)Cl],. This combination
provided a linear-to-branched ratio of 19:81 and full conversion
within 12 h. However, the reaction with geranyl acetate was
found to produce significant amounts of volatile byproducts that

3-enecarboxylate2p) was performed? This substrate simplified
product analysis since the resultamtallyl complex has a
symmetrical structure. The reaction2ii andlawith 1 mol %
[Pd(3-CsHs)Cl]2; and 2 mol % BINAP in THF at room
temperature gave the allyl aziridine produgt) in 80% isolated
yield after 16 h (Table 1, entry 18). The sgtereochemistry
was assigned to allyl aziridine3f) by NMR analysis (see
Supporting Information). This result shows that the stereochem-
istry present in the starting allyl acetate is retained. Verbenol
acetate ZK) failed to react withla under a variety of different
conditions, including high temperatures, long reaction times,
and use of both mono- and bidentate phosphine ligands.

The unusual regiochemical outcome of the reaction between
unsubstituted aziridines and prenyl type systems prompted us
to examine other amine nucleophiles (Table 7). When we
performed the allylic amination reaction between piperidine and
prenyl acetated), only the linear isomer was detected after
16 h (Table 7, entry 2). As with other secondary amines such
as morpholine, 1,2,3,4-tetrahydroisoquinoline, ahdhethyl-
aniline (entries 35, respectively), only the linear allylamine
products were isolated. Likewise, the use of benzylamine (Table

reduced the selectivity to around 50%. These products were7 entry 6) resulted in exclusive formation of the linear product

found to be the result of a background reactior2efvith PcP,
not the previously observed acetate ring-opening oiNtelyl

as a mixture of mono- and dialkylated compounds. Sterically
encumbered amines such as 2,2,6,6-tetramethylpiperidine (entry

aziridine products. The selectivity of the reaction suffered as a 7) andcis-2,6-dimethylpiperidine (entry 8) did not react, even

result of the concurrent production of myrcenE)-pcimene,
and @)-ocimene via competing-hydride eliminatiort® The
selectivity was improved with a 1:4 Pd(GOR;),/PPh catalyst

when the reaction was heated to BD.
Subsequent examination of the reaction between piperidine
and prenyl acetate2¢l) by GC analysis indicated the initial

that provided a linear-to-branched ratio of 12:88 (Table 6, entry puildup of the branched product@) followed by its decrease

4). By increasing the amount of catalyst, the reaction time was as the linear productl() began to form (Figure 3). The amount
decreased and full conversion was achieved with a selectivity of 10 peaked at arouhl h and then began to decrease. By 2 h,
of 76% (Table 6, entry 3). Finally, when the reaction was 11 was the major isomer present in the reaction mixture. The

performed with a slight excess @& (1.2 equiv), a combined
yield of 80% was achieved after 32 h (Table 1, entry 13).

ratio of the isomers changed throughout the reaction as the
percentage oilin relation to10 steadily increasedhis data

To determine the stereochemical course of the reaction, allylic indicates that the linear and branched isomers are able to

amination with the sysisomer of methyl 5-acetoxycyclohex-

(18) Reaction of geranyl acetate with 5 mol % Pd(BPim THF at 60°C gives
full conversion to the background products in 6 h. See also the following
references: (a) Keinan, E.; Kumar, S.; Dangur, V.; Vayd, Am. Chem.
So0c.1994 116, 11151-11152. (b) Andersson, P. G.; Schab,C8gano-
metallics1995 14, 1-2.

equilibrate in the cases of amines other than aziridinég
equiv of potassium carbonate or 1 equiv of Proton Sponge are

(19) (a) Trost, B. M.; Verhoeven, T. B. Am. Chem. S0d.98Q 102, 4730~
4743. (b) Granberg, K. L.; Backvall, J. H. Am. Chem. S0d.992 114
6858-6863. (c) Granberg, K. L.; Backvall, J. B. Am. Chem. S0d.994
116, 10853-10853.
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Figure 3. Conversion/time diagram for the reaction of prenyl acetath (ith piperidine.

Table 7. Reaction of Different Amines with Prenyl Acetate (2d)

under Standard Conditions?

Scheme 1.

Synthesis of Branched Amine 13

. conv. predominant CO.Et _ii _
entry  amine pK. (%)  regioisomer product ©© @ 2
1 N+ 804 100  branched X 4h
e ” Cor e o]
. 13
2 O 11.12° 100 linear N/\)\ 11 ) )
N i) BrC(CHj3),CO,Et, Et;N, 80°C, 8 h, 76%, ii) DIBAL-H, PhMe, -78°C, 2 h, 81%,
o iii) MePPh3Br, NaHMDS, THF, t, 16 h, 51%
3 [ ] 8.33° 100 linear N /\)\ 12 . . . o o
N o 13was added to the reaction mixture leading to its isomerization,
/\)\ such that linear isomet4 predominated (eq 7).
4 w966 100 linear @O 14
L )\/\

. . NH
5 ©\N’°H3 484 53 linear 15 EEO PACP-CaHaCl, (1 ol %)
)\/\ /\/k BINAP (2 mol %),

6 [(JJ ™ 933 100 linear THF, t, 4 h
B
“ Mo
7 >(Nj< 107 0 - . @Q
H
N/\)\ add 13 N/\)\ e
8 /(Nj\ 107 0 - . wait 4 h
H

branched has isomerized
to the linear isomer

a1 mol % [Pd{-C3Hs)Cl]2, 4 mol % BINAP, THF, rt.> pKay of ethylene
imine from ref 73.¢ Values taken from “Dissociation Constants of Organic
Acids and Bases”, iCRC Handbook of Chemistry and Physitgternet
Version 2005; David R. Lide, Ed., http://www.hbcpnetbase.com; CRC
Press: Boca Raton, FL, 2008 Reaction did not proceed even upon heating
at 60°C.

Branched amind 3 was then subjected to different reaction
conditions to determine which components of the catalytic
system were necessary for branched-to-linear interconversion.
When 1 equiv of TFA was added 1@ in THF, no isomerization
added to the reaction between piperidine &adgl there is no was observed over 72 h at room temperature. ReactidiBof
change in the regioselectivity at the end of the reaction; the with 10 mol % of either Pd(OAg)or Pd(PPk)4 in THF also
linear regioisomer remains the dominant product. gave no isomerization over 72 h. Additionally, reactionl8f

1,2,3,4-Tetrahydroisoquinoline behaved analogously to pip- with 1 equiv of TFA and 10 mol % of Pd(PBh in THF gave
eridine, initially producing the branched isomé&8), which then no isomerization over 72 h. Finally, reactionk8with 1 equiv
isomerized to the linear isomet4) with either [Pd{3-C3Hs)- of prenyl acetated) and 10 mol % of Pd(PR}y in THF gave
Cl]o/BINAP or Pd(PPK)4 in THF. To investigate the isomer-  no isomerization over 72 h.
ization, the branched amine of 1,2,3,4-tetrahydroisoquinoline  Crossover experiments were performed betwé&nand
(13) was synthesized by a three-step procedure (Scheme 1)piperidine or cyclohexene imindd). Whenl13was mixed with
without the use of any palladium reagents. The ability. 8to 1 equiv of piperidine using [Pgf-CsHs)CI]o/BINAP as the
isomerize tol4 was then tested. First, 1,2,3,4-tetrahydroiso- catalyst,13 disappeared such that almost none remained after
quinoline was allowed to react with prenyl aceta2d)(with 1 4 h at room temperature. Both the branch&@) énd linear 11)
mol % [Pd{?3-C3Hs)Cl]2 and 2 mol % BINAP in THF. Within piperidine crossover products were detected, with ohly
4 h the reaction equilibrated to linear isonigr and only traces present afte4 h (eq 8). Similarly, wheri3 was mixed with 1
of branched isomer were detected by GC. The branched isomerequiv of cyclohexene iminel@) under the same conditions,
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crossover occurred and a small amount of branched aziridinegeranyl acetate, the branched isomer was unexpectedly found
(4h) was detected (14% crossover). No linear aziridine was to be the major product. This result is unusual as other classes
detected. None of the original branched amirremained; of nitrogen nucleophiles including primaf and secondary
instead, the linear aminel4) was detected, indicating that alkylamines?% azide2°cd and amide®e all favor the linear
isomerization of the starting material was occurring under these allylamine products under similar palladium-catalyzed condi-

conditions (eq 9). tions. Indeed, when we reacted a variety of secondary amines
with prenyl acetate we only isolated linear products (Table 7).
M O‘“ This interesting dichotomy warranted mechanistic investigation.
m P PyT—— O @i\) ® The vast maJor|_ty of p_al_ladlum s_ys_te_ms produce the linear
13 BINAP (40 mol %), THF, ,1 product as the major regioisontfethis is in contrast to metals
such as iridiun®lad rhodium2ie9 molybdenun?™i and
e ON” ruthenium?<which favor the branched product. There are only
©:\) - @ X/ @(\) o a few other examples of palladium-catalyzed allylic aminations
13 e s T of terminal allyl esters or carbonates resulting in predominant

formation of the branched isome¥%These examples employ
The ability of branched amin&3 to act as an electrophile  special ligands to switch the regioselectivity. They differ from

prompted us to examine whether branched aziridinevould our example in that in our case the same catalyst-ligand system
react in a similar way. Whedh was mixed with 1 equiv of produces different regioisomeric products depending on whether
1,2,3,4-tetrahydroisoquinoline using [R&{CsHs)Cl]o/BINAP a common amine or aziridine nucleophile is used. The steric
as the catalyst, no reaction was observed over 72 h at roomenvironment around palladium appears to have no effect on the
temperature (eq 10). regiochemical outcome of the reaction with unsubstituted
aziridines. Although a number of bidentate phosphines were

CO\IH tried with a range of bite angles, the branched-to-linear ratio

ON = No Reaction {10) remained constant at around 9:1 (Table 3).
ah [Pd(n3-C5Hs)Cll, (20 mol %) The possibility that a switch in the nature of the key bond-
BINAP (40 mol %), THF, rt forming step was operating with an unsubstituted aziridine

nucleophile led us to examine the stereochemical course of the
The fact that crossover was occurring prompted us to once reaction. In palladium-catalyzed allylic substitution, the attack
again attempt to isomerizk8. Using [Pd(®-CsHs)CI]/BINAP by the nucleophile can occur externally by anti-addition to the
as the catalyst in THF, we added 1 equiv of TFA and 1,2,3,4- 7_a|lyl complex or internally by reductive elimination (Figure

tetrahydroisoquinoline td3. After 16 h at room temperature,  4). Hard nucleophiles such as Grigna?d,organozin@3®
18% of 13 and 82% of14 remained , indicating that isomer-  grganotinz3e-¢ organoaluminund® silyl aluminum?3 disilane?39

ization did occur (eq 11). organoboranes (under Neatalysis)?3" carbon monoxid@3di
and certain hydride reagefts are known to react internally
></ ©© resulting in inversion of stereochemistry. Amine nucleophiles
1 equiv. TFA are known to react externally resulting in overall retention of
@Q 13 Pd(n®-C3Hs)Cl], (20 mol %) stereochemistry (double inversiotf)The use of allyl acetate
BINAP (40 mol %), THF, rt 2h allowed the stereochemical course of the reaction with

unsubstituted aziridines to be determined. The syn-isomer,
NX/ . N/\)\ (1) observed in the allylic amination reaction, provides direct
@:\) @Q evidence that the unsubstituted aziridine attacks the palladium
13 14 complex in an external fashion. This relative stereochemistry

18% branched 82% linear is identical to what is observed with other amine nucleophiles.
remaining
Moreover, when verbenol acetak] was used as the substrate,

Discussion (20) (a) Trost, B. M.; Keinan, EJ. Org. Chem.1979 44, 3451-3457. (b)

; ; — ; [ kermark, B.; Vitagliano, A.Organometallics1985 4, 1275-1283. (c)
~ We have investigated the palladium-catalyzed allylic amina Mizuno, M.; Shioiri, T.Chem. Commuri997, 2165-2166. (d) Murahashi,
tion reaction using unsubstituted aziridines as nucleophiles. The S.-I.; Taniguchi, Y.; Imada, Y.; Tanigawa, Y. Org. Chem.1989 54,

. . . . 3292-3303. (e) Hutchins, R. O.; Wei, J.; Rao, SJJOrg. Chem1994
process allows for the asymmetric allylic amination of unsub- 56, 40074009,

stituted aziridines with high enantioselectivities in the case of (21) (%)Oglelg%r 1042%_512%7% (Lr;cgr%nto C. THaLtWI'? J. JjAEn EherghSoc
mura, artwig, m em
cinnamyl systems and creates the possibility of introducing S0c.2002 124 15164-15165. () Shu, C. T.; Leitner, A.: Hartwig, J. F.

aziridine moieties into functionalized environments with high Angew. Chem., Int. EQ004 43, 4797-4800. (d) Takeuchi, R.; Ue, N.;
. .. . . . . . Tanabe, K.; Yamashita, K.; Shiga, 8. Am. Chem. So@001, 123 9525~

|_eve|5_ of regmsele_Ct'V'tY anq high '30|ated_y|e|d5- O_l{r_mveSt'ga' 9534. (e) Evans, P. A.; Robinson, J. E.; Moffett, K.®lg. Lett.2001, 3,

tions into the allylic amination of unsubstituted aziridines have 3269-3271. (f) Evans, P. A; Robinson, J. E.; Nelson, JJDAm. Chem.

: . . K Soc.1999 121, 6761-6762. (g) Evans, P. A.; Robinson, J. E.; Nelson, J.
revealed some interesting trends with respect to the regiochem-  p_ 3 am. Chém. Sod999 121, 12214-12214. (h) Belda, O.: Moberg,

i i C. Acc. Chem. Re®004 37, 159-167. (i) Trost, B. M.; Lautens, MJ.
I.Stry of the p.rc.)d.UCts' In the Case of cinnamyl substrates, the Am. Chem. Sod 982 104 5543-5545. (j) Trost, B. M.; Lautens, MJ.
linear allyl aziridines are the main products. In these cases, the ~ am. Chem. Socl987, 109, 1469-1478. (k) Trost, B. M.; Fraisse, P. L.;
; i H i ; Ball, Z. T. Angew. Chem., Int. E®2002 41, 1059-1061.
resulting regpchemlstry of the product is as expected, produglng 22) (2) You, SL Zhts, X -2 Luo, Y.-M.: Hotl, X.-L.: Dai, L.-XJ. Am. Chem.
the same regioisomer that is observed when other alkylamines™ ~ Soc.2001 123 7471-7472. (b) Hayashi, T.; Kishi, K.; Yamamoto, A.;
; [ ; inati ; Ito, Y. Tetrahedron Lett199Q 31, 1743-1746. (c) Faller, J. W.; Wilt, J.
are used_ in palIadmr_n catalyzed allylic amination. In the reaction C.Org, Lett. 2004 45, 76137616, (d) Faller, . W.. Wilt, J. GOrg. Lett
of 1,1-dialkyl-substituted allyl acetates such as prenyl and 2005 7, 633-636.
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Figure 7. Interconversion of isomeric allyl acetates

LoPd° . )
_HOAc aziridine such asla, the branched allyl aziridine product
complexation . . . . . .
predominates in about the same regiochemical ratio. This shows
PdL2 that the position of the leaving group has no bearing on the

R L,Pd. regiochemical outcome of allylic amination with aziridines. The
@ OAC R ‘/ R fact that either of the isomeric acetates results in the same
product ratio indicates that both isomeric allyl acetates (Figure
k 7, 2d and 2j) operate through the same intermediate,7@n
external OAc -
attack J s-complex B).
L2 ionization Once the allyl aziridine product) is produced, it appears
nucleophilic \/\/R' to be stable toward isomerization. Over the course of the
addition inversion reaction, the branched-to-linear ratio remains constant. The ratio

Figure 6. Mechanism of allylic amination with unsubstituted aziridines. IS not affected if the reaction mixture is left for extended periods
of time or if the reaction mixture is heated. Indeed, the linear
isomer is a trisubstituted olefin and should be of lower energy
than the disubstituted product. When the linear aziridnevas
subjected to typical reaction conditions, no branched product
was observed. Therefore, there is no interconversion between
the branched and linear allyl aziridines under any of the
conditions we tried.

This behavior is in contrast to that observed with the
allylamine products when secondary amines such as piperidine
are used in the reaction. The observation of an initial branched
product in the reaction between piperidine &kl followed by
its disappearance while the amount of linear isomer increases,
indicates that the allylamine isomers are able to equilibrate.
Therefore, in the case of aziridines and other secondary amines
the kinetic product is the branched isomer. However, in the case
(23) (a) Hayashi, T.; Konishi, M.; Yokota, K. I.; Kumada, M. Organomet. of other amines the branched product converts to the linear

8ﬂgm 133%%%?1332‘5673_{g)l""(gs}‘gjgtsaav'v*a HEQ}fa%grSh:moggghl isomer, while in the case of aziridines this equilibration

S.; Yoneda, H.; Miki, K.; Kasai, N.; Murai, S.; Ikeda,d. Am. Chem. Soc. apparently does not occur (Figure 8).
1992 114, 8417 8424 (d) Sheﬁy F K.; Godschalx J. P.; Stille, J.X.

no reaction took place. This is consistent with the gem-dimethyl
group blocking the exo-face of attack (Figure 5) and provides
further evidence that the attack is external. Thus, one may
conclude that the nucleophilic attack operates by the classical
mechanism of allylic amination in the case of aziridine
nucleophiles as depicted in Figure 6.

In the rhodium-catalyzed allylic substitution, the regioselec-
tivity is determined by the position of the leaving grotip.
Memory effects are also known to operate in some situations
during palladium-catalyzed allylic substituti8fWe examined
whether a similar effect was operating with aziridine nucleo-
philes in the case of palladium. When isomeric acetatesr
2j are used in the allylic amination reaction with an unsubstituted

Am. Chem. Socl984 106 48334840. (¢) Del Valle, L.; Stille, J. K (55) () Evans, P. A.: Nelson, J. Detrahedron Lett1998 39, 1725-1728.
Hegedus, L SJ. Org. Chem.199Q 55, 3019-3023. (f) Trost, B. M.; (bj Evans, P. A.; Leahy, D. KI. Am. Chem. S0€00Q 122, 5012-5013.
Yoshida, J.; Lautens, MJ. Am. Chem. Sod.983 105 4494-4496. (g) (c) Evans, P. A.; Kennedy, 1. Org. Lett.200Q 2, 2213-2215. (d) Evans,

Matsumoto, Y.; Ohno, A.; Hayashi, Drganometallics1993 12, 4051~ P, A Kenned
! £ LA y, L. JJ. Am. Chem. So@001, 123 1234-1235.
4055. (h) Trost, B. M.; Spagnol, M. DI. Chem. Soc., Perkin Trans. 1 56) (ay | joyd-Jones, G. C.; Stephen, S. C.; Murray, M.: Butts, C. P.: Vyskocil,

1995 2083-2096. (i) Kobayashi, Y.; Mizojiri, R.; Ikeda, Bl Org. Chem. S.’ Kocovsky, PChem. Eur. J200Q 6, 4348-4357. (b) Lloyd-Jones, G.
1996 61, 5391-5399. (j) Murahashi, S. |.; Imada, Y.; Taniguchi, Y.; C.' Stephen, S. Chem. Eur. J1998 4, 2539-2549. (c) Lloyd-Jones, G.
Higashiura, S.J. Org. Chem.1993 58, 1538-1545. (k) Keinan, E.; C.: Stephen, S. OChem. Commurl998 2321-2322. (d) Vyskocil, S.;
Greenspoon, NTetrahedron Lett1982 23, 241-244. Smrcina, M.; Hanus, V.; Polasek, M.; Kocovsky, P.Org. Chem1998
(24) gl:llcggno-Manas, M.; Morral, L.; Pleixats, B.Org. Chem1998 63, 6160~ 63, 7738-7748. (e) Hayashi, T.; Kawatsura, M.; Uozumi,J Am. Chem.

So0c.1998 120, 1681-1687.
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Figure 8. Differences in experimentally observed products in the course of allylic amination chemistry.
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Figure 9. *H NMR in d8-THF. (Top) [Pd{3-CsHo)Cl]2. (Bottom) [Pd{3-CsHg)Cl]2 with 4 equiv of PPh

What is the reason for the observed kinetic selectivity? The proceeds throughy&'-type attack at the more substituted allyl
mechanism of allylic substitution is classically shown as position to produce the branched product. The loss of selectivity
proceeding through an® z-complex. However, this complex  observed when different solvents are used (Table 4) is attributed
is in equilibrium with theo-complexes as shown in Figure?7. to the differing equilibrium existing between thé 7-complex
The extent of the equilibrium depends on many factors, ando-complexes in solvents of different polarities. Therefore,
including temperature, solvent, metal, ligand, and counterion. in these cases there is a loss of kinetic selectivity.

It is known that in THF the allyl palladium species exists asa  One can propose several different pathways through which

o-complex with counterion coordinated to the metal to a much the isomerization of branched amines may occur. One possibility

greater extent than in other more polar solvéfBhe presence s that the branched products isomerize in the presence of either

of chloride, added as part of the Pd source ([Pd{sHs)Cl]>), AcOH or Pd that accumulates in the reaction medigim.

is also known to induce the formation of neutvatomplexes? However,13was shown to be stable to both TFA and catalytic

1H NMR experiments using the prenyl palladium chloride dimer Pd(OAc).3? Another possibility is that the branched product is

([Pd(3-CsHo)Cl]) and PPR reveal formation of ar-complex subsequently allylated via a palladium catalyst, producing a

in d8-THF (Figure 9)?82.30 Attack by the nucleophile likely  diallylated species that could re-ionize back to an allylamine.
: ' No evidence for this mechanism was observed since in the

@7 (Sa;’rﬂg‘ﬁmag' Rﬂé';'a,jjgl‘nr?cﬁgmpgéfsaﬁ%‘;ﬁe?:lﬁgsggg?%"%%riirj‘%g'zed' presence of both prenyl acetate an@ Rolisomerization o3

(b) Braunstein, P.; Naud, F.; Dedieu, A.;; Rohmer, M.-M.; DeCian, A.; took place.
(28) (o Ko e Rt o Hopoio L . ZetterbergIKAM. The most likely mechanistic explanation for the isomerization

Chem. Soc198], 103 3037-3040. (b) Amatore, C.; Jutand, A.; Meyer,  seems to be by a Pdatalyzed process. This could arise by
G.; Mottier, L.Chem. Eur. J1999 5, 466—-473. (c) Bouquillon, S.; Muzart,

J. Eur. J. Org. Chem2001, 3301-3305. (31) Overman, L. E.; Knoll, F. MTetrahedron Lett1979 20, 321-324.
(29) Thibault, C.; Gain, E.; Giroud, C.; Meyer, G.; Jutand, A. Organomet. (32) Phosphines are known to reduce Pd(QAo) P. See the following
Chem.2003 687 365—376 and references therem references: (a) Amatore, C.; Carre, E.; Jutand, A.; Mbarki, M. A.
(30) (a) Powell, J.; Shaw, B. LJ. Chem. Soc. A967, 1839-1851. (b) Kurosawa, Organometallics1995 14, 1818-1826. (b) Amatore, C.; Jutand, A.;
H. J. Chem. Soc., Dalton Tran%979 939. Thuilliez, A. Organometallics2001, 20, 3241-3249.
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Figure 10. Rationale behind allylamine isomerization.

two possible paths: oxidative addition or re-ionization. Oxida-
tive addition into a C-N bond has been observed in the Suzuki
cross-coupling of aryltrimethylammonium s&fsand 1-aryl-
triazenes In these cases, Nicatalysts are required for the

f

isomerization tol4 was observed. To summarize, all three
components (Pdcatalyst, acid, and nucleophile) are required
for isomerization. This information leads us to propose a
rationale for the observed branched-to-linear interconversion

reaction to proceed, whereas palladium catalysts are (Figure 10).

unsuccessfui®@ These observations make oxidative addition an
unlikely pathway. An alternative, more likely mechanism
involves the re-ionization of the allyl aziridine product to

In THF, the reaction produces protonated branched amine as
the kinetic product by anp®' reaction with an allyl palladium
o-complex. Recomplexation of Ptb the product alkene enables

generate an allyl palladium electrophile and an amine. The ionization to either they® 7-complexB or o-complexA, which

reversibility of the C-N bond-forming step has been observed
in allylic amination when carbon nucleophiles were used in the
palladium-catalyzed reaction of allylic ammonium halidés.
However, reaction of3with Pc? in THF failed to produce any
isomerization. Our experiments show that allylamine isomer-
ization requires very particular conditions. While the reaction
of 1,2,3,4-tetrahydroisoquinoline with prenyl acetate resulted
in fully isomerized product within 4 h, subjecting independently
prepared branched amid& to Pd and ligand resulted in no
isomerization. Howeverl 3 did isomerize to linear produdi4
when added to the reaction contents of the original allylic
amination (eq 11).

are also in equilibrium (Figure 10). It is the generation of these
electrophilic components that enables crossover reactions to
occur. Attack of a nucleophile on the more prevalemomplex

A simply regenerates branched allylamine. However, reaction
at then® -complexB should favor attack at the less substituted
carbon, resulting in formation of the linear product. The reaction
througho-complexC is unlikely. Due to the increased steric
hindrance around palladium @ compared t&, C is likely to

be a very small component in the equilibrium. The strength of
the palladium/olefin interaction in comple® is higher than
that in complexE due to increased degree of substitution in
E.35 As a consequence, ionization of compl@should be more

The fact that crossover of the prenyl moiety was observed facile than comple¥. Therefore, the dynamic process outlined

from branched amind3 to other amines such as piperidine
indicated that the mechanism for isomerization is bimolecular.

in Figure 10 will steadily increase the amounts of the linear
product. With aziridine the formation of eithéror B does not

The crossover experiments also clearly demonstrate the differingtake place, which accounts for the observed lack of branched-
abilities of branchedN-allylamines andN-allyl aziridines to act to-linear isomerization in the case dfallyl aziridines. We

as electrophile precursors under the reaction conditions. Theconsidered the possibility that protonation of the allylamine
branched amind3 was able to transfer its prenyl unit to both  product was required for the isomerization. We reasoned that
piperidine and cyclohexene imingd). In the case of piperidine  the lower basicity of aziridines relative to that of amines (Table
there was complete crossover and the product fully isomerized7) would result in a lower equilibrium concentration of

to the linear isomer. Therefore, the crossover conditions protonated amine. Therefore, no isomerization would take place.
contained all the components necessary for isomerization. In The lower basicity of aziridines results from bond strain which
these experiments both a nucleophile (the amine or aziridine) increases the s-character of the nitrogen lone pair. For instance,

and an acid, generated from the palladium precursor, wereethylene imine has akan (8.04%) that is closer to an $p

additionally present. When isomerization @8 was again
attempted with P3 acid, and 1,2,3,4-tetrahydroisoquinoline, the

(33) (a) Blakey, S. B.; MacMillan, D. W. CJ. Am. Chem. SoQ003 125,
6046-6047. (b) Saeki, T.; Son, E. C.; Tamao, ®rg. Lett.2004 6, 617—
619.

(34) (a) Doi, T.; Yanagisawa, A.; Miyazawa, M.; Yamamoto, Fetrahedron:
Asymmetryl995 6, 389-392. (b) Hirao, T.; Yamada, N.; Ohshiro, Y.;
Agawa, T.J. Organomet. Chen1.982 236, 409-414.
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nitrogen atom in an imine (diphenyl imin&gy = 7.2) than to
an spg nitrogen atom in an amine (piperidiné&g, = 11.12).
Further investigation of amines revealed thKt s not likely

(35) For instance, monosubstituted olefins are known to be considerably more
reactive than disubstituted olefins in Wacker oxidation: Nelson, D. J.; Li,
R.; Brammer, CJ. Am. Chem. So2001, 123 1564-1568.

(36) Searles, S.; Tamres, M.; Block, F.; Quarterman, LJAAmM. Chem. Soc.
1956 78, 4917+4920.
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- Pd° +H ® selectivities typically observed with common amines as well
[)N\ \ — [N 1 [:N\H | as points to avenues for kinetic resolutfn.
P B
Pd°

+ Pd® *

. . . Experimental Section
Figure 11. Allyl aziridine coordinated to palladium. P

General Procedures. Anhydrous acetonitrile, dichloromethane,

to bethe solefactor contributing to the observed behavior (Table diethyl ether, and toluene were obtained using the method described
7). A variety of different amines were employed in the reaction, by Grubbs!® Tetrahydrofuran (THF) was distilled from sodium
having Ka+ values both higher and lower than ethylene imine. benzophenone under argon. Acetone was stored 4V molecular
In all cases in which amines where used as nucleophiles theSieves. Column chromatography was carried out using Silicycle-230
only isomer that was isolated was the linear product. ioolnt]‘esrtﬁi'licﬁ gel ohr a'“”:i”“m P?Xi?TeI'_C”)e“"a" Br?Ckm?j” typ'\j 1.

L . . Analytical thin-layer chromatography was performed on Ma-
ac;l(-;elnamlgﬁg)sner?(f:ealgg s;:éafns d pv:/?tiu;:uelf cjé)ne\?eurlsvioonf 3??:1'2 cherey Nagel precoated glass-backed TLC plates (SIL G/UV254, 0.25

iridi . ial th id d f mm) and visualized by UV lamp (254 nm), iodine and potassium
aziridine starting material the acid was expected to form an permanganate staifti NMR and*3C NMR spectra were recorded on

aziridinium salt with the allyl aziridine products. In an attempt 5 varian Mercury 300, VRX-S (Unity) 400 or Unity 500 spectrometer.
to prevent the unwanted aziridine ring opening with acetic acid, Al unsubstituted aziridineda—g were either purchased from com-
we employed potassium carbonate as the acid scavenger, whichnercial sources or synthesized by literature methods. All allyl acetates
led to a significant decrease in the reaction rate (by almost half). 2a—k were synthesized by the literature method from their respective
A possible reason for this unexpected decrease in the reactiorallyl alcohols.

efficiency is coordination of the allyl aziridine products to Representative Procedure for the Preparation of Allyl Aziridines
palladium, sequestering some of the catalyst out of the catalyticby Pd-Catalyzed Allylic Amination: 7-Allyl-7-aza-bicyclo[4.1.0]-
cycle and thus slowing the rate of conversion (Figure11). heptane (3a).In a 15'>< 190 mm screw cap test tube, equipped with
Evidence for allyl aziridine/palladium interaction comes from S€Ptum and magnetic stir bar, were placed {PdiHs)CI]. (5 mg,

lack of crossover when allyl aziridine is mixed with 1,2,3,4- 0.0137 mmol), PPA(14 mg, 0.0547 mmol), KCO; (379 mg, 2.74

. S . . mmol), and dry THF (2 mL). Allyl acetate2@) (148 uL, 1.37 mmol)
tetrahydroisoquinoline and palladiufh. Protonation of the andla (133 mg, 1.37 mmol) were added via syringe, and the solution

aziridine nitrogen should prevent coordination to the metal. 55 stirred under a stream of argon at room temperature for 30 min,
In closing, significant deviation in behavior of aziridine when GC analysis showed no cyclohexene imitg femaining. Water
nucleophiles in palladium-catalyzed allylic amination allows (4 mL) was added, the organic layer was separated, and the aqueous
facile synthesis of useful branched amines that are difficult to layer was extracted with diethyl ether 8 2 mL). The combined
obtain using other techniques. It appears that the origin of this organic layers were concentrated in vacuo, and the residue was purified
behavior can be traced back to lack of isomerization of the by flash chromatography 0.35, SiQ, 9:1 hexanes/EtOAc) to yield
initially produced branched product, whereas in the case of otherN-allyl cyclohexene imine3g) (85 mg, 0.62 mmol, 45%) as a clear
amine nucleophiles a pathway for interconversion exists. The “ql;lillyl 7-aza-bioyclofd. 1.0Jheptane K-Ally Cyclohexene Imine
Elghe-r s-character of the f':12|r|d|ne nitrogen and, hence, its Iovyer3a): Clear liquid, 45% yield2H NMR (CDCls, 300 MHz): & 5.91
asicity reduce the relative amount of the protonated species

hat i fori . ke ol Th ... _(ddt,J = 17.3, 10.4, 5.3 Hz, 1H), 5.22 (ddd,= 17.3, 3.7, 1.8 Hz,
that is necessary for isomerization to take place. The quantitativey ' 5 48" (ddd,) = 10.4, 3.5, 1.5 Hz, 1H), 2.85 (di.— 5.3, 1.5 Hz,

crossover experiments clearly confirm this relative lack of 2H), 1.86-1.71 (M, 4H), 1.56-1.48 (m, 2H), 1.39-1.13 (m, 4H)::%C
nucleophilicity. These experiments also demonstrate that evennymR (CDCl;, 75 MHz): ¢ 136.1, 115.7, 63.4, 38.3, 24.7, 20.8. ESI:
when protonated aziridine speciepresent, it is far less capable vz (%) 138 (M+ + 1); EI-MS: m/z (%) 136 (M — 1, 100), 123 (46),
of reacting with P8than the common amine-derived allylated 108 (47), 96 (42), 84 (67); HR-MS: calcd forld;sN, 137.1204; obsd,
species. This lack of reactivity is a result of the strongeM™NC 137.1202.

bond due to, once again, higher s-character of the aziridine (N-Allyl-3-(but-3-enyl)aziridin-2-yl)(phenyl)methanone (3c): Clear

nitrogen. oil, 83% vyield. Peaks have been assigned by analysis of 2D NMR
_ data: COSY, HSQC, and CIGARH NMR (CDCls;, 500 MHz):
Conclusions 8.02-7.99 (m, 2H ortho-aromatics), 7.6%7.56 (m, 1Hpara-aromatic),

In summary, we have investigated the palladium-catalyzed ’-51~7-46 (m, 2Hmetaaromatics), 5.965.76 (m, 2H,~CH=CHj),
5.15-4.95 (m, 4H,—CH=CHy), 3.39 (d,J = 2.9 Hz, 1H,—CHCOPh),

allylic amlnat!on reac_:tl_on using unsubstituted aziridines. Th(_a 3.36 (dd,J = 5.7 Hz, 1H, NGH,CH=CHj), 3.25 (dd.J = 14.3, 6.0
observed regioselectivity favors valuable branched products in Hz, 1H, NCH,CH=CHy), 2.47 (m, 1H,—CH,CH-), 2.33-2.12 (m,
the cases of aliphatic allyl acetates, underscoring the decisive,y cH—CHCH,CH,—), 1.74-1.55 (m, 2H, CH=CHCH,CH,—); 1C

effect of the amine on the course of allylic amination. This NMR (CDCE, 125 MHz): 6 195.7 C=0), 138.5 {pso-aromatic), 137.9
observed switch in regiochemistry results only from the (—CH,CH,CH=CH,), 135.6 (NCHCH=CH), 133.4 para-aromatic),
structural differences between amines and aziridines. Our 128.8 (metaaromatics), 128.40ftho-aromatics), 117.1 (NC}CH=

investigations uncovered isomerization of allylated amines under CHz), 115.4 (CH;CH,CH=CH,), 54.1 (NCH,CH=CH,), 47.5
palladium catalysis. This observation is significant for palladium (~=CH.CH-), 43.9 (CHCOPh), 32.5 (Ch=CHCH,CH,—), 31.7

catalysis as it suggests a possible explanation for low enantio-(CH—~CHCH.CH,—). Rotamer peaks*H NMR (CDCl;, 500 MHz):
8 6.08-5.96 (M, 0.25H), 5.305.24 (M, 0.25H), 3.503.44 (M, 0.25H),

(37) (a) Complexes between palladium and C-vinyl aziridines have been 3.20-3.14 (m, 0.25H), 2.79 (d] = 2.8 Hz, 0.25H), 2.59 (m, 0.25H),
structurally characterized: BenCheikh, R.; Chaabouni, R.; Bonnet, M. C.; .1
Dahan, F.Polyhedron1998 17, 185-192. (b) Ferioli, F.; Fiorelli, C.; 2.00-1.91 (m, 0.2H), 1.841.76 (m, 0.2H);"*C NMR (CDCk, 125
Martelli, G.; Monari, M.; Savoia, D.; Tobaldin, Eur. J. Org. Chem2005
1416-1426. (c) Tanner, D.; Andersson, P. G.; Harden, A.; Somfai, P. (39) For recent use of Ir-catalyzed kinetic resolution of allyl acetates, see:

Tetrahedron Lett1994 35, 4631-4634. (d) Tanner, D.; Johansson, F.; Fischer, C.; Defieber, C.; Suzuki, T.; Carreira, E. 8.Am. Chem. Soc.
Harden, A.; Andersson, P. Getrahedron1998 54, 15731-15738. 2004 126, 1628-1629.

(38) The reverse is not the case: there is crossover when NH azifidiise (40) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.; Timmers,
added to allylated branched 1,2,3,4-tetrahydroisoquinoli3g ( F. J.Organometallics1996 15, 1518-1520.
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MHz): 6 196.6, 137.3, 137.2, 135.4, 133.2, 128.7, 128.4, 116.6, 115.9,
54.6, 47.8, 47.3, 31.7, 25.6. EStVz (%) 242 (M + 1); EI-MS: m/z
(%) 241 (M, 6), 200 (13), 186 (73), 136 (70), 105 (100), 91 (22), 77
(68), 67 (17); HR-MS: calcd for H1dNO, 241.1466; obsd, 241.1468.

7-Cinnamyl-7-aza-bicyclo[4.1.0]heptane (3d)*H NMR (CDCls,
300 MHz): 6 7.38-7.35 (m, 2H), 7.3£7.26 (m, 2H), 7.19 (m, 1H),
6.56 (d,J = 15.9 Hz, 1H), 6.29 (dt) = 15.8, 5.6 Hz, 1H), 3.00 (dd,
J=5.6, 1.5 Hz, 2H), 1.961.71 (m, 4H), 1.571.53 (m, 2H), 1.44
1.32 (m, 2H), 1.26:1.12 (m, 2H);13C NMR (CDChk, 75 MHz): o
137.5, 130.8, 128.6, 127.7, 127.3, 126.4, 62.8, 38.3, 24.6, 20.7. ESI:
m/z (%) 214 (M™ + 1, 100), 117 (60); EI-MS:m/z (%) 213 (MF, 24),
117 (46), 96 (100), 69 (54); HR-MS: calcd forndElioN, 213.1517;
obsd, 213.1511.

7-(1-Phenylallyl)-7-aza-bicyclo[4.1.0]heptane (4d)*H NMR (CDCl,
300 MHz): 6 7.41-7.36 (m, 2H), 7.33-7.27 (m, 2H), 7.247.18 (m,
1H), 5.97 (dddJ = 17.0, 10.2, 6.6 Hz, 1H), 5.19 (ddd~= 17.1, 1.8,
1.3 Hz, 1H), 5.05 (ddd) = 10.2, 1.8, 1.0 Hz, 1H), 2.89 (d,= 6.6
Hz, 1H), 1.871.53 (m, 6H), 1.49-1.37 (m, 2H), 1.241.13 (m, 2H);
13C NMR (CDCk, 75 MHz): 6 142.5, 140.6, 128.2, 127.4, 126.9, 114.6,
77.2, 38.1, 38.0, 24.7, 24.6, 20.7, 20.6. E&¥z (%) 214 (M" + 1,
100) + 117 (30).

1-Cinnamyl-2-methylaziridine (3e): Clear oil, 84% yield'H NMR
(CDCl;, 300 MHz): 6 7.36 (d,J = 7.0 Hz, 2H), 7.36-7.25 (m, 2H),
7.18 (t,J = 7.2 Hz, 1H), 6.55 (dJ = 15.9 Hz, 1H), 6.30 (dt) = 16.2,
5.7 Hz, 1H), 2.98 (dddd] = 15.0, 14.4, 5.7, 1.5 Hz, 2H), 1.52 (d,
= 3.7 Hz, 1H), 1.43-1.36 (m, 1H), 1.26 (dJ = 6.3 Hz 1H), 1.20 (d,
J = 5.4 Hz, 3H);}3C NMR (CDCk, 75 MHz): 6 137.2, 131.0, 128.5,
127.3,127.2, 126.3, 62.7, 34.6, 34.4, 18.4. ESIz (%) 174 (M" +
1, 30), 117 (100); EI-MS:mVz (%) 173 (M, 18), 130 (15), 117 (68),
104 (18), 91 (32), 77 (13), 56 (100); HR-MS: calcd fok@1sN,
173.1204; obsd, 173.1206.

Methyl 1-Cinnamylaziridine-2-carboxylate (3f): Clear oil, 88%
yield. *H NMR (CDCls, 300 MHz): ¢ 7.37 (d,J = 7.5 Hz, 1H), 7.31
(t, J= 7.5 Hz, 2H), 7.23 (tJ = 7.3 Hz, 1H), 6.54 (dJ = 16.1 Hz,
1H), 6.31 (dtJ = 16.1, 6.0 Hz, 1H), 3.73 (s, 3H), 3.19 (ddb= 13.7,
6.0, 1.3 Hz, 1H), 3.06 (ddd] = 13.7, 6.0, 1.3 Hz, 1H), 2.23 (d,=
3.3 Hz, 1H), 2.17 (ddJ = 6.4, 3.3 Hz, 1H), 1.69 (d] = 6.4 Hz, 1H);
13C NMR (CDCk, 75 MHz): 6 171.3, 136.8, 132.6, 128.7, 127.8, 126.5,
125.7, 62.4, 52.4, 37.3, 34.5. ESivz (%) 218 (M* + 1, 20), 117
(100); EI-MS: m/z (%) 217 (M, 7), 158 (59), 130 (74), 117 (100), 91
(42); HR-MS: calcd for GH1sNO,, 217.1102; obsd, 217.1101.

(E)-Methyl 1-(2-(Methoxycarbonyl)-3-phenylallyl)aziridine-2-car-
boxylate (3g): Clear oil, 84% yield. Compound isolated as an
inseparable mix of regioisomers. Major regioisomét:NMR (CDCls,
300 MHz): 6 7.89 (s, 1H), 7.67 (dJ = 7.5 Hz, 2H), 7.42-7.35 (m,
3H), 3.83 (s, 3H), 3.71 (s, 3H), 3.42 (d= 12.3 Hz, 2H), 3.29 (dJ
= 12.3 Hz, 2H), 2.41 (m, 1H), 2.22 (m, 1H), 1.95 (= 6.4 Hz, 1H);
13C NMR (CDCk, 75 MHz): 6 171.3, 168.3, 143.8, 134.8, 130.1, 129.2,
128.5, 72.2, 55.0, 52.1, 52.0, 37.1, 34.8. Minor regioisomer, mix of
diasteriomers:*H NMR (CDCl;, 300 MHz): 6 7.34-7.23 (m, 1H),
6.40 (s, 0.2H), 6.32 (s, 0.2H), 3.66 (s, 0.6H), 3.62 (s, 0.6H), 2.32 (m,
0.2H), 2.26-2.24 (m, 0.2H), 1.82 (d, 0.2H)}:*)C NMR (CDCk, 75
MHz): 6 170.8, 166.4, 141.3, 140.0, 128.4, 127.7, 127.7, 126.5, 60.3,
51.8, 37.2, 35.4, 20.9, 14.2. ESiv/z (%) 276 (M" + 1, 100), 175
(80); EI-MS: m/z (%) 275 (M, 9), 244 (12), 216 (92), 188 (100), 156
(20), 115 (85); HR-MS: calcd for feHi17NO4 275.1157; obsd,
275.1150.

7-(3-Methylbut-2-enyl)-7-aza-bicyclo[4.1.0]heptane (3h):In a
flame-dried 50-mL one-neck round-bottom flask, equipped with
magnetic stir bar and septum, were pladed(200 uL, 1.95 mmol),
K2COs (540 mg, 3.90 mmol), and dry acetone (20 mL). Prenyl bromide
(227 uL, 1.95 mmol) was slowly added to the solution via syringe at

(Rr 0.56, SIiQ, 8:2 hexanes/EtOACc) to yielgh (145 mg, 0.88 mmol,
45%) as a clear oil.

IH NMR (CDCls, 300 MHz): 6 5.29 (m, 1H), 2.82 (dJ = 6.4 Hz,
2H), 1.85-1.71 (m, 4H), 1.71 (dJ = 1.2 Hz, 3H), 1.58 (s, 3H), 1.48
1.47 (m, 2H), 1.46:1.29 (m, 2H), 1.26-1.08 (m, 2H);*C NMR
(CDCl;, 75 MHz): ¢ 132.9, 122.5, 58.8, 38.0, 25.8, 24.6, 20.6, 18.2.
ESI: m/z (%) 166 (M' + 1).

7-(1,1-Dimethylallyl)-7-aza-bicyclo[4.1.0]heptane (4h)Clear lig-
uid, 89% yield.*H NMR (CDCls, 300 MHz): § 5.63 (dd,J = 17.4,
10.7 Hz, 1H), 5.0#5.00 (m, 2H), 1.7+1.66 (m, 4H), 1.4+1.26 (m,
6H), 1.07 (s, 6H)23C NMR (CDCk, 75 MHz): 6 143.2, 113.7, 56.6,
34.9,31.8, 30.2, 25.7, 25.3, 22.9, 20.8, 14.3. B8z (%) 166 (M" +
1, 100), 98 (40); EI-MS:m/z (%) 165 (M, 2), 150 (27), 96 (100), 84
(67), 69 (87); HR-MS: calcd for GH1N, 165.1517; obsd, 165.1517.

Methyl 1-(3-Methylbut-2-enyl)aziridine-2-carboxylate (3k): H
NMR (CDCls, 300 MHz): ¢ 5.32 (t,J = Hz, 1H), 3.72 (s, 3H), 3.03
(dd,J = 13.2, 6.9 Hz, 1H), 2.91 (dd] = 13.2, 6.9 Hz, 1H), 2.16 (d,
J= 2.8 Hz, 1H), 2.10 (dJ = 6.4, 2.8 Hz, 1H), 1.62 (d] = 6.4 Hz,
1H), 1.73 (s, 3H), 1.61 (s, 3H}*C NMR (CDCk, 75 MHz): ¢ 171.6,
135.5 120.5, 57.9, 52.3, 36.9, 34.3, 25.9, 18.3. EI-M%z (%) 170
(M* + 1, 1) 168 (1), 154 (31), 110 (61), 83 (23), 69 (100), 55 (29);
HR-MS: calcd for GH1gNO,, 170.1181; obsd, 170.1176.

Methyl 1-(2-Methylbut-3-en-2-yl)aziridine-2-carboxylate (4k): *H
NMR (CDCls, 300 MHz): 6 5.56 (dd,J = 17.4, 10.8 Hz, 1H), 5.17
(dd,J =10.8, 1.2 Hz, 1H), 5.11 (ddl = 17.4, 1.2 Hz, 1H), 3.72 (s,
3H), 2.24 (ddJ = 6.3, 2.9 Hz, 1H), 1.98 (dd, 2.9, 1.2 Hz, 1H), 1.79
(dd, 6.3, 1.2 Hz, 1H), 1.21 (s, 3H), 1.19 (s, 3¢ NMR (CDCk, 75
MHz): 6 171.9, 139.7, 116.1, 57.0, 52.1, 30.8, 27.7, 25.8, 25.4; ESI:
m/'z(%) 170 (M* + 1, 80), 102 (100); ESI(QStar) calcd fogtdicNO,,
170.1175; obsd, 170.1170.

1-(2-Methylbut-3-en-2-yl)-2-phenylaziridine (4m):Clear oil, 72%
yield. *H NMR (CDCls, 300 MHz): ¢ 7.30-7.22 (m, 4H), 7.26-7.14
(m, 1H), 5.68 (ddJ = 17.3, 11.1 Hz, 1H), 5.12 (dd,= 17.3, 1.5 Hz,
1H), 5.10 (ddJ = 11.1, 1.5 Hz, 1H), 2.56 (dd] = 6.4, 3.1 Hz, 1H),
1.85 (dd,J= 6.4, 1.0 Hz, 1H), 1.62 (dd] = 3.1, 1.0 Hz, 1H), 1.20 (s,
3H), 1.19 (s, 3H)%3C NMR (CDCk, 75 MHz): 6 141.5, 141.2, 128.3,
126.7, 126.6, 115.0, 56.9, 33.9, 30.5, 26.0, 25.7. B8k (%) 188
(M* + 1, 100), 120 (75); EI-MS:m/z (%) 186 (M" — 1, 2), 146 (8),
118 (94), 91 (100); HR-MS: calcd for 1€H1gN, 186.1282; obsd,
186.1286.

(E)-7-(3,7-Dimethylocta-2,6-dienyl)-7-aza-bicyclo[4.1.0]heptane
(3n): *H NMR (CDCls, 300 MHz): 6 5.33-5.29 (m, 1H), 5.08'5.13
(m, 1H), 2.85 (dJ = 6.3 Hz, 2H), 2.171.99 (m, 4H), 1.851.72 (m,
4H), 1.68 (s, 3H), 1.61 (s, 3H), 1.57 (s, 3H), 1-5049 (m, 2H), 1.46-
1.26 (m, 2H), 1.26-1.09 (m, 2H);**C NMR (CDCk, 75 MHz): 6
136.7,131.6, 124.4, 122.4,58.8, 39.8, 38.2, 26.7, 25.9, 24.8, 20.8, 17.9,
16.8. ESI: m/z (%) 234 (M™ + 1, 100), 98 (8); EI-MS:m/z (%) 233
(M+, 3), 218 (5), 190 (3), 164 (8), 150 (8), 136 (6), 121 (4), 110 (11),
96 (100), 81 (14), 69 (39), 55 (7); HR-MS: calcd fore827N,
233.2143; obsd, 233.2147.

7-(3,7-Dimethylocta-1,6-dien-3-yl)-7-aza-bicyclo[4.1.0]heptane
(4n): *H NMR (CDCls, 300 MHz): ¢ 5.55 (dd,J = 11.0, 17.6 Hz,
1H), 5.15-5.09 (m, 1H), 5.09 (dd] = 1.8, 11.0 Hz, 1H), 5.03 (dd]
=1.8, 17.6 Hz, 1H), 2.081.99 (m, 4H), 1.76-1.65 (m, 7H), 1.60 (s,
3H), 1.52-1.43 (m, 2H), 1.43-1.34 (m, 2H), 1.19-1.06 (m, 2H), 0.98
(s, 3H); 3C NMR (CDCk, 75 MHz): § 141.5, 131.2, 125.4, 115.1,
59.2, 41.8, 30.1, 29.7, 25.9, 25.3, 25.2, 23.1, 21.3, 20.9, 20.8, 17.8.
ESI: m/z (%) 234 (M + 1, 100), 98 (20); EI-MS:m/z (%) 233 (M,

11), 218 (12), 190 (27), 164 (11), 150 (100), 136 (29), 121 (18), 108

(24), 96 (93), 81 (45), 69 (82), 55 (27); HR-MS: calcd fofeid,7N,

233.2143; obsd, 233.2149.
7-(1,3-Diphenylallyl)-7-aza-bicyclo[4.1.0]heptane (3p)Vhite solid,

room temperature. The resulting solution was stirred under a stream97% yield (mp of racemate 79.5-81.0°C), 97% ee as measured by

of nitrogen at room temperature for 30 min, when GC analysis showed
no remaining cyclohexene imin&d). Solvent was removed in vacuo,
and the resultant yellow oil was purified by flash chromatography
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HPLC (AD column, 1 mL/min, 99:1 hexane$?rOH,t = 4.5 and 5.0
min. 97% ee— 4.5 min enantiomer, usingR{-BINAP). *H NMR
(CDCls, 300 MHz): 6 7.45 (d,J = 6.9 Hz, 2H), 7.39-7.17 (m, 8H),
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6.57 (d,J = 15.8 Hz, 1H), 6.35 (dd] = 15.8, 7.0 Hz, 1H), 3.08 (dl
= 7.0 Hz, 1H), 1.941.58 (m, 6H), 1.56-1.40 (m, 2H), 1.26:1.12
(m, 2H); 13C NMR (CDCh, 75 MHz): 6 142.8, 137.4, 132.4, 129.8,

7-(5-Methylcyclohex-2-enyl)-7-aza-bicyclo[4.1.0]heptane (3}lear
oil, 70% vyield. Isolated as an 82:18 mixture of diastereoniét®MR
(CDCl;, 300 MHz): 6 5.80-5.67 (m, 1H), 5.63 (dm, 1H), 2.651.99

128.6, 128.4, 127.6, 127.5, 127.1, 126.7, 76.8, 38.3, 38.3, 24.9, 24.8,(m, 1H), 1.92-1.71 (m, 6H), 1.76-1.57 (m, 2H), 1.55 (m, 2H), 1.41

20.9, 20.8. ESI:m/z (%) 193 (100), 115 (10); EI-MSm/z (%) 289
(M*, 7), 207 (41), 193 (100), 178 (27), 115 (89), 96 (68); HR-MS:
calcd for GiH23N, 289.1830; obsd, 289.1824.
1-(1,3-Diphenylallyl)-2-methylaziridine (3q): White solid, 97%
yield (mp 39-40 °C, racemate is a clear oil), 98% ee as measured by
HPLC (AD column, 1 mL/min, 95:5 hexanéd?rOH,t = 5.0, 6.3,
6.9, and 7.2 min. 98% ee 5.0 and 6.3 min enantiomers, using){
BINAP). Isolated as a mixture of diastereomét$ NMR (CDCls, 300
MHz): ¢ 7.46-7.18 (m, 20H), 6.66 (dJ = 16.0 Hz, 1H), 6.55 (dJ
=16.0 Hz, 1H), 6.39 (tJ = 16.2 Hz, 1H), 6.39 (dd]) = 16.0, 2.8 Hz,
1H), 3.05 (dd, 2H), 1.70 (d] = 3.2 Hz, 1H), 1.68-1.61 (m, 1H), 1.59
(d, J = 5.3 Hz, 1H), 1.56-1.52 (m, 2H), 1.41 (dJ = 6.3 Hz, 1H),
1.30 (d,J = 5.6 Hz, 3H), 1.19 (dJ = 5.0 Hz, 3H);**C NMR (CDCk,
100 MHz): 6 142.4, 142.0, 137.1, 137.0, 131.8, 131.6, 130.1, 129.8,

1.24 (m, 3H), 1.2+1.08 (m, 2H), 0.97 (dJ = 6.3 Hz, 3H);*3C NMR
(CDCls, 75 MHz): ¢ 129.1, 128.4, 67.3, 38.0, 37.4, 36.8, 34.4, 28.2,
25.0, 24.9, 22.4, 20.8, 20.7. Spectroscopic data assigned to the minor
diastereomer:*H NMR (CDCls, 300 MHz): 6 0.94 (d,J = 6.7 Hz,
3H); *C NMR (CDCk, 75 MHz): 6 128.9, 127.6, 63.7, 37.2, 36.6,
33.8, 25.2, 24.8, 24.7, 21.4, 20.9. ESt/z (%) 192 (M + 1); EI-
MS: m/z (%) 191 (Mf, 9), 149 (8), 96 (100), 69 (51), 55 (16); HR-
MS: calcd for GsH»iN, 191.1674; obsd, 191.1675.
(2)-Methyl-5-(7-aza-bicyclo[4.1.0]heptan-7-yl)cyclohex-3-enecar-
boxylate (3t): Clear oil, 80% yield. See Supporting Information for
peak assignmentdd NMR (CDCl, 500 MHz): ¢ 5.76-5.73 (m, 1H),
5.67 (dm,J = 10.1 Hz, 1H), 3.68 (s, 3H), 2.562.49 (m, 1H), 2.29
2.25 (m, 2H), 2.21 (dmJ = 12.4 Hz, 1H), 1.96-1.93 (m, 1H), 1.8%
1.75 (m, 4H), 1.69 (dt) = 12.7, 10.4, 1H), 1.59 (m, 2H), 1.38.31

128.5, 128.5, 128.4, 128.4, 127.6, 127.5, 127.4, 127.3, 127.3, 127.2,(m, 2H), 1.19-1.11 (m, 2H);**C NMR (CDCk, 125 MHz): 6 175.5,

126.5, 126.5, 76.8, 76.7, 35.4, 35.0, 34.5, 34.4, 18.5, 18.2. EfA:
(%) 193 (100), 115 (45); EI-MSm/z (%) 249 (M, 19), 207 (43), 193
(100), 178 (35), 115 (76); HR-MS: calcd forgEi1oN, 249.1517; obsd,
249.1499.

(E)-Methyl 1-(1,3-diphenylallyl)aziridine-2-carboxylate (3r): White
solid, 79% yield. Isolated as a mixture of diastereomérs NMR
(CDCls, 300 MHz): 6 7.52-7.21 (m, 17H), 6.64 (dJ = 15.8 Hz,
1H), 6.62 (d,J = 15.8 Hz, 0.75H), 6.46 (dd} = 15.8, 7.3 Hz, 0.75H),
6.44 (dd,J = 16.0, 7.0 Hz, 1H), 3.76 (s, 3H), 3.72 (s, 2H), 3.201d,
= 7.0 Hz, 2H), 2.40 (dJ = 3.1 Hz, 1H), 2.38 (dJ = 3.2 Hz, 0.75H),
2.28 (d,J= 3.1 Hz, 1H), 2.26 (dJ = 3.2 Hz, 0.75H), 1.93 (d] = 6.6
Hz, 0.75H), 1.78 (dJ = 6.6 Hz, 1H);'**C NMR (CDCk, 75 MHz): &

171.1, 170.9, 141.0, 140.9, 136.7, 136.6, 130.9, 130.9, 130.6, 130.4,

129.3, 126.5, 66.2, 51.7, 38.8, 37.5, 36.8, 31.8, 28.0, 24.8, 20.6, 20.5.
ESI: miz (%) 236 (M" + 1, 100); EI-MS: m/z (%) 236 (M* + 1, 8),

96 (100), 79 (28), 69 (41), 55 (10); HR-MS: calcd for4821NO,,
235.1572; obsd, 235.1567.
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Supporting Information Available: Full experimental pro-

128.7,128.6,127.8,127.73, 127.68, 127.61, 127.2, 126.6, 126.6, 76.5cedures and characterization data for all unknown compounds.

76.4,52.3, 52.2, 37.9, 37.2, 34.9, 34.2. E8lz (%) 193 (100), 115
(15); EI-MS: miz (%) 293 (M*, 12), 292 (M — 1, 23), 234 (63), 193
(94), 178 (31), 115 (100), 91 (48); HR-MS: calcd forgB15NO,,
292.1337; obsd, 292.1339.
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