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Abstract—The inter- and intramolecular coupling of imines promoted by samarium diiodide and Lewis acids or by Zn/MsOH was
extensively studied. The intramolecular reaction of chiral, enantiomerically pure bis-imines was also considered, and allowed the
efficient, stereoselective synthesis of 1,2-diamines with C,-symmetry. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The pinacol coupling of imines is one of the most
straightforward procedures for the synthesis of 1,2-
diamines,' a class of compounds that have found
widespread applications in medicinal’* and analytical
chemistry,! as well as in the field of stereoselective
organic synthesis.! In its intermolecular version, the
coupling methodology is generally limited to the prepa-
ration of symmetrical 1,2-diamines,' 32 although sig-
nificant achievements were recently reported for the
synthesis of unsymmetrical diamines and amino alco-
hols.®1921:22 A few years ago, we started a project
aimed at the study of the samarium diiodide-mediated
intermolecular coupling of imines,?® and we now wish
to report herein our final results concerning both the
inter- and intramolecular version of this reaction.

2. Intermolecular coupling reactions

Samarium diiodide has been exploited extensively for
the pinacol coupling of carbonyl compounds.>** The
extension of the procedure to azacarbonyl derivatives,
such as imines, generally requires stronger reaction
conditions due to the lower reactivity of these sub-
strates. Our previous studies focused on the combined
use of Sml, and Yb(OTf), to promote an efficient and
stereoselective coupling of imines to give chiral 1,2-

* Corresponding authors. E-mail: lauramaria.raimondi@unimi.it
T Unexpectedly,®”!%?4 the corresponding 2-methoxy derivative was
also completely unreactive in these conditions.

diamines in mild reaction conditions.?* For instance,
while the homocoupling of N-benzyl-benzaldimine 1 in
the presence of Sml, required refluxing in THF for 15
h to give a 57/43 syn/anti mixture of the corresponding
1,2-diphenyl-1,2-dibenzylaminoethane in 53% yield, the
reaction proceeded smoothly at room temperature with
both Sml, and Yb(OTTY); in 81% yield, affording the syn
diastereoisomer exclusively (Table 1, entries 1, 2). This
effect was attributed to the high capability of Yb(OTf),
to coordinate imines, aiding nucleophilic attack at the
carbon atom.?®> We extended the homocoupling reac-
tion to various imines bearing different C- and N-
residues, and the results obtained for different
N-benzylimines are collected in Table 1.

As was the case with N-benzyl-benzaldimine 1, the
N-benzylimines of different aromatic aldehydes under-
went the coupling reaction in the presence of Sml, and
Yb(OTf); at room temperature, with variable results. In
particular, derivatives of aldehydes bearing an electron-
withdrawing group, such as N-benzyl-4-fluorobenz-
aldimine 2, reacted in good chemical yields, but with
low syn selectivity (entry 3). On the other hand, 4-
methoxy-substituted imine 3 gave a 70/30 mixture of
the corresponding syn and anti 1,2-diamines 10a,b in
extremely low chemical yields (entry 4)." The N-benzyl-
imines of heteroaromatic aldehydes displayed more
erratic behavior: in the case of N-benzyl-2-(6-
methyl)pyridylimine 4, only the syn isomer 1la was
formed in the coupling reaction, although in poor yields
(entry 5). N-Benzyl-2-thiophenylimine 5 reacted in fair
yields but with low stereoselection; not unexpectedly,
the reaction of furylimine 6 gave a complex mixture of
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Table 1. Homocoupling reactions of N-benzylimines 1-7

,Bn Sml, (2 eq)

NHBn NHBn
N Yb(OTf)3 (1 e
] (OTf)3 (1 eq) R AR
R =
THF, 15h NHBn NHBn
1-7 syn-8a-13a anti-8b-13b
Imine R T (°C) Yield (%) Product syn|anti
1 1 Ph 65 53ab 8a,b 57/43%>
2 1 Ph 20 81° 8a >98/2%
3 2 4-F-Ph 20 952 9a,b 60/40*
4 3 4-MeO-Ph 20 20* 10a,b 70/30*
5 4 2-(6Me)-Py 20 12¢ 11a >98/2¢
6 5 2-Thiophenyl 20 55 12a,b 67/33
7 6 2-Furyl 20 d - -
8 7 Cy 65° b.d - -
9 7 Cy 20 14 13a,b 70/30

# See Ref. 23.
®In the absence of Yb(OTf);.

¢ The use of 2 equiv. of Yb(OTY); led to impressive decreases of both chemical yield (<10%) and stereoselectivity (50/50).

4 A complex mixture of coupling products was obtained.
¢ Lowering the reaction temperature to 20°C was not effective.

different coupling products, due to the radical nature of
the reaction and the high reactivity of the furan moiety
(entries 6, 7).

The use of imines derived from aliphatic aldehydes
(such as cyclohexanecarboxaldehyde) was seriously
hampered by isomerization of the imine moiety: the
resulting mixture of imines underwent the coupling
reaction, affording a regio- and diastereoisomeric mix-
ture of 1,2-diamines (entry 8). Only when the reaction
was performed in the presence of both Sml, and
Yb(OTf); at room temperature the desired products
13a,b were isolated in poor chemical yield and in a
70/30 diastereoisomeric ratio (entry 9). The yields and
stereoselectivities seem to be mainly affected by the
stereoelectronic nature of the substituent, that influence
the redox potential of the imine.

This procedure appears to be more effective with N-
benzylimines of aromatic (and sometimes heterocyclic)
aldehydes, the worst results being obtained with benz-
aldimine and electron-rich aromatic aldehyde
derivatives.

We also investigated the behavior of various benz-
aldimines bearing different N-substituents; the results
are collected in Table 2. Imines derived from aromatic
amines are not good substrates for this reaction: N-
phenylbenzaldimine 14 underwent the pinacol coupling
in the presence of Sml, in good chemical yields, but
with low stereoselectivity; addition of Yb(OTf); was
detrimental to the chemical yield and did not improve
the syn/antiratio (entries 1, 2). 4-N-methoxyphenylbenz-
aldimine 15 was unreactive in these conditions (entry

3).} Better results were obtained with N-z-butylbenz-
aldimine 16, which reacted smoothly with Sml, to give
the corresponding 1,2-diamine 20a,b in good yield but
low stereoselectivity; in this case, addition of Yb(OTf),
lowered the yield but led exclusively to the syn isomer
20a (entries 4, 5). Therefore, it seems that the presence
of an sp* carbon atom directly bound to the imine
nitrogen is essential to ensure both good chemical yields
and syn stereoselectivities.

The coupling procedure is highly effective with imines
of aliphatic amines with benzaldehyde or aromatic
aldehydes with an electron-withdrawing group on the
benzene ring. The use of aliphatic aldehydes is ham-
pered by the tendency of the corresponding imine to
isomerize under the reaction conditions. We also tested
the reaction of the non-isomerizable N-z-butyl-cyclo-
hexanecarboxyimine, but in all cases (with or without
Yb(OTY);, and independently of the temperature) only
the corresponding reduction product (N-z-butyl-N-
(cyclohexylmethyl)amine) was isolated.

In our previous studies, we considered the possibility of
controlling both the relative and absolute configuration
of the coupling products by using imines derived from
chiral, enantiomerically pure amines.>® Interesting
results were obtained in the reaction of imines 17 and
18, derived from (R)-1-phenylethylamine and (R)-1-
naphthylethylamine. Imine 17 coupled in fair yields
with Sml, only at 65°C, with low relative (syn/anti=61/

¥ Also in this case, the chelating capability of the imine residue has no
effect on the course of the Sml,-promoted coupling reaction. More
activated compounds, such as N-tosylbenzaldimine, were also unre-
active.
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Table 2. Homocoupling reactions of benzaldimines 14-18

2729

N’ Sml; (2 eq) NHR NHR NHR
Yb(OTf)3 (1 eq) Ph B
J Ph Ph Ph/k;/ ph >N
Ph : :
THF,15h NHR NHR NHR
14-18 syn-19a-22a anti-19b-22b syn-21c
Imine R T (°C) Yield (%) Product syn Janti
1 14 Ph 65 88 19a,b 65/35
2 14 Ph 20 23 19a.b 66/34
3 15 4-MeO-Ph b b - -
4 16 t-Bu 65 75% 20a,b 55/45
5 16 t-Bu 20 40 20a >98/2
6 17 (R)CHMePh 65 532 2la-c 61/39¢
7 17 (R)CHMePh 20 864 2la—c¢ 62/38¢
8 17 (R)CHMePh —-20 85¢ 2la-—c 64/36°
9 18 (R)CHMeNaph 20 234 22a,b 65/358

* Without addition of Yb(OTY);.

> The presence of Yb(OTf); and the reaction temperature were ineffective: no coupling products were obtained in any case.

¢ Two syn diastereoisomers were isolated in a 77/23 ratio.
4 See Ref. 23.

¢ Two syn diastereoisomers were isolated in a 75/25 ratio.
Two syn diastereoisomers were isolated in a 89/11 ratio.
2 A single syn diastereoisomer was isolated.

39) and absolute (synl/syn2=77/23) stereocontrol
(entry 6). The presence of Yb(OTf); allowed for better
yields (86%), without significant effect on the stereose-
lectivity (entry 7). Lowering the reaction temperature to
—20°C gave diamines 21a—c¢ with unchanged yield and
syn-selectivity, while the ratio of the two syn isomers
21a and 21c slightly improved (89/11; entry 8). The use
of the more hindered imine 18 did not significantly
improve the syn/anti ratio of the corresponding 1,2-
diamines. Although these products were obtained in
low chemical yields (entry 9), only one syn isomer (22a)
was produced in this case.’ The syn/anti ratio achieved
with chiral N-(R)-arylethylimines is thus limited to the
value of 65/35 at best."

3. Intramolecular coupling reactions

We also explored the intramolecular coupling reaction
of chiral bis-imines, with the aim of obtaining enan-
tiomerically pure C,-symmetric 1,2-diamines in good
chemical yields. Bis-imine 23, derived from benzylamine
and (R)-6,6'-dimethyldiphenyl-2,2’-dialdehyde, easily
obtainable as a single enantiomer with standard reac-
tions,?%?7 was selected as a model substrate. The results
are collected in Table 3. The use of Sml, alone required
refluxing in THF for the coupling reaction to occur in

S The absolute configuration of compounds 2la-c and 22a,b was
assigned on the basis of NMR evidence and literature data.?

1 Unexpectedly,” the coupling of imines derived from benzaldehyde
and chiral, enantiomerically pure amino alcohols such as (1S,2R)-
norephedrine did not give satisfactory yields of the corresponding
1,2-diamines.

decent yields; only a single diastereoisomer (R)-24a was
isolated from the reaction mixture, the C,-symmetric,
trans configuration being easily assigned on the basis of
the '"H NMR spectrum (entries 1, 2). Unexpectedly,
addition of Yb(OTf); was detrimental to the reaction
stereoselectivity, since a second C,-symmetric cis
diamine was obtained as the minor sterecoisomer (trans/
cis=70/30; entry 3). The use of BF;-Et,0O, a Lewis acid
incapable of chelation, led to complete trans selectivity,
although in low chemical yields (entry 4).%® The use of
other additives commonly employed in combination
with SmlI,, such as HMPA? and LiCl,*° was detrimen-
tal to both chemical yields and stereoselectivity.l In a
further effort to achieve the synthesis of the C,-symmet-
ric trans-1,2-diamine in good yield, we turned to a
different coupling approach, namely the one promoted
by metallic zinc in the presence of a protic species such
as methanesulphonic acid.>! Under these conditions
reaction occurred to afford (R)-24a in 51% yield with
complete trans stereoselectivity (entry 6).

Since both frans isomers possess C,-symmetry, they can
be easily distinguished from their C,-symmetric cis
counterparts via NMR spectroscopy, and the trans/cis
ratio readily determined. By no means, however, were
we able to assign the absolute configuration to the
newly formed stereocenters in 24a and 24b. Both com-
pounds are waxy solids, and are thus unsuitable for
crystallographic analysis. Inspection of molecular mod-
els and computational techniques (MM3%),32 on the
other hand, were inconclusive. In fact, trans-(R,R,R)-
24a (Fig. 1) was calculated to be more stable than its

I Traces of diamine 26 were observed only with HMPA (entry 5).
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Table 3. Intramolecular coupling reactions of chiral, enantiomerically pure (R)-23

Ol
" ~Bn

reducing agent
additive

X, ..B
o

THF / 20h O

(R)-23 (R)-24a,b
Reducing agent Additive T (°C) Yield (%) trans cis

1 Sml, (4) - 20 8 -

2 Sml, (4) - 65 31 >98/2
3 Sml, (4) Yb(OTf); (2) 202 37 70/30

4 Sml, (4) BF;-Et,0 (2) 65° 18 >98/2
5 Sml, (4) HMPA (12) 65 5 -

6 Zn (5) MsOH (5) 0-20 51 >98/2

4 Refluxing in THF worsened both yield and stereoselectivity.
b At 20°C no reaction was observed.

24a (trans, C, symmetry)

N.
T Bp

.Bn

(RRS)

(RS,R)

Figure 1. Possible diastereoisomeric structures for compounds
24a and 24b.

(R,S,S) isomer of ca. 3 kcal/mol. However, the starting
imine (R)-23 exists in a unique conformation (with both
C=N bonds having E geometry), and can react with the
formation of (R,S,S)-isomer only. The presence of a
single, C,-symmetric trans isomer can thus derive either
from a complete thermodynamic control (with the for-
mation of (R,R,R)-24a) or from a complete kinetic
control (leading exclusively to (R,S,S)-24a). Formation
of the C,-symmetric cis isomer 24b was observed only
in the presence of Yb(OTf);: intramolecular chelation
of both nitrogens by ytterbium, with the formation of a
flexible nine-membered ring, probably stabilizes other
configurations for the imine moieties and, as a conse-

quence, allows the formation of the minor cis-1,2-
diamine. Even if the two possible isomers for cis-24b
were calculated to be isoenergetic, only one was
observed experimentally, suggesting that the reaction is
under kinetic control. By analogy, the (R,S,S) configu-
ration can be tentatively assigned to trans 24a.

With the aim of finding more reactive substrates for the
synthesis of enantiomerically pure C,-symmetric 1,2-
diamines, bis-imines derived from (R,R)-1,2-diaminocy-
clohexane and aromatic aldehydes were considered.
Both the procedures employed in the case of (R)-23, i.e.
the use of Sml, in conjunction with various additives,
and the procedure employing zinc and methanesul-
phonic acid, were tested. Significant results are collected
in Table 4. Since the use of Yb(OTY); in the intramolec-
ular coupling reaction of imines promoted by Sml, was
ineffective, BF;-Et,O was employed as the Lewis acid.?®
Dibenzaldimine (R,R)-25 readily coupled intramolecu-
larly in the presence of Sml, in refluxing THF; under
these conditions, we achieved the synthesis of the enan-
tiomerically pure C,-symmetric, trans 1,2-diamine 29 in
good chemical yields and with complete stereoselectiv-
ity (entry 1), to which the (R,R,S,S) absolute configura-
tion was assigned.** At room temperature, the reaction
was completely stereoselective, but 29 was recovered in
only 22% yield. In the presence of other additives, such
as HMPA,*® Nil,,°* Me;SiCL** or LiCL* no pinacol
reaction occurred. Also in the reaction of (R,R)-25, the
coupling promoted by zinc and methanesulphonic acid
was more efficient, allowing recovery of (R,R,S,S)-29 in
82% yield (entry 3). The better performance of the
Zn/MsOH procedure were confirmed also in the reac-
tion of other arylimines, such as (R,R)-26-28 (entries
4-8): a single isomer was always obtained in good
chemical yields. As previously observed for the inter-
molecular coupling, the imines derived from aromatic
aldehydes bearing electron-withdrawing groups, such as
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Table 4. Intramolecular coupling reactions of chiral, enantiomerically pure (R,R)-25-28

reducing agent
additive

O’NVAI’
. =
‘N> Ar

THF / 20h

H
O,NJ,AI’
“INTAr

H

(R,R)-25-28 (R,R,S,S)-29-32
Imine Ar Reducing agent (eq.) Additive (eq.) T (°C) Yield (%) Product
1 25 Ph Sml, (4) BF;Et,0 (2) 65 60 29
2 25 Ph SmlI, (4) BF;-Et,0 (2) 20 22 29
3 25 Ph Zn (5) MsOH (5) 0-20 82 29
4 26 4-F-Ph SmlI, (4) BF;-Et,0 (2) 65 42 30
5 26 4-F-Ph Zn (5) MsOH (5) 0-20 84 30
6 27 4-MeO-Ph SmlI, (4) BF;-Et,0 (2) 65 44 31
7 27 4-MeO-Ph Zn (5) MsOH (5) 0-20 41 31
8 28 2-TBSO-Ph Zn (5) MsOH (5) 0-20 422 322

#Only the desilylated product was isolated.

4-fluorobenzaldehyde, were more reactive: (R,R)-26
reacted with Sml, and BF;-Et,O in 42% yield only, but
in 84% yield with the Zn/MsOH couple (entries 4, 5).
The 4-methoxyphenyl derivative (R,R)-27, on the other
hand, gave, under all reaction conditions, compound
(R,R,S,S)-31 in less than 50% yield (entries 6, 7).
Bis-imines derived from hydroxyaldehydes decomposed
under all reaction conditions; however, the correspond-

Iy
“INTPh

(a) |

O',,N U

(RRS,S)-29

(d) Ph

(RRS,S)-34

ing z-butyldimethylsilyl derivative (imine 28) smoothly
reacted in the presence of Zn/MsOH to afford desilyl-
ated (R,R,S,S5)-32 in 42% yield (entry 8).** We can
conclude that the procedure featuring metallic zinc and
methanesulphonic acid allows the synthesis of enan-
tiomerically pure C,-symmetric 1,2-diamines more
efficiently than when the reaction was promoted by
Sml, and Lewis acids.

(RRS,S)-33

Ph Ph
o Cr X
“Ph "IN "Ph

o
(RRS,S)-35

@-@

(RRR,S,S,S)-36

Scheme 1. Reagents and conditions: (a) allyl bromide, NaH, THF, 65°C, 18 h, 52%; (b) PhCOCI, TEA, CH,Cl,, 0-20°C, 20 h,
90%; (¢) LAH, THF, 65°C, 8 h, 64%; (d) phthaloyl chloride, NaH, THF, 65°C, 27 h, 56%.

** The absolute configuration of C,-symmetric diamines 30-32 was assigned by analogy with 29 on the basis of the NMR spectra.
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Further functionalization of 29 is under investigation
(Scheme 1): direct allylation to give the corresponding
tertiary diamine 33 was easily achieved using standard
conditions, while no direct benzylation occurred; to
synthesize 35, benzoylation of 29 and subsequent reduc-
tion of the bis-amide 34 was necessary. Interestingly,
tetracyclic compound 36, which can be converted to a
sort of chiral DABCO, was easily obtained by reaction
of 29 with phthaloyl chloride. Further reduction of the
amide groups, however, was not easily achieved, since
breaking of the strained C(O)-N bond occurred prefer-
entially, with formation of decomposition products.
Derivatives 34 and 36 may find interesting applications
as chiral ligands,** while amines 29-32 represent a good
starting material for the preparation of chiral organic
catalysts.>®

4. Conclusions

In conclusion, the scope and limitation of the homo-
coupling pinacol-type reaction of imines in the presence
of Sml, and Yb(OTf); or BF;Et,O were investigated.
This procedure was extended to the synthesis of C,-
symmetric enantiomerically pure 1,2-diamines via
intramolecular coupling: in these cases, a different
methodology employing metallic zinc and methanesul-
phonic acid was found to be more convenient. The
synthesis of some chiral, enantiomerically pure C,-sym-
metric 1,2-diamines and their derivatives was thus
achieved in good chemical yields and with complete
stereoselectivity.

5. Experimental

Elemental analyses were performed on a Perkin—-Elmer
240 instrument. 'H and '*C NMR spectra were
recorded on a Bruker AM300 spectrometer at 300.133
and 75.47 MHz, respectively, in CDCI, as solvent; 'H
chemical shifts are reported in J relative to TMS; 3C
chemical shifts are reported in Hz. IR spectra were
recorded in CH,CIl, solution on a Perkin—Elmer 1725
FTIR spectrometer. Optical activities were measured
with a Perkin—Elmer 241 polarimeter. Melting points
are uncorrected.

Silica gel (230-400 mesh) was used for flash chromatog-
raphy. Dry solvents were distilled as follows: THF from
Na and benzophenone (twice); CH,Cl, from CaH,; dry
solvents were kept under a nitrogen atmosphere.
HMPA was distilled from CaH, (in vacuo) and stored
under a nitrogen atmosphere over 4 A molecular sieves.
All reactions employing dry solvents were run under a
nitrogen atmosphere. Commercially available (Aldrich)
0.1 M solution of Sml, in dry THF was used in the
coupling procedure.

All imines were prepared as previously described,” and
used without further purification.

5.1. General procedure for the synthesis of 1,2-diamines
promoted by Sml,

To a stirred 0.1 M solution of the required imine in dry
THF, kept under a argon atmosphere at the desired
temperature, the required amounts of additive and of
0.1 M Sml, in THF were added (see Tables 1-4); the
reaction was allowed to stand at the desired tempera-
ture for 15-20 h, then quenched with saturated aqueous
NaHCO; and filtered through a Celite pad. The two
phases were separated, and the aqueous layers extracted
twice with CH,Cl,. The organic extracts were then
washed with saturated aqueous Na,SO,, dried over
Na,SO, and filtered before removal of the solvent
under reduced pressure. The crude products were
purified by flash chromatography; reaction conditions,
chemical yields and diastercoisomeric ratios are col-
lected in Tables 1-4.

5.2. General procedure for the intramolecular coupling
of 1,2-bis-imines promoted by Zn and MsOH

To a stirred 0.1 M solution of the required bis-imine in
dry THF, kept under a argon atmosphere at 0°C, 5
equiv. of metallic Zn and 5 equiv. of methanesulphonic
acid were added. The reaction was allowed to stand at
rt for 20 h, then quenched with saturated aqueous
NaHCO; and filtered; the salts were washed with Et,O.
The two phases were separated, and the aqueous layers
extracted twice with CH,Cl,. Organic phases were dried
over Na,SO, and filtered before removal of the solvent
under reduced pressure. The crude products were
purified by flash chromatography; reaction conditions,
chemical yields and diastercoisomeric ratios are col-
lected in Tables 3 and 4.

Diamines 8,38 9’23 10’23,39 19’40 20’13 21’23 22’23 29’33 are
known compounds.

Compound 11a was purified with hexanes/Et,O 50/50 as
eluents. Found: C, 79.65; H, 7.10; N, 13.31%; C,gH;(N,
requires C, 79.59; H, 7.16; N, 13.26; '"H NMR: §=7.43
(t, J=7.0 Hz, 2H), 7.27-7.13 (m, 10H), 6.97 (d, J=7.0
Hz, 2H), 7.00 (d, J=7.0 Hz, 2H), 4.05 (s, 2H), 3.60 (B
part of an AB system, J=10.0 Hz, 2H), 3.40 (B part of
an AB system, J=10.0 Hz, 2H), 2.49 (s, 6H).

Compounds 12a,b were purified with hexanes/Et,O 50/
50 as eluents. Found: C, 71.17; H, 5.96; N, 6.99;
C,,H,,N,S, requires C, 71.25; H, 5.98; N, 6.93%. 12a:
'H NMR: §=7.27-7.00 (m, 8H), 7.33 (dd, J=7.0, 1.0
Hz, 4H), 7.00 (m, 4H), 4.05 (s, 2H), 3.67 (B part of an
AB system, J=13.5 Hz, 2H), 3.40 (B part of an AB
system, J=13.5 Hz, 2H). 12b: '"H NMR: §=7.37-7.23
(m, 12H), 6.87 (dd, J=6.5, 4.5 Hz, 2H), 6.73 (d, /=6.5
Hz, 2H), 4.04 (s, 2H), 3.80 (B part of an AB system,
J=8.0 Hz, 2H), 3.60 (B part of an AB system, J=38.0
Hz, 2H).

Compounds 13a,b were purified with hexanes/Et,O 50/
50 as eluents. Found: C, 83.20; H, 9.92; N, 6.89;
C,sH N, requires C, 83.11; H, 9.96; N, 6.92%. 13a: 'H
NMR: 6=7.40-7.20 (m, 10H), 3.72 (AB system, J=
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12.0, 4H), 2.43 (d, J=4.0 Hz, 2H), 1.90 (m, 2H),
1.87-1.00 (m, 20H). 13b: '"H NMR: 6=7.40-7.20 (m,
10H), 3.67 (AB system, J=6.0, 4H), 2.10 (d, J=7.0 Hz,
2H), 1.92 (m, 2H), 1.87-1.00 (m, 20H).

Compounds 24a,b were purified with CH,Cl,/MeOH
95/5 as eluents. Found: C, 86.14; H, 7.19; N, 6.64;
C;H;0N, requires C, 86.08; H, 7.22; N, 6.69%. 24a:
[2]®=+152° (¢ 0.548, CH,CL,); '"H NMR: §=7.33-7.20
(m, 16H), 3.90 (s, 2H), 3.75 (s, 4H), 2.32 ( s, 6H); '*C
NMR: 6=130.8, 128.2, 128.0, 127.8, 126.7, 61.1, 51.05,
20.8. 24b: 'H NMR: 6=7.38-7.10 (m, 16H), 3.96 (B
part of an AB system, J=13.5 Hz, 2H), 3.75 (m, 4H),
2.31 (s, 3H), 2.28 (s, 3H).

Compound 30 was purified with CH,Cl,/MeOH 95/5 as
eluents. Found: C, 73.15; H, 6.75; N, 8.53; C,,H,,N,F,
requires C, 73.08; H, 6.79; N, 8.61%; mp 85-88°C;
[2]¥=-61.0° (¢ 0.384, CH,Cl,); 'H NMR: §=7.07 (dd,
J=5.5, 8.6 Hz, 4H), 6.83 (t, J=8.6 Hz, 4H), 3.77 (s,
2H), 2.65 (m, 2H), 1.78 (m, 4H), 1.43 (m, 4H); *C
NMR: 6=163.6, 160.3, 136.6, 129.6, 129.5, 114.8,
114.5, 113.3, 67.7, 61.3, 31.5, 24.75.

Compound 31: the compound was purified with CH,Cl,/
MeOH 95/5 as eluents. Found: C, 75.02; H, 7.97; N,
8.00; C,,H,4N,0, requires C, 74.97; H, 8.01; N, 7.95%;
mp 108-125°C; [«¢]®=-114.7° (¢ 0.204, CH,CL,); 'H
NMR: 6=7.08 (d, /=8.2 Hz, 4H), 7.00 (d, J=8.2 Hz,
4H), 3.84 (s, 2H), 3.73 (s, 6H), 2.67 (m, 2H), 1.78 (m,
4H), 1.43 (m, 4H); '*C NMR: §=158.7, 153.9, 129.3,
113.3, 67.1, 61.1, 55.05, 31.2, 24.65.

Compound 32: the compound was purified with CH,Cl,/
MeOH 95/5 as eluents. Found: C, 74.01; H, 7.49; N,
8.67; C,,H,4N,O0, requires C, 74.05; H, 7.46; N, 8.64%;
mp 205-210°C; [«]®=-20.5° (¢ 1.186, CH,CL,); 'H
NMR: 6=7.09 (dt, /=7.8, 1.6 Hz, 2H), 6.87 (d, /=7.8
Hz, 2H), 6.45 (dt, J=7.8, 1.0 Hz, 2H), 6.15 (dd,
J=7.8,1.6 Hz, 2H), 4.20 (s, 2H), 2.73 (m, 2H), 1.83 (m,
4H), 1.43(m, 4H); '*C NMR: 6=156.8, 130.15, 129.0,
123.0, 118.65, 116.6, 63.3, 59.7, 31.4, 24.3.

Synthesis of 33: NaH (2.2 equiv.) was washed with
pentane and suspended in dry THF (10 ml) in a nitro-
gen atmosphere. A solution of (R,R,S,S)-29 (1 equiv.)
in dry THF (5 ml) was then added at rt. After 1 h, allyl
bromide (3.3 equiv.) was added dropwise; the reaction
was refluxed for 27 h and then quenched with saturated
aqueous NH,CI. The two phases were separated, and
the aqueous layers extracted twice with Et,O and twice
with CH,Cl,. Organic phases were dried over Na,SO,
and filtered before removal of the solvent under
reduced pressure. The compound was purified by flash
chromatography with hexanes/Et,0O 50/50 as eluents
(52%). Found: C, 83.78; H, 8.64; N, 7.57; C,sH;,N,
requires C, 83.82; H, 8.66; N, 7.52%; mp 110-116°C;
[«]®=-73.8° (¢ 0.336, CH,Cl,); 'H NMR: §=7.07-
6.93 (m, 10H), 5.91 (m, 2H), 5.07 (dd, /J=10.5, 1.2 Hz,
2H), 4.90 (dd, J=17.2, 1.4 Hz, 2H), 3.63 (s, 2H), 3.33
(B part of an AB system, J=16.0, 6.3 Hz, 2H), 2.91 (A
part of an AB system, J=16.0, 6.8 Hz, 2H), 2.54 (bd,
J=8.5 Hz, 2H), 2.27 (d, J=38.5 Hz, 2H), 1.80 (m, 2H),
1.32 (m, 4H).

Synthesis of 34: to a solution of benzoyl chloride (3
equiv.) and triethylamine (4 equiv.) in dry CH,CI, (5
ml) kept at 0°C under a nitrogen atmosphere, a solu-
tion of (R,R,S,S)-29 (1 equiv.) in 5 ml of dry CH,Cl,
was added. The reaction was kept at rt for 20 h, and
then quenched with H,O. The two phases were sepa-
rated, and the aqueous layers extracted twice with
CH,Cl,. Organic phases were dried over Na,SO, and
filtered before removal of the solvent under reduced
pressure. The compound was purified by flash chro-
matography with hexanes/Et,O 50/50 as eluents (90%)
Found: C, 81.52; H, 6.49; N, 5.53; C;,H;,N,O, requires
C, 81.57; H, 6.44; N, 5.60%; mp 228-230°C; [«]& =
+43.0° (¢ 0.360, CH,CL,); v1695cm™"; 'HNMR: 6 = 7.50—
7.15 (m, 20H), 5.51 (s, 2H), 3.80 (m, 2H), 1.78 (m, 4H),
1.53 (m, 4H); '*C NMR: 6=173.9, 135.9, 133.4, 130.1,
129.1, 128.4, 127.3, 126.0, 65.45, 56.6, 32.1, 25.1.

Synthesis of 35: LiAIH, (5 equiv.) was suspended in 20
ml of dry THF and kept under a nitrogen atmosphere.
(R,R,S,S)-34 dissolved in dry THF (10 ml) was added,
and the reaction mixture refluxed for 3.5 h, then
quenched with H,O (86.4 ml). Salts were filtered and
washed with Et,O; organics were then dried over
Na,SO, and filtered before removal of the solvent
under reduced pressure. The compound was purified by
flash chromatography with hexanes/Et,O 50/50 as elu-
ents (64%). Found: C, 86.31; H, 7.72; N, 5.98;
C;,HygN, requires C, 86.40; H, 7.68; N, 5.93%; mp
149-151°C; [«]¥ =-156.0° (¢ 0.442, CH,Cl,); '"H NMR:
0=17.23 (m, 12H), 6.98 (s, 8H), 3.85 (B part of an AB
system, J=16.5 Hz, 2H), 3.65 (s, 2H), 3.37 (A part of
an AB system, J=13.5 Hz, 2H), 3.00 (m, 2H), 1.60 (m,
2H), 1.27-1.07 (m, 4H); '*C NMR: 6=141.6, 129.2,
127.6, 127.5, 127.4, 126.5, 125.7, 75.0, 67.9, 56.1, 31.7,
25.1.

Synthesis of 36: NaH (2.2 equiv.) was washed with
pentane and suspended in dry THF (10 ml) in a nitro-
gen atmosphere. A solution of (R,R,S,S)-29 (1 equiv.)
in dry THF (5 ml) was then added at rt. After 1 h,
phthaloyl chloride (1 equiv.) was added; the reaction
was refluxed for 27 h, and then quenched with satu-
rated aqueous NH,CI. The two phases were separated,
and the aqueous layers extracted twice with Et,O and
twice with CH,Cl,. Organic phases were dried over
Na,SO, and filtered before removal of the solvent
under reduced pressure. The compound was purified by
flash chromatography with CH,Cl,/MeOH 95/5 as elu-
ents (56%). Found: C, 79.67; H, 6.24; N, 6.59;
C,sH,4N,0, requires C, 79.60; H, 6.20; N, 6.63%; mp
>250°C; [o]& =+248.0° (¢ 0.364, CH,Cl,); v 1695 cm™;
'H NMR: 6=7.65 (bs, 4H), 7.30 (bs, 8H), 7.03 (bs,
2H), 6.65 (bs, 2H), 6.07 (bs, 2H), 3.37 (bs, 2H), 1.86 (m,
2H), 1.33-1.13 (m, 6H); '*C NMR: 6=171.1, 139.8,
128.9, 127.1, 126.1, 124.1, 59.0, 33.5, 24.4.
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