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Abstract

The transformations of N,N-dialkylcarboxamides and nitriles with 1,2-dicarbanionic organometallics in situ generated from
organomagnesium (Grignard) as well as organozinc reagents in the presence of stoichiometric or substoichiometric (semi-catalytic)
quantities of a titanium alkoxide derivative of type XTi(OR); with X = OR, Cl, Me and OR = OiPr, OEt are described. The key step
in the transformation of a monocarbanionic into a 1,2-dicarbanionic organotitanium species is a disproportionation of a dial-
kyltitanium intermediate to form an alkane and a titanium alkene complex which has the reactivity of a titanacyclopropane de-
rivative. The latter are able to undergo insertion of the carbonyl group of an N,N-dialkylcarboxamide or a cyano group to furnish,
after ring contraction and hydrolysis, dialkylcyclopropylamines or cyclopropylamines, respectively. The titanium alkene complexes
can also undergo ligand exchange with alkenes to afford new titanacyclopropanes, which subsequently react as 1,2-dicarbanionic
equivalents. In many cases, these titanium-mediated formations of a wide range of synthetically and/or pharmacologically important
cyclopropylamines proceed in good to very good yields (from 20% to 98% for dialkylcyclopropylamines from N,N-dialkylcarb-
oxamides and from 27% to 73% for primary cyclopropylamines from nitriles) and with high chemo- and stereoselectivity. These
circumstances in conjunction with the simplicity of the experimental handling and inexpensiveness of the reagents favor these re-

actions for an ever increasing range of applications in organic synthesis.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Among the wide variety of organometallic com-
pounds, the relatively inexpensive and safely handled
non-transition-metal derivatives, in particular organoli-
thium, organomagnesium, organozinc, and organoalu-
minum reagents, are definitely the most widely used ones
in organic synthesis [1]. The majority of synthetically
useful transformations of these reagents, including car-
bon—carbon bond forming reactions, may sometimes
dramatically change their rates or even modes when
conducted in the presence of a transition-metal com-
pound [2-9]. The use of the latter, especially of
group(IV) transition-metal derivatives, sometimes not
only allows one to modify the reactivity of non-transi-
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tion organometallics, but also to perform new kinds of
transformations due to a structural reorganization of
the carbanionic moiety. Among group(I'V) metal deriv-
atives, titanium mediators or catalysts, such as titanium
chlorides, titanium alkoxides, and titanocene deriva-
tives, are especially attractive for practical use, as they
are the least expensive ones, and they are conveniently
handled. In the form of the Sharpless-epoxidation [10—
15] and the McMurry-coupling reagents [16-21], chemo-
and stereoselective reactions of carbonyl compounds
[22-24] as well as olefin metathesis reactions [25], tita-
nium derivatives have found numerous synthetic appli-
cations, and all of these have been reviewed extensively.

This contribution compiles some of the synthetic
applications of an important class of rather novel low-
valent titanium reagents which are in situ formed from
titanium alkoxides and organometallic compounds, es-
pecially organomagnesium halides, leading to cyclo-
propylamines from N,N-dialkylcarboxamides and
nitriles, all of which have been developed in the last 10
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years (the analogous syntheses of cyclopropanols from
carboxylic acid esters (lactones) and chemical transfor-
mations of cyclopropanols have been exhaustively
reviewed [26,27]). These discoveries have led to syn-
thetically extremely useful transformations of organic
compounds that could not even have been thought of in
classical organic chemistry, yet are well on their way to
being routinely applied in modern organic synthesis.
The increasing importance of these reactions is demon-
strated by the first successful applications in the syn-
theses of natural products and syntheses of compounds
with potentially useful properties, which will also be
discussed.

2. Reaction modes of alkyltitanium derivatives possessing
p-hydrogen atoms

Alkyl derivatives of titanium and other transition
metals having B-hydrogen atoms are known to be prone
to B-hydride elimination reactions as the most charac-
teristic transformation [23,28-33], and this occurs par-
ticularly easily, when two or more alkyl groups are
bound to the metal. This leads to the formation of the
corresponding alkanes and low valent titanium deriva-
tives [34-39]. The latter intermediates which may be
formed by a bimolecular disproportionation, are essen-
tially 1,2-dimetalloalkylene derivatives [36]. The thermal
decomposition of alkyltitanium derivatives may also
occur by B-elimination of metal hydride [3,40-43]. The
mechanism of this includes a ligand dissociation step
from 1 with formation of a coordinatively unsaturated
dialkyltitanium derivative, followed by elimination of
metal hydride from one of the alkyl groups in 2 with
concomitant transfer of the resulting alkene to the va-
cant coordination site to form an alkenealkylhydrido
complex 3 (Scheme 1). Readdition of a ligand to 3 ac-
companied by reductive elimination of an n-alkane
eventually leads to the alkenetitanium complex 4
(Scheme 1) [28,44-48].

The question, whether a transition-metal complex of
type 4 is best described as an alkene n-complex 4A or a
metallacyclopropane 4B, which is of practical impor-
tance, has been addressed in several computational
studies on the relation between alkene m-complexes and
three-membered rings [49-53]. It has been concluded
that the titanium complexes of type 4 are best repre-
sented as titanacyclopropanes, i.e., resonance structure
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4B, if one is willing to accept the notion that 4A and 4B
are limiting resonance forms [53].

The first isolable alkenetitanium complex, the bis-
(pentamethylcyclopentadienyl)-titanium-ethylene com-
plex 5, was prepared by Bercaw and co-workers [43] by
sodium amalgam reduction of bis(pentamethylcy-
clopentadienyl)titanium dichloride in toluene under
an atmosphere of ethylene (ca. 700 Torr) or from {[(n-
CsMes),Tilo(u-Ny)2} by treatment with ethylene. The
X-ray crystal structure analysis of 5 and of the ethyl-
enebis(aryloxy)-trimethylphosphinotitanium complex 6
[54] disclosed that the coordination of ethylene causes a
substantial increase in the carbon-carbon double bond
length from 1.337(2) A for free ethylene to 1.438(5) and
1.425(3) A, respectively. Considerable bending of the
hydrogen atoms out of the plane of the ethylene mole-
cule is also observed. By comparison with structural
data of other ethylene complexes and three-membered
heterocyclic compounds, the structures of 5 and 6 would
appear to be intermediate along the continuum between
a Ti(Il)-ethylene (4A) and a Ti(IV)-metallacyclopropane
(4B) (Scheme 1) as limiting structures [43]. No crystal
structure analysis, but full NMR-spectroscopic charac-
terization has been reported for the interesting bisspi-
rocyclopropanated titanacyclopropane 7, which was
readily formed upon reaction of Cp,Ti(PMes), with
bicyclopropylidene [55].

Ph
i MesP_ O )
(ﬂs'CsMes)z-nq Ph O>+{7 Ph Cp,Ti
5 Ph 6 7

3. Preparation of cyclopropylamines from amides via
organomagnesium precursors

The first synthetically useful reaction of titanium
complexes of type 4 leading to the formation of two
new carbon-carbon bonds has been developed by
Kulinkovich and co-workers [26,56]. They found that
treatment of a carboxylic acid ester with a mixture of
one equivalent of titanium tetraisopropoxide and an
excess of ethylmagnesium bromide at —78 to —40 °C,
affords 1-alkylcyclopropanols in good to excellent

R
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~RCH,CH,H " |

4A 4B

Scheme 1. Thermal decomposition of dialkyltitanium derivatives by B-elimination of metal hydride.
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yields [26,27]. As reported by the same group, this ef-
ficient transformation can also be carried out with
substoichiometric amounts of Ti(OiPr)s (5-10 mol%)
[57,58]. Four years later, development of a very useful
and highly versatile preparation of cyclopropylamines
was initiated by de Meijere et al. [59-68]. N,N-Dial-
kylaminocyclopropanes (11) with up to three addi-
tional substituents are readily obtained from carboxylic
acid N,N-dialkylamides (8) and ethyl- as well as
substituted ethylmagnesium halides in the presence of
titanium tetraisopropoxide or, even better, methyltita-
nium triisopropoxide. These transformations were also
possible with substoichiometric amounts of the tita-
nium reagent, but the yields were significantly higher
with stoichiometric amounts. In some cases, extended
reaction times and/or slightly elevated temperatures did
also lead to better yields. Particularly, high yields were
obtained from N,N-dialkylformamides (Scheme 2, and
selected examples in Table 1); yields are consistently

o 3 4 /r\)R1
R3CH,CHR*MgBr . 0
I, 2 (PrORTI ™ Y2
R™ "NR7 Ti(OPr), =2
R® R*
8 9
R']
Q/B' RU . R NR2
— : 2 — NRo
('PrO)ZTI{__?:LRRZ — [TIO(OiPr)],
10 g3 » R*11, 20-98%

Scheme 2. Preparation of N,N-dialkylaminocyclopropanes 11 from
carboxylic acid N,N-dialkylamides 8. For details see Table 1.
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lower from amides with bulky substituents next to the
carbonyl group or on the nitrogen, but even the
overcrowded N,N-di-tert-butylformamide could be
converted to di-tert-butylcyclopropylamine (Table 1,
entry 8), albeit in only 20% yield [60]. The diastere-
oselectivities in the formation of 2-substituted and
1,2-disubstituted  N,N-dialkylcyclopropylamines are
generally lower than those for the corresponding cy-
clopropanols formed from esters.

As far as the mechanism is concerned, this trans-
formation of carboxamides to cyclopropylamines is
different in some important details from that of esters
to cyclopropanols (cf. [26a]; this mechanism was re-
cently probed with density functional theory calcula-
tions at the B3LYP/6-31G* level of theory [69a] and
experimentally [69b]). Due to the poorer leaving group
ability of the dialkylamino group in the oxatitana-
cyclopentane intermediate 9, which is initially formed
by insertion of the carbonyl group of the amide into
the titanium—carbon bond of a titanacyclopropane, 9
does not undergo ring contraction like the corre-
sponding oxatitanacyclopentane from an ester, but ring
opening to an iminium-titanium oxide zwitterion 10
which cyclizes to the cyclopropylamine 11 with loss of
an oxotitanium diisopropoxide species (Scheme 2).
Recent experiments with trans-p-deuterostyrene have
proved that the ring closing fragmentation of 10 occurs
with inversion of configuration of the titanium-bearing
carbon which requires a W-shaped transition state
structure [69c].

In the presence of substoichiometric amounts
(25 mol%) of titanium bistaddolates like 15 and 16
(25 mol%), generated from titanium tetraisopropoxide

N,N-Dialkylcyclopropylamines 11 from N,N-dialkylcarboxamides 8 and ethyl- as well as substituted ethylmagnesium bromides in the presence of

titanium tetraisopropoxide (selected examples)

Entry R! R3 R} R* Yield (%) (d.r.) Ref,
1 Me Bn, H H 60 [60]
2 Et Bn, H H 63 [60]
3 nPr Bn, H H ) [60]
4 nPr Bn, nBu H 35 [60]
5 H Bn, H H 73 [60]
6 H ~(CH,)s— H H 74 [60]
7 H ~(CH,),O(CH,), H H 74 [60]
8 H Bus H H 20 [60]
9 H Bn, Me H 63 (1:1) [60]

10 H Bn, nBu H 52 (1:2.3) [60]

11 Me Bn, Et H 47 [59]

12 O\Me ‘ Me, Et H 42 (10:1) [61]

ph—F i
(0]

13 H Bn, ~(CHa),— 34 [59]

14 Me Me, nBu H 38 (>25:1) 65]

15 H Bn, CH,=CH- H 42 (>25:1) [65]

16 —(CH;),—,Bn H H 21 [65]

17 —(CH;)s—,Me H H 33 [65]
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Scheme 3. Preparation of enantiomerically enriched frans-1-dibenzylamino-2-ethenyl-cyclopropane trans-13 and cis- and trans-1-dibenzylamino-2-n-
butylcyclopropanes cis-14 and trans-14 [68]. P Enantiomeric excess not determined.

and the corresponding TADDOL, as well as one
equivalent of trimethylsilyl chloride, 1-dibenzylamino-2-
ethenylcyclopropanes cis-13 and trans-13 could be
prepared in 67% yield from dibenzylformamide 12 and
1-buten-4-ylmagnesium bromide in a ratio of 1:7 [68].
The latter were obtained with an enantiomeric excess
(e.e.) of up to 56% for the major trans-isomer (Scheme 3,
the absolute configuration was not determined). With a
substoichiometric amount of the titanium bistaddolate
present, but no trimethylsilyl chloride, the yields of cis-
and trans-13 were only 6% and 41%, respectively, with
an e.e. for trans-13 of only 24%. The trimethylsilyl
chloride most probably converts the oxotitanium diiso-
propoxide, which tends to be oligomeric and not well
soluble, into a soluble titanium(IV) derivate which can
participate in the reaction again. With a stoichiometric
amount of (4R,5R)-16 present, the reaction of 12 with n-
hexylmagnesium bromide gave a separable mixture of
the n-butyl derivatives cis-14 and trans-14 (ratio 1:3)
with an e.e. of 84% for the minor and 77% for the major
isomer.

Since benzyl groups can be removed from N,N-dib-
enzylcyclopropylamines by catalytic hydrogenation over
palladium catalysts, primary cyclopropylamines are also
accessible by this methodology. Thus, the theoretically

MeTiOPr); + R->NMIBT (PrO),Ti,

17 18

interesting tricyclopropylamine [63,64] could be pre-
pared from benzylcyclopropylformamide in a sequence
of reductive cyclopropanation of the formyl group, hy-
drogenolytic debenzylation, N-formylation and repeated
reductive cyclopropanation [63,64].

Improved yields of cyclopropylamines 11 were ob-
tained by using methyltitanium triisopropoxide (17) in-
stead of titanium tetraisopropoxide [65], as well as by
adding the Grignard reagent to the mixture of the amide
and the titanium reagent at ambient instead of low
temperature (Schemes 4, 5 and Table 2) [61,70]. It is
presumed that at room temperature, the rate of forma-
tion of the reactive titanacyclopropane intermediate and
of its consumption by reaction with the amide are better
balanced that at low temperature. Methyltitanium

R4
R3
0 \)\MgBr RS R’
JJ\ 21 an NR2
—— 2
R'” “NR3 MeTi(O/Pr);
8 THF R* 11,28-98%

Scheme 5. Preparation of N,N-dialkylcyclopropylamines 11 in the
presence of methyltitanium triisopropoxide. For details see Table 2.

—~ R_ﬂ |:(1PrO)2Ti<( i }

19 Me 20

Scheme 4. Formation of the reactive titanacyclopropane intermediate 20 from methyltitanium triisopropoxide and a Grignard reagent.
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Table 2
N,N-Dialkylcyclopropylamines 11 from N,N-dialkylcarboxamides 8 and ethyl- as well as substituted ethylmagnesium bromides 21 in the presence of
methyltitanium triisopropoxide

Entry R? R! R? R* Yield (%) Ref.
) (d.r.)
1 Bn, H H H 95 [66,70]
2 Bn, H Me H 89 (1:1.1) [70]
3 Bn, Et H H 70 [66,70]
4 Bn, nPr H H 62 [66,70]
5 Me, ~(CHy)s~ H 28 [59.65]
6 Bn, H CH,=CH H 98 (1:7) [70]
7 Bn, BnOCH, Et H 48 (1:5) [67.68]
8 Bn, BnOCH, iPr H 42 (1:3) [67]
9 Bn, iPr H H 44 (66,70]
10 iPr, H H H 86 [70]
1 Bn, H Ph H 98 (1:2.3) [70]
12 Bn, H BUO(CH,); H 59 (1:2) [70]
13 Bn, H O/;\QO/& H 92 (1:1.5) [70]
Me
14 ~(CHy)s— H Ph H 92 (1:1.5) [70]
15 Bn, CICH,CH, H H 49 66]
16 Bn, BnOCH,CH, Me H 33 (1:3) [66]
~N
17 Bn, Mo CH,=CH H 61 [70]
18 Bn, BnCH,0 BnOCH,CH, H 40 (1:3) [66]
W
19 Me; Phxp/_/ CH,=CH H 83 (1:3) [61,70]
Ph Y
-
20 Me, Meo. ] Ph H 82 (1:1.4) [61,70]
MeO/ \\O
21 Bn, H ~CH,CH,CH,- 89 [70]
2 Me, H CH,=CH H 57 (17:1) 65]
23 Me, H BnOCH,CH, H 54.(1.1:1) [65]
24 Bn, H THPO(CH,), H 34 (2.1:0) 65]
25 Me, H PhiCO. A H 53 (1.8:1) 65]
26 ~(CHy)s— Ph H H 73 [70]
27 Et H H H 83 [70]
0
28 Bn, [o>§ﬁ§"‘ H H 85 [70]
29 Me, H ~CH,CHy~ 72 [70]
30 Bn, H ~CH,CHy~ 87 [70]

31 Bn, H —CH(CH3)CH,- 87 [70]
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triisopropoxide in principle requires only one equivalent
of the alkylmagnesium halide to provide a dialkyltita-
nium diisopropoxide intermediate 19, and in this par-
ticular case B-hydride elimination can only occur at the
non-methyl substituent so that methane is liberated se-
lectively. This is an advantage — also for the production
of certain cyclopropanols from esters — with valuable,
e.g., functionally substituted, Grignard reagents, since
one does not sacrifice one equivalent of it as an alkane in
the formation of the corresponding titanacyclopropane
20 (Scheme 4). By using an excess of the alkylmagne-
sium halide in spite of having the sacrificial methyl
substituent on the titanium reagent, the yields based on
the substrate carboxamide can be raised to as high as
92-98% (Table 2, entries 1, 6, 11, 13, 14). This is bene-
ficial especially whenever the carboxamide is more pre-
cious than the Grignard reagent. This modification has
also successfully been applied towards the intramolec-
ular reductive cyclopropanation of N,N-dialkylcarbox-
amides in which the Grignard reagent 21 was generated
in situ from an ®-bromocarboxamide and metallic
magnesium (Table 2, entry 5).

It is remarkable that even cyclobutylmagnesium bro-
mides cleanly react with titanium alkoxides to yield
reactive titanacyclopropane intermediates which reduc-
tively cyclopropanate N,N-dialkylformamides. Although
the first synthesis of such a highly strained N,N-dial-
kylbicyclo[2.1.0]pent-5-ylamine was published as early as
1989 by Vilsmeier et al. [71], this approach makes a large
variety of derivatives more easily available (Table 2,
entries 29-31).

The reductive cyclopropanation with in situ gener-
ated titanacyclopropanes can also be applied to al-
kyldiformylamines 23 which are easily prepared from
inexpensive formamide (22). Both formyl groups are
converted to cyclopropyl groups, and the alkyldicyclo-
propylamines 24 are obtained in good to very good
yields (Scheme 6) [70]. This new method for the prepa-
ration of dicyclopropylamines compares favorably with
the previously published [72] reductive amination of
cyclopropanone alkyl silyl acetals with primary amines,

XTi(OiPr)

17 25n=1,2

— R2

R1 R2 <
\ (PrO),Ti
{ R1

W
n

1) NaOMe
9 MeOH o 0 _Ewger A A
H™ "NHz 2)Rrx, phme H™ N° H MeTl(O/Pr)S
R

22 23 24

RX R 23 (%) 24 (%)

e e 7 7
(Me0),S0, M 0 6
(Et0),S0, Et 71 82
nBuOMs nBu 74 53
All-Br Al 52 0
BnBr Bn 97 57

Scheme 6. The twofold reductive cyclopropanation of alkyldiformyl-
amines 23 [70].

as the reagents used in this current protocol are com-
mercially available and are far less expensive.

4. Cyclopropylamines from amides via ligand-exchanged
titanium—alkene complexes

In view of the versatile new general synthesis of
dialkylcyclopropylamines from N,N-dialkylcarboxa-
mides by way of titanacyclopropane intermediates gen-
erated from Grignard reagents and XTi(OiPr);
(X=0iPr, Me) [60,65], de Meijere et al. also turned
their attention to the additional synthetic potential of
titanacyclopropane intermediates generated by ligand
exchange (Scheme 7) applying cyclohexylmagnesium
halides as Grignard reagents [61,62,73]. This approach,
which was also simultaneously developed by Cha and
co-workers [74-76], applying a number of alkenes and
favoring the use of cyclopentylmagnesium halides [77],
has since been established as an efficient method for the
formal dialkylaminocyclopropanation not only of a
whole range of mono-, but also of some disubstituted
alkenes and cycloalkenes (for selected examples see
Table 3).

The diastereoselective and efficient cyclopropanations
with tributylvinylstannane (Table 3, entries 24 and 25)

) CH,

n
0PN,  + MGBr _ —  (iPro),Ti . [ (iPrO)ZTiQ }
X =Me, O/Pr }\/Ie n
n

27
O 3
R3)LNR4 R [
_8 2 NR}
R2 29

Scheme 7. Ligand exchange of titanacyclopropanes 27 with added alkenes [61,62,73-76].
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N,N-Dialkylcyclopropylamines 29 from N,N-dialkylcarboxamides and alkenes via ligand-exchanged titanium intermediates from Grignard reagents

and XTi(OiPr); (X =OiPr, Cl, Me, OR) [61,62b,73,75,76,78,79]

Entrya Alkene, Starting Amide Product Yield (%) Ref.
d.r.)
R
SN R
+Bn,NCHO Bn,
1 R=H R=H 66 (1:3.1) [62b,
73]
2 R =4-OMe R =4-OMe 45bb (1:1.2) [62b]
3 R=2-CF, R=2-CF, 110 (1:4) [62b]
4 R =3-CF; R = 3-CF3 46 (1:11.5) [62b]
5 R =4-CF; R =4-CF3 18 (0:1) [62b]
0 0
6 L+ BaNcHO M 43 [620]
NBn, (1:4)
7¢ BN 44b (R = Me) [62b]
2 A + RzNCHO BnZN\H"ANR (1:5)
2 395 (R = Bn)
(1:4)
g ; 590 (n = 0)
MesSiNeyS + BnNCHO Messi A oD (62b]
Y, NBn 28b (n = 1)
0:1)
iPr);SiO NMe 61 (R =H)
od (PSION_y 4 (1:2.2) [76]
+Me,NC(O)R R 68 (%‘;S’Ie)
OSi(iPr); 56 (R = n-Pr)
(5.3:1)
(iPr);Si0
10 7+ \@/jﬁ 6691 (78]
Et,NC(0)(CH,)¢CH,Br NEL, (7.6:1)
OSi(iPr);
(iPr);SiO X
11 SN/ A Q 69 (X = CH,) [76,78]
~— 0 N (71.3:1)
X N4 77 (X =0)
" pr nPr B.1:1)
0Si(iPr),
| NMe,
12 . . 4 n.r.e [79]
(iPr);SiO 3 M
+ Me,NC(O)Me
OSI(lPI’)3
+
13 1o 79
(iPr);Si0 /\6% N\Bn m 7
MeBnNC(0)-n-CsH, | CSH,
OSl(zPr);
EtO
14 EtO_ /—’ /P/\VﬂNEtz 36b [61]
+ ELNCHO EtO (1.6:1)
E0” \\O
5d MesiT Y+ LN o 68 [75]
o] e} V/\@ (1:6.5)
ey, Mesi
d
16 nBu3Sn/§+ Et,CHO nBusSn.,, ,NEt, 57 (75]
o) NEt
¢ L0 7~ :
nBuSn (4 NEt, Y
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Table 3 (continued)

Entry2 Alkene, Starting Amide Product Yield (%) Ref.
@.r)
iPr);Si0 Me

18 (@Pr)s o A 21 (n=0)
N (1.0:0) [75]

F 9¢n=1)

f 6.2:1)
/=\_ +Bn,NCHO
19 Me Et 26b [62b]
(1:2:6)

87 [62b,
20 BnN<j +Bn,NCHO (<2:98) 73a]
90 [62b,
21 BocN(] + Bn,NCHO (<2:98) 73a]

88 m=1)
22 @ +Bn,CHO 27(n=2) [62b,
T 3B (=4 73a]

43
23 ;b + Bn,NCHO (<2:98) [62b]
24¢ BusSn” X + Bn,NCHO A (1?55) [73b]
Bu;Sn NBn, ’
25¢ 88 73b
BusSn” X + Me,NCHO A «1:50) [73b]
Bu;Sn NMe,

2 The reaction was performed with Ti(OiPr),, if not otherwise specified.
bNot optimized.

¢ Reaction with MeTi(OiPr);.

d Reaction with CITi(OiPr)s.

¢ n. r. = Not reported.

are of special interest, as the resulting dialkylaminocy-
clopropylstannanes could favorably be applied in Stille
cross-coupling reactions with aryl iodides yielding the
pure trans-2-aryl-(N,N-dialkylaminocyclopropanes) in
yields ranging from 45% to 67% [73Db].

The optimized protocol was also applied to a whole
range of open-chain and cyclic dienes (Table 4, selected
examples) [62b,80]. The latter generally give higher
yields than non-terminal alkenes and cycloalkenes ex-
cept for strained ones like N-benzylpyrroline, N-tert-
butoxycarbonylpyrroline, cyclopentene and norbornene
(Table 3, entries 20-23).

Surprisingly, the reaction with substituted 1,3-dienes
such as isoprene, 4-methyl-1,3-pentadiene and myrcene
all gave the alkenyldibenzylaminocyclopropanes derived
from putative attack on the more highly substituted
double bond of the conjugated diene unit rather than the
expected product which would have been formed by
attack on the least substituted double bond (entries 1-4,
Table 4). As these expected products were not detected
in any case, and control experiments with 2,3-dimeth-
ylbutadiene and 2,5-dimethyl-2,4-hexadiene did not
yield any cyclopropylamines, it must be concluded that

the alkenyldiisopropyloxy-titanacyclopropane 30 with
the least substituted double bond of the conjugated di-
ene attached to the titanium is kinetically — and possibly
thermodynamically — favored. The formamide 12 then
cycloadds to this alkenyltitanacyclopropane 30 by way
of a metallaene reaction with a six-center transition state
to yield an oxatitanacycloheptene 31. This intermediate
can cyclorevert to an iminiumallyltitanium oxide 1,8-
zwitterion 32, which subsequently can only cyclize to a
cyclopentenylamine or to the observed, more highly
substituted cyclopropylamine 33 (Scheme 8) [62b,80].

The formation of the same cyclopropylamine from 2-
methyl-1,3-pentadiene as from 4-methyl-1,3-pentadiene
(entries 2 and 3 in Table 4) most probably arises by
initial isomerization of the former to the latter under the
conditions employed. The fact that the conjugated 6-
methyl-1,3,5-heptatriene yields only the 2,3-dialkenyl-
cyclopropylamine (entry 5) arising from attack at the
central double bond in the triene is in full accord with
the notion that the reacting species are actually the less
substituted titanacyclopropanes of type 30 and that the
transformation to the oxatitanacycloheptene of type 31
occurs as a metallaene reaction [62b].
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Table 4

2-Alkenyl-1-(N,N-dibenzylamino)cyclopropanes formed from N,N-
dibenzylformamide (12) and titanium—diene complexes in situ gener-
ated by ligand exchange

Entry Alkene Product Yield (%) Ref.
(d.r)
R 56 (R = H)
1 ’A,\ (>2:98)  [62b,80]
N Bn,N 59 (R = Me)
R (>2:98)
2 H 64 [62b,80]
— (1:5.3)
Bn,N
3 W 27 [62b,80]
(1:3)
Bn,N
A — S 51 [62b,80]
(>2:98)
Bn,N
NBn, 54 [62b,80]
5 4\4\4& %/A\)\ (1:1.5:1.5)
Ph Bn
6 Ph\//\//\ ZAj>-j71>h (1?0) [62b]
Ph
Qe
conversion [62b]
n n (n=2):58
(2:98)
§ ©<| ng/Nan trace  [62b]
(<2:98) [62b]
+ L5
anN\m\ NBn (>2:98)

In the analogous reactions of l-ethenylcycloalkenes
34 only the endocyclic double bond was involved in the
aminocyclopropanation to furnish the (n+ 3)-(dial-
kylamino)-1-ethenylbicyclo[n.1.0]Jalkanes 36. It is par-
ticularly remarkable that 1-ethenylcyclobutene 34a is
converted to exo-5-dibenzylaminobicyclo[2.1.0]pentane
(36a) without any problem in 63% yield. This is another

_)(»O dNan

2 TR e

R Ti(OiPr), Ti(OPr),
RN\

30 31
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facile formation of a highly strained bicyclo[2.1.0]pen-
tylamine [71] (Scheme 9) [70,81].

These aminocyclopropanations of terminal alkenes can
also be applied intramolecularly in several versions [74,82—
87]. Terminally, ethenyl-substituted N,N-dialkylcarboxa-
mides like 37 yield 1-(dialkylamino)bicyclo[4.1.0]alkanes
like 38[74,82], while (w-alkenylamino)carboxamides like 39
lead to 1-alkyl-2-azabicyclo[(n + 3).1.0]alkanes like 40
[83,87], and N-allylaminoacid N,N-dialkylamides 41 fur-
nish bicyclic diamines 42 [84-86] (Scheme 10, for selected
examples see Table 5).

1,2-Disubstituted alkenes bearing an acetamide group
were found to undergo intramolecular cyclopropana-
tions in low or moderate yield, but almost complete
diastereoselectivity [87].

In the hydroxycyclopropanation of alkenes, certain
esters may be more reactive than certain N,N-dial-
kylcarboxamides, as is illustrated by the exclusive
formation of the disubstituted cyclopropanol 45 from
the succinic acid monoester monoamide 43 (Scheme
11) [88]. However, the reactivities of both ester- as
well as amide-carbonyl groups can significantly be
influenced by steric bulk around them [88,89]. Thus, in
intermolecular competitions for the reaction with the
titanacyclopropane intermediate from an alkylmagne-
sium halide and titanium tetraisopropoxide or
methyltitanium triisopropoxide, between N,N-diben-
zylformamide (12) and tert-butyl acetate (46), the
former won to yield only the corresponding cyclo-
propylamine 47, and only the cyclopropylamino
derivative 49 was isolated from the reaction of the
succinic acid fert-butyl monoester monoamide 48
(Scheme 11) [59,90].

5. Cyclopropylamines from nitriles

Early attempts to convert aliphatic nitriles into
primary cyclopropylamines, just like N,N-dialkylcarb-
oxamides 8 are transformed to N,N-dialkylcyclopro-
pylamines 11 upon treatment with Grignard reagents
in the presence of Ti(OiPr)s, were unfruitful [91].
Szymoniak et al. [92a], however, found out that ad-
dition of a Lewis acid like boron trifluoride etherate is
necessary to activate the azatitanacyclopentene 51

—+
NBn2
Cl or R.....ﬁ\NBn2
| NS
R \)f\ Ti(OiPr),
32 33

Scheme 8. Aminocyclopropanation of the more highly substituted double bond in a conjugated diene: a mechanistic rationalization [62b,80].
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- cCgHMgol RN, n R Yield (%)
. MeTi(Oi-Pr), a 2 Bn 63
HONR: T 25 G b 3 Me 72
n-2 ' 2 ¢ 4 Me 63
34 35 36 d 5 Me 58
Scheme 9. Aminocyclopropanation of 1-ethenylcycloalkenes 34.
1 H
R 0 c-C5HgMgCl R1"u, 3
NS 3 T ( NR>
NR3 CITi(O/Pr)3 R
R2 THF R2
37 38, 64-95%
R o
c-C5HgMgCl
WNJ\R?’ 5gVg
F|12 Ti(OPr),
THF
39 n=0,1 40, 67-93%
c-CgH11MgBr(Cl) 3 s
ﬁ)J\ MeTi( OIPI‘)3 or RQNA RSN
j cm (OiPr), R2 D) n
THF
n=1,2 42a 42b

Scheme 10. Intramolecular aminocyclopropanations of terminal alkenes [73,82-87]. For further details see Table 5.

resulting by insertion of the nitrile 50 into the tita-
nium-carbon bond of the first formed reactive titana-
cyclopropane intermediate (Scheme 12 and selected
examples in Table 6). Under the action of BFj, the
ring contraction of 52 occurs readily, and after basic
work-up, the unprotected primary cyclopropylamines
53 are isolated in good yields (Table 6, entries 1-6)
[92-95].

Starting from aliphatic nitriles [92a], this methodol-
ogy was extended by Szymoniak et al. to a wide variety
of functionally substituted nitriles [93-96], upon which
two important observations were made. Firstly, in
intermolecular competitions for the reaction with the
titanacyclopropane intermediate from ethylmagnesium
bromide and titanium tetraisopropoxide, between the
benzyl cyanide 54 and ethyl phenylacetate 55 as well as
benzyl cyanide 54 and dibenzylformamide 12, the ni-
trile 54 always won to furnish mainly the correspond-
ing cyclopropylamine 56 in 59-60% yield; only 4% of
the cyclopropanol 57 and no dibenzylcyclopropylamine
58 was isolated from these reactions (Scheme 12) [95].
This indicates that a cyano group reacts with a
titanacyclopropane intermediate more rapidly than an
ester as well as an amide and thus can be converted
selectively into an aminocyclopropyl moiety in the
presence of such functionalities (Table 6, entries 13—

17). Secondly, a-alkoxy- and o-alkylthionitriles un-
dergo reductive cyclopropanations even in the absence
of added BFj; - Et,O (Table 6, entries 7-11); apparently,
the possible a-alkoxy- or a-alkylthio-chelation of the
titanium in the intermediate plays the role of the Lewis
acid in the other cases [93]. Aromatic nitriles and
alkenylnitriles did not yield 1-arylcyclopropylamines
under these conditions. As was recently found, how-
ever, these conversions could be brought about by
adding the Grignard reagent to the mixture of such a
nitrile and titanium tetraisopropoxide at —70 °C [94]
(Table 6, entries 18-24).

The intramolecular version of these aminocyclo-
propanations, which was elaborated by de Meijere and
coworkers [85] and soon further developed by Szymo-
niak and co-workers [96] makes azabicyclo[3.1.0]hexyl-,
azabicyclo[4.1.0]heptyl- and even azabicyclo[5.1.0]oc-
tylamines 61 readily accessible from unsaturated nitriles
59 (Scheme 13 and selected examples in Table 7).

Interestingly, lithium or sodium iodide can also be
used in these reactions as a Lewis acid to promote ring
contraction of the intermediate of type 60 [85]. In several
cases, however, the reaction was performed without any
additive, and the yields of bicycles 61 were only a few
percent lower [96]. Whereas N,N-dialkylcarboxamides
were commonly best converted to cyclopropylamines in
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Table 5
Intramolecular aminocyclopropanations of dialkylcarboxamides 37, 39 and 41 (selected examples)
Entry Starting Material Product Yield (%) Ref.
(exo:endo)
1 (0} H
WJ\NEQ ij_NEtz 64 [74]
2 ﬁ H 80-95
) o AR NR, (not 82]
2 detailed for
NS (iPr);Si0 ™" different R
B NR, ’ =Me, Et,
OSi(iPr); Ph, Bn)
3 A r 2 84 (83]
| N
CHO B
4 B /Bn 67 (831
| N (>2:98)
CHO
Bn
7 N7 82 [83]
: /\E(\éHo N @
Et “Bn
Bn
2 N~ 77 [83]
6 /\P(\ | N (8:1)
iPr— CHO iPr ~Bn
Bn
= N~ 74 [83]
7 /\B(\I / \ (10:1)
sBu  CHO sBu “Bn
N . Me 93 87]
8
Mot 3 @
N Me \ N
H H
. n Bn o NMe, 83 (84]
N 0] $ (1:2.6)
:/_ >_< BnNi}
Bn  NMe,
-tBuMe,Si H.
0 N/Bn o p-tBuMe,SiOC¢Hy; eNMez (15236) [84]
=/ i BnN, o
p-(BuMe,SiO)Bn NMe
JBn 83 [85]
11 _/—N 0] (1:2.5)
tBuMezsiO—>_4NBn2
Bn 89 [85]
12 _/—N (0] (1:2)
tBuMCZSiO—>_4 NMe,
n SNan 58 [85]
13 R
_ /N /<O BnN
NBn,
n NBn, 59 [85]

14 \\_/—N\_<O Bnl\@

NBn,
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Table 5 (continued)

Entry Starting Material Product Yield (%) Ref.
(exo:endo)
NBn, NBn, 78 [86]
15 0
= \ N
NW
NBn, NBn, 79 [86]
16 \\
N (o)
N\
NBn, NBn, 61 [86]
17 (1:1)
WO N
N\
NBn, NBn, 70 [86]
18 (6] (1:2.9)
=
o) (iPr)5SIO HQ 0
J\/\WOMG ¢-CsHoMgClI d\)(
N + —_— L N
C/ 0 CITi(OiPr)3 Q
43 a4 \ 45, 58%
(Pr)3SiO
o EtMgBr
I + )J\ J< Ti(O/Pr), A + 46
H” “NBn, o) THF NBn;
12 46 64% 47, 64%
EtMgBr o)

MeTi(OiPr)3

—_

NB|
B“O)W e THF

tBuO)k/KNBnz

a8 ©

49, 37%

Scheme 11. Competition between ester and amide attack by titanacyclopropane intermediates [59,88,90].

tetrahydrofuran, diethyl ether turned out to be the sol-
vent of choice for reductive cyclopropanations of nitriles
in most cases [92-96].

6. Cyclopropylamines from organozinc precursors

As diorganylzinc reagents are less nucleophilic than
organomagnesium compounds and can easily be pre-
pared with a variety of functional groups, including es-
ter moieties [97], their potential application in the
preparation of functionalized aminocyclopropanes ap-
pears to be very promising. In the first attempt, it was
found that diethylzinc in the presence of methyltitanium
triisopropoxide did react with dibenzylformamide (12)

under conditions commonly applied for alkylmagne-
sium halides, to give N,N-dibenzylaminocyclopropane
(47), but in only 21% yield [70]. A systematic study of
this reaction revealed that the yield could be improved
significantly by addition of alkali metal alkoxides, the
optimum was reached with 89% when 2 equiv. of NaOi-
Pr and 2 equiv. of Et,Zn were used (Scheme 14) [90a,98].

However, under the conditions optimized for dieth-
ylzinc, the reductive cyclopropanations of N,N-dialkyl-
carboxamides could not be carried out with differently
functionalized organozinc reagents. Yet, monoalkyla-
tion of dichlorotitanium diisopropoxide with a diorg-
anozinc reagent 62 followed by treatment with
methylmagnesium chloride to substitute the second
chlorine atom in 63 with a methyl group, provided the
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R ~_MgBr
18 i N 2 BF5-Et,O
+ _THoPn, (Pro),Ti R _SreEeY
R2-C=N Et,O, r. 1. Et,O, r. 1.
1
50 R 51
“BF
SN HoN_ (R? R2 = Alk, Alkenyl, Aryl,
(Pro),Ti R = ,A CH,OR3, CH,NR°R*,
R! CO,R3, CONR®R*
R1
52 53, 27-73%
EtMgBr
Ph.__CN TIOP: _ pp W Y
Ph._CO,Et ——— +
AN Et,0, . t. NH, OH
54 55 then BF-Et,0 56, 60% 57, 4%
EtMgBr
Ti(OPr), y
Ph.__CN H. _NBn, ——— Ph. y +
DR (=T NH, H™ “NBn,
o then BF3-Et,0
54 12 56, 59% 58, 0%

Scheme 12. Preparation of cyclopropropylamines 53 from nitriles 50 and intermolecular competition between a nitrile, an ester and a formamide for
the reaction with a titanacyclopropane intermediate [92-95]. For selected examples, see Table 6.

titanium intermediates of type 64 which exhibited es-
sentially the same reactivity pattern as the titanium in-
termediates generated from Grignard reagents, and
transformed N,N-dialkylformamide to yield the corre-
spondingly substituted dialkylaminocyclopropane de-
rivatives 65. The reagent 64 can also be prepared directly
from 62 and dimethyltitanium diisopropoxide (Scheme
15 and Table 8) [90].

This new protocol provides an easy access to various
functionally substituted aminocyclopropanes including
cyclopropylamino acid derivatives [90], albeit the yields
as well as the diastereoselectivities of this approach leave
room for further improvement.

The application of diethylzinc in the presence of
methyltitanium triisopropoxide and lithium isopropox-
ide also provided a complementary method, as devel-
oped by de Meijere et al., for the transformation of
aromatic nitriles into 1l-arylcyclopropylamines. While
aliphatic nitriles 50 with this reagent mixture gave pri-
mary cyclopropylamines 53 in only 12-16% yield, aro-
matic nitriles 66, 68 furnished 1-arylcyclopropylamines
67, 69 in good yields (47-75%) for substituted benzo-
nitriles 66 and 82% for 3-cyanopyridine (68) (Scheme 16)
[90a,98].

7. Application of cyclopropylamines towards the synthesis
of natural products and other compounds with potentially
useful properties

Several applications of cyclopropylamines prepared
by the described methodologies towards the synthe-

ses of natural products, biologically active as well as
compounds of other practical use have been reported
since the discoveries of these approaches. For
example, a large variety of N-cyclopropyl-N-arylam-
ines of type 70 and their isotopically labeled ana-
logues have been prepared from the corresponding
formamides for mechanistic studies of Cytochrome
P450-catalyzed N-dealkylations and autocatalytic
radical ring-opening reactions under aerobic condi-
tions [99-101].

Cha and co-workers [76,82] have demonstrated the
synthetic potential of such oxidation reactions, as
photoinitiated aerobic oxidation of bicyclic cyclopro-
pylamines 71, 73 results in a domino ring-opening-
cyclization sequence to give cyclohept-2-enone (72) or
substituted bicyclo[5.3.0]-decan-3-one 74 in prepara-
tively useful yields (53% and 59%, respectively; for the
preparation of starting materials 71, 73, see Table 5,
entries 1 and 2) (Scheme 17). Iwata and co-workers [79]
have transformed a number of cyclopropylamines of
type 75 into substituted bicyclo[3.3.0]octylamines 76
using ceric ammonium nitrate (CAN)-mediated oxida-
tive ring-opening followed by 5-exo-trig radical cycli-
zations in moderate to good yields, however, with low
stereoselectivities (Scheme 17).

The aminocyclopropyl moiety plays a significant role
in a variety of naturally occurring amino acids [102] and
quite a number of biologically active non-natural com-
pounds such as the antidepressant tranylcypromine (77)
[103], the widely used broad spectrum antiinfectant
ciprofloxacin 78 [104] and the once successful antibiotic
trovafloxacin 79 [105,106].
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Table 6
Cyclopropropylamines 53 from nitriles 50, Grignard reagents as well as Ti(OiPr)4 upon subsequent treatment with BF;eEt,0 (selected examples, see
Scheme 12)
Entry Grignard Starting Product Yielda Ref.
Reagent Nitrile 50 (%)
RI R2 [d. r.b]
I: NH,
1 H Bn Bn 70 [92a]
NH,
2 H n-CoHjg n-CoH,o 70 [92a]
NH,
3 H Cyclohexyl g‘—<:> 52 [92a]
_NH, 57
4 Et Bn Et Bn [64:36] [92a]
NH,
5 H BnO(CH,), m 54 (5) [92a,93]
OBn
/\J"Af Nk
6 Ph(CH,), Bn oh £ 51 [92a]
[68:34]
7 H BnOCH, Bno\; iNH2 75 (74) 93]
8 H PhOCH, PRO_ NH, 80 (49) [93]
Et
9 Et BnOCH, Bno\“,y;H 61 [93]
2 [70:30]
H,
10 ¢-CsHgMgBr BnOCH, 45 [93]
“—OBn
[86:14]
11 H n-C¢H3SCH, n-CeHiiS \/‘ iNHz 54 (20) [93]
]?n
12 H BnEtNCH 64 [93]
? B - ZNH2
13 H EtO,CC(Me,) Et0,C > "NH, 35 [95]
Me Me
EtO,C
14 H EtO,C v NH, 51 [95]
0}
1 H Et,N H 4
5 tH,NC(O)(CH,) 3 EtZNJ\VgNHz 6 [95]
16 H EL0,C(CH,), VQRO (68) [95]
H
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Table 6 (continued)

Entry Grignard Starting Product Yielda Ref.
Reagent Nitrile 50 (%)
Rl R2 [d.r.b]
17 H EtO,C-O-CH(Et) (72) [95]
2 Et 0\740
NH

18 H p-Me-CHy /@XNHZ 73 [94]

Me
19 H p-F-CgHy /©XNH2 64 [94]

F

MeO.
20 H m-MeO-CgHy NH, 73 [94]
21 H 0-Br-CgH, 71 [94]

NH,
Br
7 N\
22 H 2-Py w 57 [95]
N NH,

23 H (E)-PhCH=CH Ph/§;ZNH2 65 [94]
24 H (E)-n-C;H;5CH=CH ’1_H15C7/&NH2 50 [94]

aYijelds in parentheses refer to the corresponding transformations without the use of BF;-Et,0.

b d. r. = diastereomeric ratio.

RS
N)C\j/ ¢-CHy;MgBr(Cl)
NEIn MeTioP),
|Iq2 or Ti(OiPr), Rt
THF or Et,0,

R1

59

(OiPr),

RS BF3'Et2O

il D)

R2

)n orLil N
60 n=1,2  61,27-69%

Scheme 13. Intramolecular aminocyclopropanations of unsaturated nitriles [85,96]. For selected examples, see Table 7.

CO,H
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H \) HoN
77 78 79 F

Using the aminocyclopropanation of styrene with
dibenzylformamide, N,N-dibenzylprotected 77 can be
prepared in one step, however, with low diastereoselec-

tivity (Table 3, entry 1). The trans-stereoselectivity can
be improved by applying the stereoselective and efficient
aminocyclopropanation of tributylvinylstannane with
dibenzylformamide (12) (see Table 3, entries 24 and 25)
followed by Stille cross-coupling reactions of stannyl-
cyclopropylamines 80 with aryl iodides yielding the pure
trans-2-aryl-(N ,N-dialkylaminocyclopropanes) (81) in
yields ranging from 45% to 67% (Scheme 18) [73b].
Among the pharmacologically significant cyclopropyl-
amines, one of the important targets was 3-azabicyclo-
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Table 7

Bicyclic primary cyclopropylamines 61 from unsaturated nitriles 59,
Grignard reagents and Ti(OiPr)s by intramolecular aminocycloprop-
anations in the presence of BF; - Et,O (selected examples, see Scheme
13)

Entry Starting Nitrile 59 Product 61 Yield  Ref.
(%)
n Rl R2 R3 [d. r.b]

NH,

1 1 H Bn H 48 [85]

BnN<> 69 (66)  [96]
NH,

2 1 H Boc H $ 41 [85]
BocN(}

Et

3 1 E Bn H N 67(509)  [96]
NH,

4 1 H Bn Me 69(62)  [96]
BnN<>
Me
NH,

5 1 H Allyl H 67(58)  [96]
>
NH,

6 2 H Bn H Bn@ 60 (11)  [96]
NH,

27 [96]

<
w

jan)

2]

=

jan)

=<}

=
;Z

2 Yields in parentheses refer to the corresponding transformation without the
use of BF;-Et,0.
b d. r. = diastereomeric ratio.

Et,Zn

)OJ\ MeTi(OPr);

H” “NBn NBn,
12 2 THF, r. t. a7
Base A.dditive Et,Zn (equiv.) Yield (%)

(equiv.)

None 2 21
NaOiPr (1) 2 52
NaOEt (2) 2 82
NaOiPr (2) 2 89
NaOiPr (2) 1 82
NaO/Pr (2) 0.5 43

Scheme 14. Reactions of diethylzinc with dibenzylformamide 12 in the
presence of methyltitanium triisopropoxide and an added alkoxide
base [90a,98].

[3.1.0]hexylamine 85-H, a key component in the once
commercial antibiotic trovafloxacin 79. Quite fortu-
nately, N-protected 2,5-dihydropyrroles (pyrrolines) 82
turned out to rapidly undergo ligand exchange espe-

cially with the titanacyclopropane generated from cy-
clohexylmagnesium halides and XTi(OiPr); (X = OiPr,
Me), and the resulting intermediates efficiently reacted
with N,N-disubstituted formamides 83 to give the tris-
protected exo-6-amino-3-azabicyclo[3.1.0]hexanes 84a
in up to 90% yield (Scheme 19) [62b,73a]. While the
unprotected bicyclic diamine 85-H can be prepared by
hydrogenolytic debenzylation of 84a under appropri-
ate conditions, the mono- and bis-protected versions
85-Boc and 85-Bn,, respectively, can be obtained at
wish from the orthogonally tris-protected 84b. This is
particularly noteworthy, as it makes this bicyclic di-
amine skeleton of 85 with an interesting nitrogen—ni-
trogen distance of 4.28 A [62b] a versatile scaffold for
various combinations of pharmacophoric groups as in
compounds of type 88 (Scheme 19).

The same holds true for the structurally related 1-
amino-3-azabicyclo[3.1.0]hexane (87-H) which is ac-
cessible by intramolecular aminocyclopropanation of
the corresponding amides or nitriles (see above,
Schemes 10, 13 and Table 5, entries 9-14, and Table 7,
entries 1 and 2), and subsequent catalytic hydrogena-
tion [85]. This scaffold features a nitrogen-nitrogen
distance of 3.68 A [85]; especially the mono-protected
version of this bicyclic diamine 87-Boc would be a
suitable precursor to a library of compounds of type 89
with one or two pharmacophoric groups attached
(Scheme 19).

Applying only a few simple operations, the dib-
enzylaminocyclopropanes 90-R, prepared as described
above from N,N-dibenzyl-a-benzyloxyacetamide in 33—
48% vyield (see Scheme 5 and Table 2), have been
transformed into N-Boc-protected methyl esters of
some interesting amino acids 95-R containing a cyclo-
propane moiety (Scheme 20) [66,67]. Several such
analogues of natural amino acids, also referred to as
methanoamino acids, exhibit important biological
activities [102¢,102d].

This approach has been used for the synthesis of the
main building block 101 [66,107] for the preparation of
methano-B-amino acid analogue 102 [66] of the parent
dipeptide antiinfectant TAN-1047 [108] (Scheme 21). A
similar strategy has recently been developed by
Szymoniak and co-worker [93]. Starting from benzyl-
oxyacetonitrile (103), they prepared Boc-protected
l-aminocyclopropanecarboxylic (ACC, 107a), coro-
namic (107b) and allo-coronamic (107¢) acids in 80%,
74% and 75% overall yield, respectively (Scheme 22; for
the preparation of starting materials, see Table 6, entries
7 and 9).

Two potentially biologically active analogues of
the important y-aminobutyric acid, the N-Boc-pro-
tected methyl 3,4-methano-y-aminobutyrate 110 and
the 4-spirocyclopropane-y-butyrolactam 114, have
been obtained in 55% and 44% overall yield, re-
spectively (Scheme 23) [66,67]. The access to 114,
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Scheme 15. Preparation of various functionally substituted aminocyclopropanes from diorganozinc reagents 62 and N,N-dialkylcarboxamides [90].

Table 8
Functionally substituted N,N-dibenzylcyclopropylamines 65 from
N,N-dialkylformamides and organozinc precursors (see Scheme 15)

Product Conditions? Yield (%) (E/Z) Ratio
A/ A 49 1.1:1
CO,B B 60 1.8:1
Bn,N 2R
Aw A 36 1.2:1
B 40 1.2:1
Bny)N CO,Bu
ANCOZZBu B 24 1.1:1
Bn,N
Aw A 19 1.1:1
Bn,N al B 27 1.2:1
AW A 61 1.2:1
Cl B 1.2:1
Bn,N 65
AW A 57 1.1:1
Bn,N al B 61 1.1:1

B 60 2.0:1
BnZNAWCOZtBu

CO,B B 63 1.3:1
MCZNA‘/ hibu

OAWCOZZBu B 60 1.8:1

aA: 1) Zn(CH,CH,FG),, Cl,Ti(Oi-Pr),, THF, -30 °C, 1 h; 2) VMeMgCl
(5 equiv.), THF, =30 to 20 °C, 8 h. B: 1) Zn(CH,CH,FG),, Me,Ti(Oi-Pr),,
MeMgCl (2 equiv.); 2) R-NCHO, THF,-30 to 20 °C, 8 h.

CN Et,Zn NHz "R Yield (%)
MeTi(Oi-Pr), T e
LiOiPr, THF, r. t. R 2-Me 54
4-F 65
66 67 acl 75
Et,Zn 3-CF; 73
_~CN  MeTi(OPr), /l " 3-NC 75
El\lm/ LoPr Ll Xy, 2 2-MeO 47
THF, r. t. 4-Br 72
68 69, 82%

Scheme 16. Synthesis of 1-arylcyclopropylamines from aromatic nitr-
iles by reaction with diethylzinc in the presence of MeTi(O:iPr); and
NaOiPr [90a,98].

Fliz R'=H,Cl
N, R R2 = H, Me, iPr
\A\ R3=H, D, Me
R R* Réi_H Me
70
0
O>Et2 DCB, hv, K,CO;4
MeCN/MeOH
72, 53%
DCB = NC—@—CN
NEt, o —
Cy DCB, hv, Cu(OAC),
—/ g
MeCN/MeOH
TIPSO /T : H
TIPSO
73 74, 59%
1
, R H R2
R S R2 Ce(NHy),(NO)s, NaHCO, CH,R®
CH,R3 R
DMF or MeOH/THF NMe
NMeBn H
r' H
75 76, 42-77%

=H, OMe; R2 = H, CO,Et, OMe, R® = OBn, nC4H,

Scheme 17. Three examples of oxidatively initiated rearrangements of
aminocyclopropanes [76,79,82].

however, has recently been further improved by a
one-step preparation with 68% yield (see Table 6,
entry 16) [95].

Using the aminocyclopropanation of N-Boc-pro-
tected tert-butyl (25)-3,4-dehydroprolinate 116 with
dibenzylformamide (12), the 3-azabicyclo[3.1.0]hexyl-
amine derivative 117 was obtained in 50% yield [107]
(Scheme 23). This compound possesses an additional
functionality as compared to its analogues 85 and 87
(see Scheme 19) and, therefore, should be an even more
versatile scaffold for various combinations of pharma-
cophoric groups.

A variety of 2-ethenyl-substituted cyclopropylam-
ines 118 upon flash vacuum pyrolysis or under silver
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. Arl, Pd(OAc),, AsPh, .
BugSn®™ ~NR, CulLiCL,DMF,80°C A" “NR,
80 81
R Bn Bn Me Bn Bn
Ar Ph  4-MeCgH, 4-MeCgH, 4-MeO,CCgH, 4-MeOC4H,
Yield (%) 67 65 63 45 49

Scheme 18. Palladium-catalyzed cross coupling of 2-(trialkylstannyl)-N,N-dialkylcyclopropylamines (80) with various aryl iodides [73b].

NR?R®
— JO]\ -CgHysMgBr
<N> * H7ONRPR® MeTi(OP),
R 83 N
82 R' R? R®  Yield (%) 84
a Bn Bn Bn 87
b Boc Bn Bn 920
c PMB®  Bn Bn 68
d Bh PMB PMB 37
e Bn Bn PMB 67
@ PMB = p-methoxybenzy!
NBn, NBn, NBn,
H,, Pd/C
N
Bn Boc Boc
84a 85—H, ~100%  84b 85-Boc 85-Bn2
NRAr!
BN, H,, Pd/C NC'_ HN N
MeOH rt. N
H-HCI Boc
86a 87-H,91% 87-Boc 88 89

Scheme 19. Aminocyclopropanation of N-protected 2,5-dihydropyrroles 82 and debenzylation of the exo-6-amino-3-azabicyclo[3.1.0]hexanes 84 as
well as the structurally related 1-dibenzylaminoazabicyclo[3.1.0]hexane 86 [62b,85].

NBn, Pd/C, H, NH,*HCI NHgeHCI
—_—
OBn  \ciag 3d OH + OBn
R R R
90-R 91-R 92-R
Rin 90 Overall Yield (Boc),0 (Boc),0
Starting from 90-R (%) NEt;, DMAP  65-82% NEts, DMAP
H 74 NHBoc Pd/C, H2 NHBoc
Me 58 ;l>§’
;l>§/OH 80—1 00% OBn
Et 72 R
93-R 94-R
nPr 74 1) KMnO,, NaOH
NHBoc
nBu 54 59-92% J><
BnO(CHy), 48 CO,Me

95-R, 59-92%

Scheme 20. Preparation of various protected substituted l-aminocyclopropanecarboxylic acid (ACC) derivatives 95-R from N,N-dibenzyla-
mino(benzyloxymethyl)cyclopropanes 90-R [66,67].
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o "MgBr 1) 1/BHgTHF
MeTi(OiPr 2) NaOH, H,0
I S 1
BnO NBn, THF BnO NBny  3)pph,, HN,, DIAD
96 97, 56% CeHs
H
N NBoc 1) Hp, Pd/C
/\y/\/ 1) PPhg, H,0 j\/ 2) Boc;0, MeOH
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H H
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/ll\]l\H H2NZ(\H/N NH O
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> H/\ 0 N/I\HJJ\NH2
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Scheme 21. Synthesis of the methano-f-aminoacid analogue

R2
R1 Ty NH2
PN
BnO CN <:| 'Ill'f/an
103 104a—c

aR'=R?=H; bR'=Et,R°=H; c R’

2

R
R! f NBoc
“.OH

106a, 97%
106b, 93%
106¢, 87%

Pd/C, H,
——

MeOH BuOH,

KMnO,, NaOH
———

102 of the natural dipeptide antiinfectant TAN-1047.

R2

Boc,0, NaOH R! m...&NHBOC
“,_0Bn

tBuOH, H,O
105a, 94%

105b, 91%
105¢, 96%

=H, R? = Et
RZ
R1-.,,.f NHBoc
“CO,H
107a, 88%

107b, 88%
107¢c, 90%

H,O

Scheme 22. Preparation of various N-protected substituted 1-aminocyclopropanecarboxylic acid (ACC) derivatives 107 from benzyloxyacetonitrile

(103) [93].

nitrate catalysis cleanly undergo a vinylcyclopropane to
cyclopentene rearrangement [109] and afford high yields
(up to 95%) of 4-aminocyclopent-1-enes 119, some of
which have unprecedented substitution patterns (Scheme
24) [62a].

Analogously, the (n + 3)-(dimethylamino)-1-ethenyl-
bicyclo[n.1.0Jalkanes 36b—d (see Scheme 9) under similar
conditions undergo ring enlargement to (n + 1)-dimeth-
ylamino-bicyclo[n.3.0]alkenes 120b-d (Scheme 25)
[81]. As was demonstrated for 120c, d (n =4, 5), this

thermal rearrangement can more cleanly be brought
about by heating of the starting materials 36¢, d in decalin
at 220 °C for 1 h (90% and 84% yield, respectively). The
overall sequence starting from a cycloalkanone via a 1-
ethenylcycloalkene to yield bicyclo[n.3.0]alkenes 120
constitutes a new cyclopentene-annealation methodol-
ogy. Through quaternization with methyl iodide
followed by Hofmann elimination, compounds 120 could
be transformed into mixtures of fused cyclopentadienes
122, 123 in 64-78% overall yield (Scheme 25) [81,110].
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NBn, NHBoc NHBoc
<r 1) Pd/C, H,, MeOH <r 1) KMnO,, NaOH
% 2)Boc,0, NEt, 2) CH,N,/EL,O /
MeO,C
BnO 108 HO 109, 78% 110, 70%
] ) MeTi(OPr), O 1) NaOH, Br,
EtMgBr dloxane O
EtOH/HCI 2) CH,N,/Et,0 100% NH
84% NBn, 3)Pd/C,Hp MeOH = NH,
111 112, 84% 113, 52% 114, 100%
o NBn2
HO A
O\ 1) PPhg, DIAD, Mel @\ H o NBn2
N~ ~CO,fBu 2) DBU, CeHsCHg, A CO,Bu  MeTi(OPr); CO,Bu

Boc

115 116, 69%

¢-CgH41MgBr Boc
117, 50%

Scheme 23. Preparation of methyl 3,4-methano-y-aminobutyrate acid 110, 4-spirocyclopropane-y-butyrolactam 114 and the protected bicyclic

diaminoacid 117 [66,67,107].

R2 R FVP
400-500°c  RA
—_—
102-107 Torr
1
R NR3
118 119

R'" R? R® R* Yield (%)

H H H Me 90

H H H B 95
NR} n

Me H H Bn 90

& H H Bn 54

H Ph Ph Bn 27
8(3-isopropylidene)propyl

Scheme 24. Vinylcyclopropane to cyclopentene rearrangement of 2-alkenyl-substituted cyclopropylamines 118 [62a].

Me,N = FVP H NMe, Mel
500 °C {;b Et,O
<107 Torr 20°C
-2 or decalin n-2
36b-d  220-240°C 120 n Yield (%)

b 3 89

c 4 90

+ d 5 84

H NMeg I~ 1) Ag,0 (1 equiv.)

H,0, 20 °C

_

2) 180 °C, 20 Torr

121 n Yield (%) n 122 (%) 123 (%)
b 3 95 3 38 42
c 4 95 4 76 6
d 5 89 5 15 57

Scheme 25. Vinylcyclopropane to cyclopentene rearrangement in
(n + 3)-(dimethylamino)-1-ethenylbicyclo[n.1.0]alkanes 36 [81].

8. Conclusion

Dicarbanionic dialkoxytitanium organometallics in
situ generated from organomagnesium (Grignard) and

organozinc reagents in the presence of Ti(OiPr); and
MeTi(OiPr); have established their versatility for the
facile preparation of a wide range of aminocyclopropane
derivatives from N,N-dialkylcarboxamides and nitriles.
In many cases, these titanium-mediated reactions of
nontransition organometallics proceed in good yields
and with high chemo- and stereoselectivity. These cir-
cumstances in conjunction with the simplicity of the
experimental handling and inexpensiveness of the re-
agents favor these reactions for an ever increasing range
of applications in organic synthesis.

Acknowledgements

The work from our own group described herein was
supported through funds of the State of Niedersachsen,
by the Deutsche Forschungsgemeinschaft, and the
Fonds der Chemischen Industrie. A.D.M. cordially
thanks his group of enthusiastic and dedicated co-
workers who produced all the new experimental results.
S.I.K. and A.LS. are indebted to Mr. M. Jahns and Mr.
E. Mank for the extension of their German residence



A. de Meijere et al. | Journal of Organometallic Chemistry 689 (2004) 2033-2055 2053

permission. The authors are grateful to Dr. Burkhard
Knieriem, Gottingen, for his careful proofreading of the
final manuscript.

References

[1] (a) For recent reviews see: J.M. Brown, S.K. Armstrong, in: E.-W.
Abel, G. Wilkinson (Eds.), Comprehensive Organometallic
Chemistry 11, vol. 11, 1995, p. 129;

(b) B.J. Wakefield, Organomagnesium Methods in Organic
Chemistry, Academic Press, San Diego, 1995;

(c) V. Snieckus, M. Gray, M. Tinkl, in: E.W. Abel, F.G.A. Stone,
G. Wilkinson (Eds.), Comprehensive Organometallic Chemistry
II, vol. 11, Pergamon Press, Oxford, 1995, p. 1;

(d) W.E. Lindsell, in: E.W. Abel, F.G.A. Stone, G. Wilkinson
(Eds.), Comprehensive Organometallic Chemistry II, vol. 6,
Pergamon Press, Oxford, 1995, p. 57,

(e) B.J. Wakefield, Organolithium Methods, Academic Press,
New York, 1988;

(f) J.L. Wardell, in: F.R. Hartley (Ed.), The Use of Organome-
tallic Compounds in Organic Synthesis, vol. 4, Wiley, Chichester,
1987, p. 1;

(g) G. Salem, C.L. Raston, in: F.R. Hartley (Ed.), The Use of
Organometallic Compounds in Organic Synthesis, vol. 4, Wiley,
Chichester, 1987, p. 159;

(h) A.J. Pearson, Metallo-organic Chemistry, Wiley, Chichester,
1985;

(1) F. Bickelhaupt, Angew. Chem. 99 (1987) 1020; Angew.
Chem., Int. Ed. Engl. 26 (1987) 990.

[2] (a) For book reviews see: D. Seebach, B. Weidmann, L. Widler,
in: R. Scheffold (Ed.), Modern Synthetic Methods: Transition
Metals in Organic Synthesis, Otto Salle Verlag, Frankfurt a. M.,
1983, p. 217,

(b) P.J. Harrington, Transition Metals in Total Synthesis, Wiley,
New York, 1990;

(c) S.G. Davies, Organotransition Metal Chemistry: Application
to Organic Synthesis, Pergamon Press, Oxford, 1982;

(d) M. Bochmann, in: E.-W. Abel, F.G.A. Stone, G. Wilkinson
(Eds.), Comprehensive Organometallic Chemistry II, vol. 4,
Pergamon Press, Oxford, 1995, p. 273.

[3] H. Felkin, G. Swierczewski, Tetrahedron 31 (1975) 2735.

[4] E. Erdik, Tetrahedron 40 (1984) 641.

[5] C. Betschart, D. Seebach, Chimia 43 (1989) 39.

[6] S.H. Pine, Org. React. 43 (1993) 1.

[7] T.J. Donohoe, Contemp. Org. Synth. 3 (1996) 1.

[8] R.R. Schrock, G.W. Parshall, Chem. Rev. 76 (1976) 243.

[9] U.M. Dzemilev, O.S. Vostrikova, G.A. Tolstikov, Usp. Khim. 59
(1990) 1972;

Russ. Chem. Rev. 59 (1990) 1157.

[10] (a) K.B. Sharpless, Chem. Brit. 22 (1986) 38;
(b) H.C. Kolb, M.S. VanNieuwenhze, K.B. Sharpless, Chem.
Rev. 94 (1994) 2483.

[11] D.J. Berrisford, C. Bolm, K.B. Sharpless, Angew. Chem. 107
(1995) 1159; Angew. Chem., Int. Ed. Engl. 34 (1995) 1059.

[12] D. Seebach, R.E. Marti, T. Hintermann, Helv. Chim. Acta 79
(1996) 1710.

[13] V.V. Dunina, I.P. Beletskaya, Zh. Org. Khim. 28 (1992) 2368;
J. Org. Chem. USSR (Engl. Transl.) 28 (1992) 1913.

[14] V.V. Dunina, I.P. Beletskaya, Zh. Org. Khim. 28 (1992) 1929;
J. Org. Chem. USSR (Engl. Transl.) 28 (1992) 1547.

[15] V.V. Dunina, I.P. Beletskaya, Zh. Org. Khim. 29 (1993) 806;
Russ. J. Org. Chem. (Engl. Transl.) 29 (1993) 673.

[16] J.E. McMurry, Chem. Rev. 89 (1989) 1513.

[17] D. Lenoir, Synthesis (1989) 883.

[18] J.-M. Pons, M. Santelli, Tetrahedron 44 (1988) 4295.

[19] J.E. McMurry, Acc. Chem. Res. 16 (1983) 405.

[20] H.N.C. Wong, Acc. Chem. Res. 22 (1989) 145.

[21] J.E. McMurry, Acc. Chem. Res. 7 (1974) 281.

[22] (a) R.O. Duthaler, A. Hafner, Chem. Rev. 92 (1992) 807;

(b) K. Mikami, M. Yamanaka, Chem. Rev. 103 (2003) 3369.

[23] M.T. Reetz, Organotitanium Reagents in Organic Synthesis,
Springer, Berlin, 1986.

[24] M.T. Reetz, Top. Curr. Chem. 106 (1982) 1.

[25] (a) U. Klabunde, F.N. Tebbe, G.W. Parshall, R.L. Harlow, J.
Mol. Catal. 8 (1980) 37,

(b) Recent reviews: S.J. Connon, S. Blechert, Angew. Chem. 115
(2003) 1944; Angew. Chem., Int. Ed. 42 (2003) 1900;

(c¢) L. Yet, Chem. Rev. 100 (2000) 2963;

(d) Y. Chen, S. Yekta, A.K. Yudin, Chem. Rev. 103 (2003) 3155.

[26] (a)Reviews: A. de Meijere, S.I. Kozhushkov, A.I. Savchenko, in:
I. Marek (Ed.), Titanium and Zirconium in Organic Synthesis,
Wiley-WCH, Weimheim, 2002, p. 390;

(b) O.G. Kulinkovich, Chem. Rev. 103 (2003) 2597,

(¢c) O.G. Kulinkovich, A. de Meijere, Chem. Rev. 100 (2000)
2789;

(d) B. Breit, J. Prakt. Chem. 342 (2000) 211;

(e) F. Sato, H. Urabe, S. Okamoto, Chem. Rev. 100 (2000) 2835;
(f) F. Sato, H. Urabe, S. Okamoto, Synlett (2000) 753.

[27] (a) For recent communications see also: Y. Six, Eur. J. Org.
Chem. (2003) 1157;

(b) S. Racouchot, 1. Sylvestre, J. Ollivier, Y.Y. Kozyrkov, A.
Pukin, O.G. Kulinkovich, J. Salaiin, Eur. J. Org. Chem. (2002)
2160;

(c) F. Lecornué, J. Ollivier, Chem. Commun. (2003) 584.

[28] P.J. Davidson, M.F. Lappert, R. Pearce, Chem. Rev. 76 (1976)
219.

[29] C. Ferreri, G. Palumbo, R. Caputo, in: B.M. Trost, I. Fleming
(Eds.), Comprehensive Organic Synthesis, vol. 1, Pergamon
Press, Berlin, 1991, p. 139.

[30] M.L. Steigerwald, W.A. Goddard III, J. Am. Chem. Soc. 106
(1984) 308.

[31] J.P. Collman, L.S. Hegedus, J.R. Norton, R.G. Finke, in:
Principles and Applications of Organotransition Metal Chemis-
try, second ed., Universal Science, Mill Valley, CA, 1987.

[32] J. Dvorak, R.J. O’Brien, W. Santo, J. Chem. Soc., Chem.
Commun. (1970) 411.

[33] M. Tamura, J.K. Kochi, Bull. Chem. Soc. Jpn. 44 (1971) 3063.

[34] D.F. Herman, W.K. Nelson, J. Am. Chem. Soc. 75 (1953) 3877.

[35] M.L. Cooper, J.B. Rose, J. Chem. Soc. (1959) 795.

[36] E. Heins, H. Hink, W. Kaminsky, G. Oppermann, P. Raulinat,
H. Sinn, Makromol. Chem. 134 (1970) 1.

[37] D.B. Ludlum, A.W. Anderson, C.E. Ashby, J. Am. Chem. Soc.
80 (1958) 1380.

[38] C. Beermann, H. Bestian, Angew. Chem. 71 (1959) 618.

[39] H. De Vries, Rec. Trav. Chim. 80 (1961) 866.

[40] G.D. Cooper, H.L. Finkbeiner, J. Org. Chem. 27 (1962) 1493.

[41] J.X. McDermott, G.M. Whitesides, J. Am. Chem. Soc. 96 (1974)
947.

[42] M. Akita, H. Yasuda, K. Nagasuna, A. Nakamura, Bull. Chem.
Soc. Jpn. 56 (1983) 554.

[43] S.A. Cohen, P.R. Auburn, J.E. Bercaw, J. Am. Chem. Soc. 105
(1983) 1136.

[44] G.M. Whitesides, J.F. Gaasch, E.R. Stedronsky, J. Am. Chem.
Soc. 94 (1972) 5258.

[45] F.A. Cotton, Chem. Rev. 55 (1955) 551.

[46] G.E. Coates, M.L.H. Green, K. Wade, Organometallic Com-
pounds, vol. 2, third ed., Methuen and Co., London, 1968,
Chapter 7.

[47] LI. Kritskaya, Usp. Khim. 35 (1966) 393;

Russ. Chem. Rev. 35 (1966) 167.

[48] G.W. Parshall, J.I. Mrowca, Adv. Organomet. Chem. 7 (1968)

157.



2054 A. de Meijere et al. | Journal of Organometallic Chemistry 689 (2004) 2033-2055

[49] J.W. Lauher, R. Hoffmann, J. Am. Chem. Soc. 98 (1976) 1729.

[50] M.1.S. Dewar, G.P. Ford, J. Am. Chem. Soc. 101 (1979) 783.

[51] B. Akermark, M. Almemark, J. Almlof, J.-E. Béackvall, B. Roos,
A. Stegard, J. Am. Chem. Soc. 99 (1977) 4617.

[52] T.A. Albright, R. Hoffmann, J.C. Thibeault, D.L. Thorn, J. Am.
Chem. Soc. 101 (1979) 3801.

[53] M.L. Steigerwald, W.A. Goddard III, J. Am. Chem. Soc. 107
(1985) 5027.

[54] M.G. Thorn, J.E. Hill, S.A. Waratuke, E.S. Johnson, P.E.
Fanwick, I.P. Rothwell, J. Am. Chem. Soc. 119 (1997) 8630.

[55] J. Foerstner, S.I. Kozhushkov, P. Binger, P. Wedemann, M.
Noltemeyer, A. de Meijere, H. Butenschon, J. Chem. Soc.,
Chem. Commun. (1998) 239.

[56] O.G. Kulinkovich, S.V. Sviridov, D.A. Vasilevskii, T.S. Prityts-
kaya, Zh. Org. Khim. 25 (1989) 2244; J. Org. Chem. USSR
(Engl. Transl.) 25 (1989) 2027.

[57] O.G. Kulinkovich, S.V. Sviridov, D.A. Vasilevski, Synthesis
(1991) 234.

[58] O.G. Kulinkovich, D.A. Vasilevskii, A.I. Savchenko, S.V.
Sviridov, Zh. Org. Khim. 27 (1991) 1428; J. Org. Chem. USSR
(Engl. Transl.) 27 (1991) 1249.

[59] V. Chaplinski, Dissertation, Universitat Gottingen, 1996.

[60] V. Chaplinski, A. de Meijere, Angew. Chem. 108 (1996) 491;
Angew. Chem., Int. Ed. Engl. 35 (1996) 413.

[61] H. Winsel, V. Gazizova, O. Kulinkovich, V. Pavlov, A. de
Meijere, Synlett (1999) 1999.

[62] (a) C.M. Williams, A. de Meijere, J. Chem. Soc., Perkin Trans. 1
(1998) 3699;

(b) A. de Meijere, C.M. Williams, A. Kourdioukov, S.V.
Sviridov, V. Chaplinski, M. Kordes, A.I. Savchenko, C. Strat-
mann, M. Noltemeyer, Chem. Eur. J. 8 (2002) 3789.

[63] A. de Meijere, V. Chaplinski, H. Winsel, M.A. Kusnetsov, P.
Rademacher, R. Boese, T. Haumann, M. Traetteberg, P.v.R.
Schleyer, T. Zywietz, H. Jiao, P. Merstetter, F. Gerson, Angew.
Chem. 111 (1999) 2582; Angew. Chem., Int. Ed. 38 (1999) 2430.

[64] A. de Meijere, V. Chaplinski, F. Gerson, P. Merstetter, E.
Haselbach, J. Org. Chem. 64 (1999) 6951.

[65] V. Chaplinski, H. Winsel, M. Kordes, A. de Meijere, Synlett
(1997) 111.

[66] M. Kordes, Dissertation, Universitat Gottingen, 1999.

[67] M. Kordes, H. Winsel, A. de Meijere, Eur. J. Org. Chem. (2000)
323s.

[68] B. Stecker, Dissertation, Universitat Gottingen, 2002.

[69] (a) Y.-D. Wu, Z.-H. Yu, J. Am. Chem. Soc. 123 (2001) 5777,
(b) J.J. Eisch, A.A. Adeosun, J.N. Gitua, Eur. J. Org. Chem.
(2003) 4721,

(c) C.P. Casey, N.A. Strotman, J. Am. Chem. Soc. 126 (2004)
1699.

[70] (a) H. Winsel, Dissertation, Universitiat Gottingen, 2000;

(b) H. Winsel, S.V. Sviridov, A. de Meijere, unpublished results.

[71] E. Vilsmaier, R. Adam, P. Altmeier, J. Fath, H.-J. Scherer, G.
Maas, O. Wagner, Tetrahedron 45 (1989) 6683.

[72] M.L. Gillaspy, B.A. Lefker, W.A. Hada, D.J. Hoover, Tetrahe-
dron Lett. 36 (1995) 7399.

[73] (a) A. de Meijere, V. Chaplinski, A. Kourdioukov, Ger. Offen
DE 19,647,615 (20 May 1998), C.A. 129 (1998) 16045,

(b) S. Wiedemann, K. Rauch, A. Savchenko, I. Marek, A. de
Meijere, Eur. J. Org. Chem. (2004) 631.

[74] J. Lee, J.K. Cha, J. Org. Chem. 62 (1997) 1584.

[75] K. Lee, S.-I. Kim, J.K. Cha, J. Org. Chem. 63 (1998) 9135.

[76] J. Lee, J.S.U.S.C. Blackstock, J.K. Cha, J. Am. Chem. Soc. 119
(1997) 10241.

[77] (a) Generally the yields with cyclopentylmagnesium halides were
found to be better, but the starting cyclopentyl halides are more
expensive. Most interestingly, the reactions of N,N-dialkylfor-
mamides with MeTi(OiPr); and cyclopropyl- or arylmagnesium
bromide, but in the absence of any alkene, led to a twofold

reductive alkylation of the formyl group giving the correspond-
ing N, N-dialkyl-N-[1-cyclopropyl(aryl)ethyl]-amines in high
yields. Cf. H. Buchholz, U. Welz-Biermann, A. de Meijere, V.
Chaplinski, Ger. Offen DE 19,844,194 (26 September 1998) C.A.
132 (2000) 35337;

(b)For a similar reaction of nitriles see also: A.B. Charette, A.
Gagnon, M. Janes, C. Mellon, Tetrahedron Lett. 39 (1998) 5147.

[78] (a) J. Lee, C.H. Kang, H. Kim, J.K. Cha, J. Am. Chem. Soc. 118
(1996) 291;

(b) G.P.-J. Hareau, M. Koiwa, S. Hikichi, F. Sato, J. Am. Chem.
Soc. 121 (1999) 3640;

(c) M. Koiwa, G.P.-J. Hareau, D. Morizono, F. Sato, Tetrahe-
dron Lett. 40 (1999) 4199.

[79] Y. Takemoto, S. Yamagata, S. Furuse, H. Hayase, T. Echigo, C.
Iwata, J. Chem. Soc., Chem. Commun. (1998) 651.

[80] C.M. Williams, V. Chaplinski, P.R. Schreiner, A. de Meijere,
Tetrahedron Lett. 39 (1998) 7695.

[81] (a) T. Voigt, Diplomarbeit, Universitat Gottingen, 2001;

(b) T. Voigt, H. Winsel, A. de Meijere, Synlett (2002) 1362.

[82] H.B. Lee, M.J. Sung, S.C. Blackstock, J.K. Cha, J. Am. Chem.
Soc. 123 (2001) 11322.

[83] G.-D. Tebben, K. Rauch, C. Stratmann, C.M. Williams, A. de
Meijere, Org. Lett. 5 (2003) 483.

[84] (a) B. Cao, D. Xiao, M.M. Joullié, Org. Lett. 1 (1999) 1799;
(b)Org. Lett. 2 (2000) 1009.

[85] M. Gensini, S.I. Kozhushkov, D.S. Yufit, J.A.K. Howard, M.
Es-Sayed, A. de Meijere, Eur. J. Org. Chem. (2002) 2499.

[86] M. Gensini, A. de Meijere, Chem. Eur. J. 10 (2004) 785.

[87] N. Ouhamou, Y. Six, Org. Biomol. Chem. 1 (2003) 3007.

[88] S.Y. Cho, J. Lee, R.K. Lammi, J.K. Cha, J. Org. Chem. 62
(1997) 8235.

[89] E.J. Corey, C.A. Rao, M.S. Noe, J. Am. Chem. Soc. 116 (1994)
9345.

[90] (a) S. Wiedemann, Dissertation, Universitat Gottingen, 2002;
(b) S. Wiedemann, 1. Marek, A. de Meijere, Synlett (2002) 879.

[91] (a) Under typical conditions for the preparation of N,N-
dialkylcyclopropylamines, nitriles gave primary cyclopropylam-
ines at best in 15% yield: N.V. Masalov, H. Winsel, O.G.
Kulinkovich, A. de Meijere, unpublished results;

(b) H. Winsel, Diplomarbeit, Universitit Gottingen, 1997. As
was demonstrated recently by Eisch et al. [91c,d], the addition of
nitriles to the reagent prepared from titanium tetraisopropoxide
and a Grignard reagent in the temperature range from —78 to 25
°C provided normal addition products, and no cyclopropylamine
was formed;

(c) J.J. Eisch, J.N. Gitua, Organometallics 22 (2003) 24;

(d) J.J. Eisch, J. Organomet. Chem. 617-618 (2001) 148.

[92] (a) P. Bertus, J. Szymoniak, Chem. Commun. (2001) 1792. This
idea was triggered by a similar observation made for the
reductive cyclopropanation of saturated and «, f-unsaturated
ketones with the Cp,Zr(ethylene) reagent, previously reported by
the same group;

(b) P. Bertus, V. Gandon, J. Szymoniak, Chem. Commun. (2000)
171;

(c) V. Gandon, P. Bertus, J. Szymoniak, Eur. J. Org. Chem.
(2000) 3713.

[93] P. Bertus, J. Szymoniak, J. Org. Chem. 67 (2002) 3965.

[94] P. Bertus, J. Szymoniak, J. Org. Chem. 68 (2003) 7133.

[95] P. Bertus, J. Szymoniak, Synlett (2003) 265.

[96] C. Laroche, P. Bertus, J. Szymoniak, Tetrahedron Lett. 44 (2003)
2485.

[97] (a) M.J. Rosema, S. Achyutha Rao, P. Knochel, J. Org. Chem.
57 (1992) 1956;

(b) R.F.W. Jackson, D. Turner, M.H. Block, Synlett (1996) 862;
(c)Review: P. Knochel, R.D. Singer, Chem. Rev. 93 (1993) 2117.

[98] S. Wiedemann, D. Frank, H. Winsel, A. de Meijere, Org. Lett. 5

(2003) 753.



A. de Meijere et al. | Journal of Organometallic Chemistry 689 (2004) 2033-2055 2055

[99] (a) C.L. Shaffer, S. Harriman, Y.M. Koen, R.P. Hanzlik, J. Am.

Chem. Soc. 124 (2002) 8268,
(b) C.L. Shaffer, M.D. Morton, R.P. Hanzlik, J. Am. Chem. Soc.
123 (2001) 8502.

[100] (a) K. Wimalasena, H.B. Wickman, M.P.D. Mahindaratne, Eur.
J. Org. Chem. (2001) 3811;
(b) M.N. Bhakta, K. Wimalasena, J. Am. Chem. Soc. 124 (2002)
1844.

[101] S.Kuttab, S. Mabic, J. Labell, Comp. Radiopharm. 45 (2002) 813.

[102] (a) G.A. Rosental, Nonprotein Amino and Imino Acids:
Biological, Biochemical and ToxicologProperties, Academic
Press, New York, 1982;
(b) C.H. Stammer, Tetrahedron 46 (1990) 2231, and references
cited therein;
(c) J. Salaiin, M.S. Baird, Curr. Med. Chem. 2 (1995) 511;
(d) J. Salaiin, Top. Curr. Chem. 207 (2000) 1;
(e) M.C. Pirrung, Acc. Chem. Res. 32 (1999) 711.

[103] T. Fujita, J. Med. Chem. 16 (1973) 923.

[104] (a) D.M. Campoli-Richards, J.P. Monk, A. Price, P. Benfield,
P.A. Todd, A. Ward, Drugs 35 (1988) 373;
(b) R. Wise, J.M. Andrews, L.J. Edwards, Antimicrob. Che-
moter. 23 (1983) 559.

[105] (a) K.E. Brighty, WO Patent 91/02526, 1991;
(b) EU Patent 413,455, 1991, Chem. Abstr. 115 (1991) 232216;
(c) K.E. Brighty, US Patent 5,164.402, 1992, Chem. Abstr. 119
(1993) 117227,
(d) K.E. Brighty, M.J. Castaldi, Synlett (1996) 1097;
(e) E. Vilsmaier, T. Goerz, Synthesis (1998) 739.

[106] Because of the occurrence of 16 cases of liver toxicity problems
(out of 2-10° prescriptions) trovafloxacin was virtually with-
drawn from the market only a few years after its introduction.

[107] F. Brackmann, A. de Meijere, unpublished results.

[108] V.V. Sokolov, S.I. Kozhushkov, S. Nikolskaya, V.N. Belov, M.
Es-Sayed, A. de Meijere, Eur. J. Org. Chem. (1998) 777, and
references cited therein.

[109] (a) For reviews on the vinylcyclopropane to cyclopentene
rearrangement see: T. Hudlicky, D.A. Becker, R.L. Fan, S.I.
Kozhushkov, in: A. de Meijere (Ed.), Methods of Organic
Chemistry (Houben-Weyl), vol. E 17¢, Thieme, Stuttgart, 1997,
p. 2538;

(b) J.E. Baldwin, Chem. Rev. 103 (2003) 1197;

(c) T. Hudlicky, R.L. Fan, J.W. Reed, K.G. Gadamasetti, Org.
React. 41 (1992) 1;

(d) J.E. Baldwin, in: Z. Rappoport (Ed.), The Chemistry of the
Cyclopropyl Group, vol. 2, Wiley, Chichester, 1995, p. 469;

(e) J.E. Baldwin, J. Comput. Chem. 19 (1998) 222.

[110] (a) Among these bicycles, di- and tetrahydropentalenes 122, 123
(n=3) are of special interest and have previously been prepared
along other routes: R. Kaiser, K. Hafner, Angew. Chem. 82
(1970) 877; Angew. Chem., Int. Ed. Engl. 9 (1970) 892;

(b) A. de Meijere, L.-U. Meyer, Chem. Ber. 110 (1977) 2561;
(c) A. Pauli, H. Meier, Chem. Ber. 120 (1987) 1617;

(d) H. Meier, A. Pauli, P. Kochhan, Synthesis (1987) 573;

(e) A. de Meijere, S.I. Kozhuskov, D. Faber, V. Bagutskii, R.
Boese, T. Haumann, R. Walsh, Eur. J. Org. Chem. (2001)
3607.



	Titanium-mediated syntheses of cyclopropylamines
	Introduction
	Reaction modes of alkyltitanium derivatives possessing beta-hydrogen atoms
	Preparation of cyclopropylamines from amides via organomagnesium precursors
	Cyclopropylamines from amides via ligand-exchanged titanium-alkene complexes
	Cyclopropylamines from nitriles
	Cyclopropylamines from organozinc precursors
	Application of cyclopropylamines towards the synthesis of natural products and other compounds with potentially useful properties
	Conclusion
	Acknowledgements
	References


