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Abstract The titanium-catalyzed asymmetric cyclopropanation of
cyanoesters with Grignard reagents was investigated for the first time.
Particularly, the study of the efficiency of Taddol-based titanium
complexes has shown that the prior preparation of Taddol titanium
complexes was not required and a large panel of ligands was evaluated
by using this approach. The spirocyclopropanelactams were obtained
with good diastereoselectivity and with moderate enantioselectivities
from the main diastereoisomer (up to 32%).
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The aminocyclopropane moiety is present in a large
number of biologically active compounds,' including im-
portant active manufactured drugs present in the World
Health Organization’s list of Essential Medicines,? such as
ciprofloxacin (broad spectrum antibiotic), nevirapine and
abacavir (anti-HIV). More specifically, chiral enantioen-
riched cyclopropylamines represent useful scaffolds for the
preparation of drugs such as Ticagrelor® (platelet aggrega-
tion inhibitor), Ciluprevir* and Vaniprevir® (hepatitis C). In
addition, this motif represents an important synthetic in-
termediate, as pointed out in recent publications.® In this
context, the most used access to enantioenriched cyclopro-
pylamines remains the stereoselective transition-metal-
catalyzed diazoester addition to olefins, followed by a Curti-
us degradation.” Several other asymmetric routes have also
been explored to directly introduce the nitrogen atom
during the [2+1] cycloaddition step, by using nitrogen-sub-
stituted olefins® or a-nitrodiazoesters.® Zinc a-aminocar-
benoids '° or Sm-catalyzed amine addition to cyclopro-
penes!! were also used with success. However, the above

) 0
)
)j\/\ R-(CHa),-MgBr W H
EtO CN  ri(0iPr), (0.2 equiv) X X
(R,R)-Taddol (0.2 equiv) R ‘"R

Et,0 Yield 36-80%
dr from 97:3 to 13:87
ee up to 32%

methods suffer from several drawbacks such as catalyst
availability and/or a multistep synthesis to provide the cy-
clopropylamine targets. Since the discovery by Kulinkovich
of the Ti-catalyzed conversion of esters into cyclopropanols
using Grignard reagents,'?'3 two direct methods to access
cyclopropylamines rapidly emerged, from N,N-disubstitut-
ed amides'* and from nitriles.'® In this context, the develop-
ment of efficient asymmetric syntheses of cyclopropane
derivatives by titanium-catalyzed cyclopropanation of acid
derivatives would be an interesting alternative to syntheses
described previously.

The asymmetric cyclopropanation of carboxylic acid de-
rivatives remains in its infancy, despite the pioneering
asymmetric example of the Kulinkovich reaction, described
as early as 1994.16 In this reaction, cyclopropanol 1 was ob-
tained in 65-72% yield with an enantiomeric excess of 70-
78% by using the Taddol derived spirotitanate 2 (Scheme 1,
Eq. 1).77 A few unsuccessful attempts at asymmetric cyclo-
propanation have been described thereafter.’® Recently,
Kulinkovich reported significant results by using catalytic
amounts of the Taddol complex 3 (ee up to 65%, Eq. 2).!° Im-
portantly, the use of hexafluoroisopropyl esters afforded
the cyclopropanols in good yields and with higher enantio-
selectivities (up to 84%) by using stoichiometric amounts of
3 (Eq. 3).1" Concerning N,N-disubstituted amides, the best
results were obtained by using a stoichiometric amount of
the Taddol-derived spirotitanate 4.2° Despite a low diastereo-
selectivity, each aminocyclopropane was obtained with
good enantioselectivity (77 and 84% ee, Eq. 4).

With nitriles, the formation of primary cyclopropyl-
amines occurs generally with stoichiometric amounts of ti-
tanium complexes.’3d A notable exception is the chemose-
lective cyclopropanation of cyanoesters (and cyanocarbon-
ates), leading to spirocyclic compounds (Scheme 2, top
left).?!

Georg Thieme Verlag Stuttgart - New York — SynOpen 2018, 2, 41-49


http://orcid.org/0000-0002-1174-5097

THIEME

SynOpen J. Caillé et al.

Ph Ar
o) Ph/\/MgBr a o
—_— “; \ T|
M Me)J\OEt 2(0.3-1equiv) Me" “OH >< )2

Et,O 1

65-72%
(70-78% ee)

Ar  Ar
2 (Ar = 3,5-(CF3)2CgH3)

AEt

)O]\ n-BuMgBr Y
—_— R
() R" YOH

R™ TOEt 3 (0.2 equiv) Ph_ Ph
(R =—(CHy)3Cl) Et,O 55% (65% ee)
/Tl(OlPr)g
o) wn-Bu
)]\ n-CgH13MgBr Ph  Ph
—_— R
©) OCH(CF3)2 3 (1equiv) R TOH
(R=—(CHp)sCl)  toluene/EO 769 (84% ee)
Ph  Ph
tBu
n-CgH13MgBr
o OB N nBu >< o)
“ 4 (1.1equiv) 479, (i : trans 1:3
H” “NBn, THE 6 ( ) oo
cis : 84% ee

trans : 77% ee

Scheme 1 Best results for the cyclopropanation of carboxylic acid de-
rivatives

The proposed mechanism (Scheme 2, left) involves the
insertion of the nitrile moiety into titanacyclopropane A to
furnish intermediate B. The spontaneous cyclization can be
explained by the formation of intermediate C, followed by
an intramolecular nucleophilic addition affording spirocy-
clic compound D.*? The addition of Grignard reagent closes
the catalytic cycle. This sequence is very similar to that pro-
posed for the Kulinkovich reaction (Scheme 2, right),?* and
these cyanoesters give us the opportunity to investigate the
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enantioselective variant. In the same time, a methodology
will be developed to directly evaluate ligands in cyclopro-
panation without requiring the prior preparation of titani-
um complexes.

The cyclopropanation of ethyl 3-cyanopropanoate (5a)
with n-BuMgBr was selected as a model reaction for this
study (Table 1). When n-BuMgBr was added to a mixture of
nitrile 5a and a stoichiometric amount of Ti(OiPr), in Et,0,
spirocyclic amide 6a was obtained as a separable mixture of
two diastereoisomers in 82:18 proportion in favor of the cis
isomer (entry 1).2*¢ When the reaction was performed with
only 0.2 equiv of titanium isopropoxide, the yield and the
diastereoselectivity were quite similar (entry 2), in accor-
dance to previous results.?' The reaction was next studied
with Taddol 7 (LH,) as ligand.?> When the spirotitanate 8
(L,Ti), prepared from Taddol 7 and Ti(OiPr), in a 2:1 ratio,?¢
was used instead of Ti(OiPr),, a significant decrease in the
yield was observed, and the two diastereoisomers were ob-
tained with a low enantioinduction (14% and 30% ee, entry
3). The use of a catalytic amount (0.2 equiv) of this complex
resulted in similar low yields, but lower enantioselectivities
(entry 4). The complex LTi(OiPr), (3), prepared in situ from
an equimolar mixture of spirotitanate 8 (L,Ti) and Ti(OiPr),
(Method A),%’ afforded lactam 6 in significantly higher
yields and diastereoselectivities, and the major diastereo-
isomer was obtained with 32% ee (entry 5). These results
were found to be less satisfactory when this same complex
was used in catalytic amount (entry 6). To perform a rapid
screening of the ligand, the complex was also prepared by
simply mixing Taddol 7 and titanium isopropoxide in Et,0
(Method B).?72% Taking into account the use of a larger
amount of Grignard reagent to deprotonate the liberated
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Scheme 2 Mechanisms for the cyclopropanation of cyanoesters (left) and carboxylic esters (right)
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Table 1 Optimization of the Conditions for the Cyclopropanation of 52

o}
RO)J\/\CN n- BuMgBr
5a (R = Et) [TI]
5b (R =iPr) Solvent

5¢ (R = CH(CF3),)

cis-6a trans-6a

PH
LH, = 7 (Taddol)

Methods of preparation of the complex LTi(OiPr),
(A) 0.5 LpTi+ 0.5 Ti(OiPr); —> LTi(OiPr),

(B) LHa + Ti(OiPr)4 —> LTi(OiPr), + 2 iPrOH

Ph

(C) LMy + MeTi(OiPr)s —> LTi(OiPr) + MeH + iPrOH

Entry Conditions Yield (%) cis-6a/trans-6a ee cis-6a ee trans-6a
1 Ti(OiPr), (1 equiv) in Et,0 74 82:18 - -
2 Ti(OiPr), (0.2 equiv) in Et,0 76 85:15 - -
3 TiL, (1 equiv) in Et,0 31 87:13 14 30
4 TiL, (0.2 equiv) in Et,0 30 86:14 6 14
5 LTi(OiPr), (1 equiv)® in Et,0 81 95:5 32 36
6 LTi(QiPr), (0,2 equiv)® in Et,O 38 87:13 20 36
7 LTi(OiPr), (1 equiv)©in Et,0 68 95:5 30 36
8 LTi(OiPr), (0.2 equiv)©in Et,0 64 87:13 32 45
9 LTi(OiPr), (0.2 equiv) in Et,0 64 85:15 27 39
10 LTi(QiPr), (0.2 equiv)® in Et,0 68 89:11 28 50
11 LTi(OiPr), (0.2 equiv)cin THF 18 74:26 8 <5
12 LTi(OiPr), (0.2 equiv)© in toluene 50 85:15 27 42
13 LTi(QOiPr), (0.2 equiv)© in CH,Cl, 66 87:13 29 31
14 LTi(QiPr), (0.2 equiv)©in Et,0 48 90:10 28 42
159 LTi(OiPr), (0.2 equiv)in Et,0 4 92:8 30 48

2 Reaction conditions: 5a (1 mmol), titanium complex, n-BuMgBr (1 M in Et,0), r.t., in the indicated solvent, unless noted.
b Method A: LTi(OiPr), prepared in situ from Til, (n/2 equiv) and Ti(OiPr), (n/2 equiv).
¢ Method B: LTi(QiPr), prepared in situ from Ti(OiPr), (n equiv) and Taddol (n equiv). Since iPrOH (2n equiv) is released, the amount of Grignard reagent was

adjusted to also deprotonate it.

4 Method C: LTi(QiPr), prepared in situ from MeTi(QiPr), (n equiv) and Taddol (n equiv). Since iPrOH (n equiv) is released, the amount of Grignard reagent was

adjusted to also deprotonate it.

e CITi(OiPr); was used instead of Ti(OiPr),.
f Cyanoester 5b was used.

9 Cyanoester 5¢ was used.

isopropanol, the results (diastereoselectivity and enanti-
oselectivity) are very close to those obtained with pre-
formed catalyst 3 (entries 7 vs. 5). This result shows that
the catalytic species would be the same, and that the iso-
propanol generated during the formation of the complex
has only minor influence on the course of the reaction. This
method can be transposed catalytically without incidence
(entry 8). The results are similar when 3 was generated
from MeTi(OiPr); (Method C) or from CITi(OiPr); (entries 9
and 10).

The influence of the solvent was next evaluated. Where-
as toluene or dichloromethane give quite similar results to
those obtained in Et,0, the use of THF led to a strong de-
crease in performance, suggesting a dramatic modification
of the reaction outcome (entries 11-13). Since it was shown
that the ester alkoxy group has a strong influence on the

enantioselectivity of the cyclopropanation of carboxylic es-
ters,'%® cyanoesters 5b and 5c¢, bearing isopropyl and hexa-
fluoroisopropyl moieties, respectively, were also used, but
showed here only marginal improvements, with a yield ero-
sion (entries 14 and 15 vs. 8).

In conclusion for this study, spirotitanate 8 was shown
to be less efficient than LTi(OiPr), (3), as observed by
Kulinkovich for the cyclopropanation of esters,’®® and in
contrast with the results obtained for the cyclopropanation
of amides, in which spirotitanate 8 give comparable yields
and even better enantioselectivities than 3.2°

The competing reactivities of LTi(QiPr), (3) and Ti(OiPr),
were next compared by modifying the amount of Taddol 7
to evaluate the effect of remaining titanium isopropoxide
on the enantioselectivity; the results are presented in Fig-
ure 1.
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Figure 1 Enantiomeric excesses of cis-6a and trans-6a relative to the
amount of Taddol 7 used; the amount of Ti(OiPr), was kept constant
(0.2 equiv) and the amount of Grignard reagent was adjusted to depro-
tonate the liberated isopropanol

As clearly shown in the Figure 1, when the amount of li-
gand was less than the amount of metal, the enantioselec-
tivity was essentially proportional to the amount of ligand.
After the equivalence point, the enantioselectivity re-
mained quite stable, with a slight decrease when the
amount of ligand was threefold the amount of titanium iso-
propoxide. This study indicates that the active complex is a
1:1 complex between the ligand and the metal, which is
consistent with the proposition made for the cyclopropana-
tion of carboxylic esters. In addition, the cyclopropanation
with 3 operates at a similar rate to that with Ti(OiPr),. To-
gether, these results demonstrate the similar reactivity be-
tween the preformed LTi(OiPr), (method A) and the com-
plex prepared in situ from Taddol and Ti(OiPr), (method B).

Since the use of 3, generated from Taddol 7 and Ti(OiPr),
in the reaction media, gives similar results to those ob-
tained using method A in the above cyclopropanation reac-
tion, a screening of a large array of ligands was carried out
using method B (Table 2 and Figure 2). First, several Taddol
derivatives 9-17 were prepared and used in the cyclopro-
panation reaction. In no case, the reaction outcome has
been improved compared to that with Taddol 7 (entries 2-8
vs. 1). Particularly, the increase in the steric bulk around the
metal results in a decrease in the yield of the reaction (en-
try 5). The presence of a methoxy group on the ortho posi-
tion of the aromatic rings (entry 8), or replacement of the
dioxolane moiety by methoxy groups (entry 9) led to a loss
of enantioselectivity, which could be explained by a modifi-
cation of the coordination around the metal induced by the
methoxy groups. Interestingly, diol 17 afforded a total dia-
stereoselectivity in favor of the cis isomer. The use of Binol
(19) was found to be inefficient in the case of amides,?® and
this is also the case here (entry 12). This could be the conse-
quence of the formation of aggregate complexes in the reac-
tion media.?® The 3,3'-disubstituted Binol 20, which is less
prone to the formation of aggregates, should be more effi-
cient than Binol, but unfortunately, the same reactivity pro-

file was observed (entry 13). The chimeric diol 21,3 bearing
the axial chirality of Binol and the diphenyl methanol
structure of Taddol, was also found to be less efficient than
Taddol 7 (entry 14). With the aim to add an extra coordina-
tion site on titanium by the presence of a nitrogen atom,
aminodiols 22-273! were used as ligands. Unfortunately, al-
most no enantioselectivity was observed with these ligands
(entries 15-20). Finally, despite efforts to increase the en-
antioselectivity of the cyanoester cyclopropanation reac-
tion, the parent Taddol ligand 7 afforded the best results to
date.

Table 2 Ligand Screening in the Cyclopropanation of 5a (see also Fig-
ure 2)

o o
)o]\/\ n-BuMgBr NH 4 NH
EO CN  ioiPr, (0.2 equiv) X
5a Ligand (0.2 equiv) Et """Et
EtO cis-6a trans-6a
Entry Ligand Yield (%)  cis-6atrans-6a  eecis-6a  ee trans-6a

1 7 64 87:13 32 45
2 9 55 84:16 28 36
3 10 59 84:16 8 26
4 11 60 81:19 18 33
5 12 33 90:10 22 30
6 13 29 81:19 10 24
7 14 84 89:11 22 44
8 15 57 84:16 <5 <5
9 16 73 85:15 <5 6

10 17 39 >99:1 26 -

11 18 50 89:11 8 32
12 19 64 85:15 <5 <5
13 20 71 77:23 <5 <5
14 21 36 87:13 22 34
15 22 26 88:12 <5 6

16 23 54 86:14 <5 6

17 24 34 86:14 <5 <5
18 25 27 85:15 <5 8

19 26 25 85:15 <5 <5
20 27 57 82:18 <5 6

The scope of the reaction was next evaluated with other
Grignard reagents by using the complex generated in situ
from Taddol 7 and Ti(OiPr),. The most significant examples
are presented in Table 3.

With all the Grignard reagents used, the yields and the
diastereoselectivities remain more or less constant when
comparing the reaction with Ti(OiPr), alone or in the pres-
ence of Taddol 7. With one exception, the diastereoselectiv-
ity is greatly in favor of the cis isomer (Table 3, entries 1-
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Figure 2 Ligands used in the cyclopropanation of 5a (see Table 2)

12). When homoallylic Grignard reagent was used, the
trans isomer of 6g was formed (entries 13 and 14). The en-
antiomeric excesses observed for the main diastereoisomer
never exceeded 32%.

This persistent low enantioselectivity observed with cy-
anoesters, compared with those obtained with carboxylic
esters (up to 84% ee) using the same kind of complex,
seems to indicate several alternative pathways for the cy-
clopropanation of cyanoesters. First, the insertion step is
certainly nonselective, in contrast to what it is generally ad-
mitted for the Kulinkovich reaction,23*32 and two metalla-
cycle intermediates B1 and B2 could be obtained (Scheme
3).33 This assumption is supported by the fact that nitrile
28, used under the same reaction conditions, gives two iso-
meric ketones 29 and 30 derived from B1 and B2, respec-
tively, after acidic hydrolysis, which demonstrates that the
insertion step is not selective with nitriles (Scheme 3).34

Since the diastereoisomeric ratios are always very simi-
lar, irrespective of the achiral or chiral conditions used, this
step is probably weakly dependent on the nature of the ti-
tanium complex. During the diastereoselective cyclopro-
panation step, the titanium atom moves out of the plane of
the imine moiety, via the putative transition states C-1 or C-
2 (Scheme 4). The bulky titanium complex would hinder

Table 3 Cyclopropanation of 5a with Grignard Reagents

o o
o
PN R-(CHz)o-MgBr NH + NH
> R E
EO CN Ti(OiPr)4 (0.2 equiv)
5a (R,R)-Taddol 7 (n equiv) R R
Et,0 cis-6a—-g trans-6a-g
Entry R n Product  cis-6/trans-6 ee cis-6 ee trans-6
(Yield, %)
1 Me 0 6b(55) 84:16 - -
2 Me 02 6b(53) 9238 31 24
3 Et 0 6a(74) 85:15 - -
4 Et 0.2 6a(64) 87:13 32 45
5 iPr 0 6c(61) 928 - -
6 iPr 02 6c(36) 78:22 16 38
7 Ph 0 6d(83) 97:3 - -
8 Ph 02 6d(53) 97:3 32 nd
9 CH,Ph 0 6e(81) 946 - -
10 CH,Ph 02 6e(80) 91:9 21 47
11 CH,-CH=CH, 0© 6f(72) 919 - -
12 CH,CH=CH, 02 6f(72) 90:10 31 nd
13 CH=CH, 0 6g(54) 13:87 - -
14 CH=CH, 02 6g(54) 1387 nd 26
— o -
R\/CN . . 0
5a (R = CH,COEY) ('Pro)zT'\N/ R Ph\)l\/\/Me
28 (R = Ph) "
. — B1 _HO.H N 29
Et Et (R=Ph) o)
iPrO),Ti Ph
(iPrO)zTi<( (PrO)e I\/NI/R \)S/\Me
Me
L B2 — 30

Scheme 3 Hydrolytic products derived from the insertion step of ni-
trile 28

one side of the future cyclopropane and the presence of
substituents at the a or b position would favor the path i via
C-1 leading to the formation of the cis isomer D-1. Similarly,
for substitution at ¢ or d positions, the path ii would be fa-
vored.?®

The particular case of the ‘abnormal’ stereochemistry
for 6g can be explained by taking into account the fact that
an allyltitanium intermediate was obtained. The six-
centered ring contraction of intermediate C-3 would occur
easily (Scheme 5) leading mainly to the formation of the
trans isomer.3¢
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D-2

Scheme 4 Pathways explaining the diastereoselectivity observed for
6a-f

C-3

D-3

Scheme 5 Pathway explaining the diastereoselectivity observed for 6g

In summary, the evaluation of different complexes de-
rived from Taddol and Ti(OiPr), has shown that the
LTi(OiPr), species, generated directly in the reaction sol-
vent, present a similar reactivity to that of the preformed
complex and a better activity than the spirotitanate TiL,.
With this method, a rapid screening of ligands was carried
out, but none of them surpassed the parent Taddol, with a
32% ee for the major diastereoisomer, which remains the
best enantioselectivity reported to date for this reaction.
The methodology used here can be applied to other Ti-cata-
lyzed reactions to facilitate the screening of ligands; studies
in this direction are in progress in our laboratory.

Experiments involving Grignard reagents were carried out under N,
atmosphere. Et,0, THF, CH,Cl, and toluene were purified by passing
through neutral alumina columns under nitrogen. The Grignard re-
agents were prepared in anhydrous Et,0 using the standard method
from the appropriate bromide precursors and Mg turnings. All Gri-
gnard reagents were titrated before use according to the B. E. Love
method.>” Analytical TLC were performed on Alugram SIL G/UV254
silica gel sheets (Macherey-Nagel) by using phosphomolybdic acid
solution. Column chromatography was carried out using silica gel 60
(0.040-0.063 mm) from Merck.

Melting points were determined with a Biichi B-540 melting point
apparatus and are uncorrected. 'H and 3C NMR spectra were record-
ed with a Bruker DPX-200 or Bruker AC-400 spectrometer. Chemical
shifts (8) are expressed in ppm units, relative to the residual solvent
peak. Coupling constants are given in Hz. The multiplicities are re-
ported as: singlet (s), doublet (d), triplet (t), quadruplet (q), multiplet

(m), and broad signal (br s). IR spectra were obtained with a Perkin-
Elmer Spectrum One spectrometer on a single-reflection diamond
ATR unit. High-resolution mass spectra were recorded with a Waters
Micromass GCT Premier spectrometer. The enantiomeric excesses
were determined with a Waters e2695 HPLC apparatus using a Chiral-
cel OD column. A mixture of hexane/iPrOH (95:5) was used as solvent
at 1 mL-min~! flow. UV detection was used. Both the wavelengths and
the retention times are specified for each spirolactams below. The fol-
lowing compounds have been previously reported: 5a-b,?! 6a,*! 6e,?'
Gg_zl 738827920 10,3 11,4 12,41 13,20 14,22 16,%2 17,3 18,44 20%, 21,3°
223122346 24 47 25-27 312

1,1,1,3,3,3-Hexafluoropropan-2-yl 3-Cyanopropanoate (5c)

To a solution of glutamic acid (1.47 g, 10 mmol) in 2 M aq. NaOH solu-
tion (10 mL) was added portionwise trichloroisocyanuric acid (1.56 g,
6.7 mmol) at 0 °C. The resulting mixture was stirred for 1 h at r.t. then
3 M aq. HCl solution (10 mL) was added and the reaction was stirred
for 10 min. The mixture was extracted with Et,0 (3 x 20 mL) and the
combined organic phases were washed with brine, dried over MgSO,,
filtered and the solvent was removed in vacuo to give 3-cyanopropa-
noic acid.

Yield: 490 mg (49%); colorless 0il.*8
H NMR (D,0, 200 MHz): § = 2.69-2.81 (m, 4 H, CH,).

13C NMR (D0, 50 MHz): § = 176.9 (C=0), 120.7 (CN), 29.0 (CH,C=0),
12.4 (CH,CN).

To a solution of 3-cyanopropanoic acid (396 mg, 4 mmol) in CH,Cl,
(10 mL) was added thionyl chloride (0.32 mL, 4.8 mmol) at r.t. The re-
action mixture was stirred for 2 h at 40 °C then volatiles were re-
moved in vacuo and 1,1,1,3,3,3-hexafluoropropan-2-ol (5 mL) was
added. The resulting mixture was stirred for a further 2 h at 60 °C. Af-
ter removal of volatiles under reduced pressure, purification by flash
chromatography (90:10 to 80:20, cyclohexane/EtOAc) afforded 5c.

Yield: 972 mg (65%); colorless liquid; Ry = 0.33 (82:18, cyclohex-
ane/EtOAc).

IR (neat): 2976, 1784, 1385, 1289, 1197, 1110, 907 cm™".

H NMR (CDCl,, 400 MHz): § = 5.79 (hept, J = 5.9 Hz, 1 H, CH), 2.92 (t,
J=7.2Hz, 2 H, CH,CN), 2.72 (t, ] = 7.2 Hz, 2 H, CH,C=0).

13C NMR (CDCls, 100 MHz): § = 167.4 (C=0), 120.2 (q, J = 283 Hz, 2C,
CF;), 117.3 (CN), 67.1 (hept, J = 35 Hz, CH), 29.3 (CH,C=0), 12.7
(CH,CN).

19F NMR (CDCl;, 376 MHz): 8 = -73.4 (d, J = 5.9 Hz, 6F, CF;).

HRMS (ESI+): m/z [M + Na*] calcd for C;HsFgNO,Na: 272.0117; found:
272.0120.

Asymmetric Synthesis of Spirolactams 6a-g; General Procedure

To a solution of Ti(OiPr), (60 uL, 0.2 mmol) in Et,0 (10 mL) was added
Taddol 7 (93 mg, 0.2 mmol). The resulting mixture was stirred for 10
min, then 5a (127 mg, 1 mmol) was added. The the appropriate
Grignard reagent (2.5 mmol) was added dropwise over 1 h. A gray
precipitate readily appeared and the mixture became brown and tur-
bid. The reaction mixture was stirred for an additional 1 hand 1 M aq.
HCl solution (2 mL) was added. The layers were separated and the
aqueous phase was extracted with EtOAc (2 x 5 mL). The combined
organic layers were washed with brine, dried over MgSQO,, filtered and
the solvents were removed in vacuo. The crude residue was purified
by flash chromatography to afford the expected spirolactam 6 and to
recover the Taddol 7.
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1-Ethyl-4-azaspiro[2.4]heptan-5-one (6a)?!

Obtained according to the general procedure using n-BuMgBr (pre-
pared from 1-bromobutane in Et,0, [C] = 1.24 M). Purification by
flash chromatography (100:0 to 90:10, EtOAc/iPrOH) afforded 6a as a
mixture of diastereoisomers (87:13, 89 mg, 64%).

Minor diastereoisomer isolated as an orange oil; R; = 0.38 (100%,
EtOAc); tg = 8.8, 11.2 min (45% ee).

IR (neat): 3201, 2959, 2874, 1687, 1460, 1365, 1283 cm™".

H NMR (CDCls, 400 MHz): § = 6.80 (brs, 1 H, NH), 2.54-2.38 (m, 2 H,
CH,C=0), 2.17 (ddd, J = 12.7, 9.2, 7.9 Hz, 1 H, CH,CH,C=0), 2.01 (ddd,
J=12.7, 9.1, 5.9 Hz, 1H, CH,CH,C=0), 1.38-1.29 (m, 2 H, CH,CH,),
0.99 (t, J = 7.3 Hz, 3 H, CH,), 0.81-0.71 (m, 2 H, CH, CH,), 0.45-0.38
(m, 1H, CH,).

13C NMR (CDCls, 100 MHz): & = 178.6 (C=0), 43.3 (C), 31.1 (CH,C=0),
30.7 (CH,CH,C=0), 24.6 (CH), 22.8 (CH,CH;), 16.5 (CH,), 13.9 (CH).

HRMS (ESI+): m/z [M + Na*] calcd for CgH;3NONa: 162.0889; found:
162.0896.

Major diastereoisomer isolated as a pale-yellow oil; Ry = 0.27 (100%,
EtOAc); tg=12.1, 15.6 min (32% ee).

IR (neat): 3213, 2959, 2874, 1687, 1460, 1357, 1240 cm™".

H NMR (CDCl;, 400 MHz): § = 7.17 (br s, 1 H, NH), 2.55-2.36 (m, 2 H,
CH,C=0), 2.18 (ddd, J = 12.9, 9.7, 7.4 Hz, 1 H, CH,CH,C=0), 1.90 (ddd,
J=12.9, 9.7, 5.8 Hz, 1 H, CH,CH,C=0), 1.41-1.28 (m, 1 H, CH,CH,),
1.20-1.09 (m, 1 H, CH,CH;), 0.96 (t, ] = 7.3 Hz, 3 H, CH;), 0.94-0.85 (m,
2 H, CH,, CH), 0.24 (dd, ] = 5.6, 5.1 Hz, 1 H, CH,).

13C NMR (CDCls, 100 MHz): & = 177.7 (C=0), 42.9 (C), 31.2 (CH,C=0),
24.6 (CH,CH,C=0), 22.9 (CH), 22.7 (CH,CH5), 17.2 (CH,), 13.6 (CH).

HRMS (ESI+): m/z [M + Na*] calcd for CgH,3NONa: 162.0889; found:
162.0896.

1-Methyl-4-azaspiro[2.4]heptan-5-one (6b)

Obtained according to the general procedure using n-PriMgBr (pre-
pared from 1-bromopropane in Et,0, [C] = 1.60 M). Purification by
flash chromatography (100:0 to 90:10, EtOAc/iPrOH) afforded 6b as a
mixture of diastereoisomers (92:8, 66 mg, 53%).

Minor diastereoisomer isolated as a beige solid; mp 76-78 °C; Ry =
0.27 (100%, EtOAc); tz = 10.8, 12.8 min (24% ee).

IR (neat): 3170, 3056, 2928, 2872, 1685, 1460, 1361, 1285, 1024, 776
cm,

H NMR (CDCl,, 400 MHz): & = 7.72 (br's, 1 H, NH), 2.51-2.37 (m, 2 H,
CH,C=0), 2.13 (ddd, J = 12.7, 9.4, 8.1 Hz, 1 H, CH,CH,C=0), 1.98 (ddd,
J=12.7, 94, 6.0 Hz, 1 H, CH,CH,C=0), 1.09 (d, J = 6.2 Hz, 3 H, CH3;),
0.86-0.78 (m, 1 H, CH), 0.74 (dd, J = 9.3, 5.9 Hz, 1 H, CH,), 0.38 (dd, J =
5.9, 6.0 Hz, 1 H, CH,).

13C NMR (CDCl;, 100 MHz): § = 179.0 (C=0), 43.5 (C), 31.3 (CH,C=0),
30.3 (CH,CH,C=0), 17.5 (CH), 17.0 (CH,), 13.8 (CH).

HRMS (ESI+): m/z [M + Na*] calcd for C;H,;NONa: 148.0733; found:
148.0732.

Major diastereoisomer isolated as a colorless oil; Ry= 0.21 (100%, EtO-
Ac); tg=14.0,17.3 min (31% ee).

IR (neat): 3211, 2954, 2872, 1687, 1456, 1352, 1244, 732 cm™".

'H NMR (CDCls, 400 MHz): 8 = 7.44 (br s, 1 H, NH), 2.53-2.35 (m, 4 H,
CH,C=0), 2.18 (ddd, J = 12.9, 9.9, 7.7 Hz, 1 H, CH,CH,C=0), 1.84 (ddd,
J=129, 9.9, 54 Hz, 1H, CH,CH,C=0), 1.03-0.97 (m, 4 H, CH;, CH),
0.92-0.87 (m, 1 H, CH,), 0.21-0.17 (m, 1 H, CH,).

13C NMR (CDCls, 100 MHz): & = 177.9 (C=0), 42.9 (C), 31.2 (CH,C=0),
24.3 (CH,CH,C=0), 18.3 (CH,), 15.1 (CH), 14.0 (CH,).

HRMS (ESI+): m/z [M + Na*] calcd for C;H{;NONa: 148.0733; found:
148.0732.

1-Isopropyl-4-azaspiro[2.4]heptan-5-one (6¢)

Obtained according to the general procedure using isoamyl magne-
sium bromide (prepared from isoamyl bromide in Et,0, [C] = 0.92 M).
Purification by flash chromatography (100:0 to 90:10, EtOAc/iPrOH)
afforded 6¢ as a mixture of diastereoisomers from which only the ma-
jor diastereoisomer was isolated (78:22, 55 mg, 36%).

Minor diastereoisomer; t; = 7.8, 9.0 min (38% ee).

Major diastereoisomer isolated as an orange oil; Ry = 0.35 (100%,
EtOAc); tp=10.9, 13.6 min (16% ee).

IR (neat): 3205, 2956, 2870, 1687, 1462, 1365, 1240, 732 cm™.

H NMR (CDCls, 400 MHz): § = 7.62 (br's, 1 H, NH), 2.51-2.35 (m, 2 H,
CH,C=0), 2.16 (ddd, J = 12.9, 9.6, 7.1 Hz, 1 H, CH,CH,C=0), 1.91 (ddd,
J= 129, 96, 62Hz, 1H, CH,CH,C=0), 0.99-0.90 (m, 7 H, CHs,
CH(CH5),), 0.86 (dd, J = 9.9, 5.9 Hz, 1 H, CH,), 0.76-0.69 (m, 1 H, CH),
023 (dd, ] = 6.4, 5.9 Hz, 1 H, CH,).

13C NMR (CDCls, 100 MHz): § = 177.9 (C=0), 43.3 (C), 31.5 (CH,C=0),
29.6 (CH(CHs),), 29.3 (CH), 24.7 (CH,CH,C=0), 22.6 (CH,), 21.8 (CH),
16.7 (CH,).

HRMS (ESI+): m/z [M + Na*] calcd for CoH;sNONa: 176.1046; found:
176.1051.

1-Phenyl-4-azaspiro[2.4]heptan-5-one (6d)

Obtained according to the general procedure using phenethyl magne-
sium bromide (prepared from phenethyl bromide in Et,0, [C] = 1.00
M). Purification by flash chromatography (100:0 to 90:10, EtOAc/iP-
rOH) provided 6d as a mixture of diastereoisomers from which only
the major diastereoisomer was isolated (97:3, 99 mg, 53%).

Major diastereoisomer isolated as a white solid; mp 100-102 °C; R,=
0.30 (100%, EtOAc); tg = 20.2, 27.9 min (32% ee).

IR (neat): 3200, 3084, 2929, 1687, 1605, 1499, 1451, 1352, 1251,
1203, 910, 730 cm™.

H NMR (CDCls, 400 MHz): § = 8.12 (brs, 1 H, NH), 7.31-7.26 (m, 2 H,
Hp), 7.21-7.17 (m, 1H, Hp,), 7.09-7.06 (m, 2 H, H,,), 2.50-2.32 (m,
3 H, CH,C=0, CH), 1.89 (ddd, J = 13.2, 9.9, 6.8 Hz, 1 H, CH,CH,C=0),
1.80 (ddd, J = 13.2, 9.9, 6.3 Hz, 1 H, CH,CH,C=0), 1.42 (dd, J = 10.0,
6.7 Hz, 1 H, CH,), 1.18 (dd, ] = 6.7, 6.8 Hz, 1 H, CH,).

13C NMR (CDCls, 100 MHz): & = 178.3 (C=0), 137.6 (C,,), 128.4 (2
CHy,), 127.8 (2 CHy,), 126.2 (CHy,), 45.5 (C), 31.1 (CH,C=0), 27.2 (CH),
24.3 (CH,CH,C=0), 16.1 (CH,).

HRMS (ESI+): m/z [M + Na*] calcd for C;,H;3NONa: 210.0889; found:
210.0885.

1-Benzyl-4-azaspiro[2.4]heptan-5-one (6e)?!

Obtained according to the general procedure using 3-phenylpropyl-
magnesium bromide (prepared from 3-phenyl-1-bromopropane in
Et,0, [C] = 0.88 M). Purification by flash chromatography (100:0 to
90:10, EtOAc/iPrOH) gave 6e as a mixture of diastereoisomers from
which only the major diastereoisomer was isolated (91:9, 161 mg,
80%).

Minor diastereoisomer; tg = 19.3, 21.7 min (47% ee).

Major diastereoisomer isolated as a yellow oil; Ry = 0.26 (100%,
EtOAc); tg =27.5,44.0 min (21% ee).
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IR (neat): 3194, 3062, 2922, 1687, 1454, 1357, 1248, 730, 698 cm'.

1H NMR (CDCls, 400 MHz): 8 = 7.73 (br s, 1 H, NH), 7.30-7.25 (m, 2 H,
Hp,), 7.22-7.17 (m, 3 H, Hy,), 2.67-2.56 (m, 2 H, CH,Ph), 2.49 (ddd, J =
17.0, 9.9, 7.1 Hz, 1 H, CH,C=0), 2.38 (ddd, J = 17.0, 9.9, 5.7 Hz, 1H,
CH,C=0), 2.22 (ddd, J = 12.9, 9.9, 7.1 Hz, 1 H, CH,CH,C=0), 1.98 (ddd,
J=129, 9.9, 5.7 Hz, 1 H, CH,CH,C=0), 1.37-1.33 (m, 1H, CH), 1.06
(dd,J=9.8,6.0 Hz, 1 H, CH,), 0.46 (dd, J = 6.4, 6.0 Hz, 1 H, CH,).

13C NMR (CDCl;, 100 MHz): 8 = 178.0 (C=0), 140.7 (Ca,), 128.5 (2
CH,), 128.0 (2 CHp), 1262 (CH,), 43.3 (C), 35.2 (CH,Ph), 31.3
(CH,C=0), 24.8 (CH,CH,C=0), 21.4 (CH), 17.6 (CH,).

HRMS (ESI+): m/z [M + Na*] calcd for C,3H;sNONa: 224.1046; found:
224.1043.

1-Allyl-4-azaspiro[2.4]heptan-5-one (6f)

Obtained according to the general procedure using pent-4-enylmag-
nesium bromide (prepared from 1-bromopent-4-ene in Et,0, [C] =
1.24 M). Purification by flash chromatography (100:0 to 90:10,
EtOAc/iPrOH) provided 6f as a mixture of diastereoisomers from
which only the major diastereoisomer was isolated (90:10, 109 mg,
72%).

Major diastereoisomer isolated as a yellow oil; Ry = 0.35 (100%,
EtOAc); tg = 13.6, 16.9 min (31% ee).

IR (neat): 3207, 3080, 2920, 2851, 1687, 1460, 1357, 1251, 998, 912
cm™,

H NMR (CDCls, 400 MHz): & = 7.57 (br s, 1 H, NH), 5.84 (ddt, ] = 17.4,
104, 5.9 Hz, 1 H, CH=CH,), 5.05 (dd, J = 17.4, 1.8 Hz, 1 H, CH,=CH),
498 (dd, J = 10.4, 1.8 Hz, 1 H, CH,=CH), 2.52-2.35 (m, 2 H, CH,C=0),
2.16 (ddd, | = 12.8, 9.7, 7.2 Hz, 1 H, CH,CH,C=0), 2.07-1.87 (m, 3 H,
CH,CH,C=0, CH,CH=CH,), 1.07 (dddd, ] = 9.8, 7.7, 6.9, 6.2 Hz, 1 H, CH),
0.96 (dd, J = 9.8, 5.9 Hz, 1 H, CH,), 0.31 (dd, ] = 6.2, 5.9 Hz, 1 H, CH,).

13C NMR (CDCl, 100 MHz): 8 = 177.9 (C=0), 136.9 (CH=CH,), 115.0
(CH,=CH), 42.9 (C), 333 (CH,CH=CH,), 313 (CH,C=0), 24.5
(CH,CH,C=0), 19.8 (CH), 17.0 (CH,).

HRMS (ESI+): m/z [M + Na*] calcd for CoH;3NONa: 174.0895; found:
174.0903.

1-Vinyl-4-azaspiro[2.4]heptan-5-one (6g)*°

Obtained according to the general procedure using but-3-enylmagne-
sium bromide (prepared from 1-bromobut-3-ene in Et,0, [C] = 0.62 M).
Purification by flash chromatography (100:0 to 90:10, EtOAc/iPrOH) af-
forded 6g as a mixture of diastereoisomers from which only the major
diastereoisomer was isolated (13:87, 74 mg, 54%).

Major diastereoisomer isolated as an orange oil; Ry = 0.29 (100%,
EtOAc); tg=11.7, 15.4 min (26% ee).

IR (neat): 3184, 3074, 1696, 1658, 1632, 1370 cm".

TH NMR (CDCl,, 400 MHz): & = 7.88 (br s, 1 H, NH), 5.51 (ddd, J = 17.0,
10.2, 8.8 Hz, 1 H, CH=CH,), 5.06 (dd, J = 17.0, 1.7 Hz, 1 H, CH,=CH),
499 (dd, J = 10.2, 1.7 Hz, 1 H, CH,=CH), 2.53-2.30 (m, 2 H, CH,C=0),
2.21-2.10 (m, 1 H, CH,CH,C=0), 2.01 (ddd, J = 12.8, 9.4, 5.9 Hz, 1 H,
CH,CH,C=0), 1.56-1.51 (m, 1H, CH), 0.95 (dd, J = 9.2, 6.4 Hz, 1H,
CH,), 0.87 (dd, ] = 6.4, 6.3 Hz, 1 H, CH,).

13C NMR (CDCl5, 100 MHz): & = 178.6 (C=0), 135.8 (CH=CH,), 115.0
(CH,=CH), 44.9 (C), 30.9 (CH,C=0), 29.8 (CH,CH,C=0), 27.2 (CH), 17.3
(CH,).

HRMS (ESI+): m/z [M + Na*] calcd for CgH;;NONa: 160.0738; found:
160.0737.

((4R,5R)-2,2-Dimethyl-1,3-dioxolane-4,5-diyl)bis(bis(2-methoxy-
phenyl)methanol) (15)

To a solution of diethyl 2,2-dimethyl-1,3-dioxolane-4,5-dicarboxyl-
ate*? (2.42 mg, 11.08 mol) in THF (11 mL) was added 2-methoxyphe-
nyl magnesium bromide (67 mmol) dropwise at 0 °C. The resulting
mixture was stirred overnight at r.t. then 3 M aq. HCl solution was
added dropwise at 0 °C. EtOAc was added, the layers were separated
and the aqueous phase was extracted with EtOAc (2 x 20 mL). The
combined organic layers were washed with brine, dried over MgSO,,
filtered and the solvents were removed in vacuo. Purification by flash
chromatography (80:20, cyclohexane/EtOAc) afforded 15 (3.04 g, 47%)
as a yellow foam; mp 212-214 °C; R,= 0.32 (80:20, cyclohexane/EtOAc);
[a]p2 = +113.6 (¢ 1.03, CHC;).

IR (neat): 3507, 2978, 2935, 2834, 1601, 1583, 1486, 1235, 1089, 1030
cm !,

'H NMR (CDCl;, 400 MHz): § = 7.95 (dd, J = 7.9, 1.7 Hz, 2 H), 7.71 (dd,
J=17.5,2.1 Hz, 2 H), 7.08 (ddd, J = 8.2, 7.3, 1.7 Hz, 2 H), 6.93 (ddd, J =
8.0, 7.3, 1.4 Hz, 2 H), 6.79 (td, ] = 7.5, 2.1 Hz, 2 H), 6.75 (td, ] = 7.5,
1.7 Hz, 2 H), 6.67 (dd, J = 8.2, 1.2 Hz, 2 H), 5.91 (dd, J = 7.9, 1.4 Hz,
2H), 5.67 (s, 2 H, OH), 5.25 (s, 2 H, CH), 3.36 (s, 6 H, CH;0), 3.11 (s,
6 H, CH;0), 1.59 (s, 6 H, CHC).

13C NMR (CDCls, 100 MHz): 8 = 157.1 (2 Ca), 154.9 (2 Cy,), 132.7 (2
Ca.), 132.5 (2 CHy,), 131.5 (2 Cy,), 128.0 (2 CHy,), 127.1 (2 CH,,), 126.8
(2 CH,,), 119.4 (2 CH,,), 118.6 (2 CHy,), 113.4 (C(CH5),), 112.3 (2 CH,,),
110.5 (CH,,), 80.2 (2 COH), 79.3 (2 CH), 56.0 (2 CH,0), 53.5 (2 CH;0),
28.3 (2 CHs).

HRMS (ESI+): m/z [M + Na*] calcd for C35H;330gNa: 609.2459; found:
609.2462.
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