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Guanidines are categorized as strong organobases; however, their catalytic utility in organic synthesis has
not been discussed thoroughly. The author’s group has extensively and systematically studied their potential abil-
ity focusing on: 1) modified guanidines as chiral auxiliaries; 2) guanidinium ylides for aziridine formation; 3) the
affinity of bisguanidine for proton and metal salts; and 4) the potential chirality of bisguanidine. Under the first
topic, a variety of chiral guanidines was designed by the introduction of chirality on the three guanidinyl nitro-
gens, and the modified guanidines prepared using our original methods were found to be effective not only in cat-
alytic but also in stoichiometric asymmetric syntheses. Under the second topic, the reaction of guanidinium salts
carrying a glycinate function with aromatic or unsaturated aldehydes under basic conditions unexpectedly af-
forded aziridine-2-carboxylates, which were available as useful building blocks in organic synthesis due to their
convertibility to functionalized amino acid derivatives in the ring-opening reaction, together with urea com-
pounds recyclable to the starting guanidinium salts. The introduction of a chiral template to the guanidinium
salt allowed us to expand the cyclic aziridination reaction to an asymmetric version. Under the third topic, effec-
tive complexabilty of bisguanidines with either proton or metal ions in water was observed, suggesting their pos-
sible application to the removal of toxic substances from polluted water and recovery of rare elements as material
sources. Under the final topic, monomethylation or monoethylation of bisguanidine afforded a chiral product via
asymmetric crystallization, indicating that bisguanidines have a potential chiral character due to the plane

asymmetry.

Key words

We introduced 2-chloro-1,3-dimethylimidazolinium chlo-
ride (1), which appears in ‘The Merck Index’ (13th ed.) as
DMC (no. 3234 on p. 596), as a powerful reagent with multi-
ple functions in synthetically useful reactions such as chlori-
nation, oxidation, reduction, and rearrangement, in addition
to the fundamental dehydration reaction under nearly neutral
conditions.'™ On the other hand, we found that DMC (1) is
easily reacted with various primary amines to give the corre-
sponding guanidine derivatives 2, which should act as
organobase catalysts for a range of asymmetric synthesis
after the introduction of chirality into the template, and that
either alkylation of 2 or direct amination of 1 with secondary
amines provides the corresponding guanidinium salts 3,
which could be transformed into previously unknown guani-
dinium ylides with new potential reactivity by treatment with
base (Chart 1). These findings led us to study guainidine
chemistry extensively and systematically. Our investigations
focused on four research topics: 1) modified guanidines as
chiral auxiliaries (functionality as organosuperbases); 2)
guanidinium ylides for aziridine formation (role as nitrogen
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Chart 1. Reaction of DMC (1) with Amines
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source); 3) affinity of bisguanidine for proton and metal salts
(guanidine function as a base ligand); and 4) desymmetriza-
tion of bisguanidine in alkylation (potential chirality of bis-
guanidine), which are discussed in this review.

Modified Guanidines as Chiral Auxiliaries (Functionality
as Organosuperbases)

Guanidine is categorized as an organosuperbase with
amine basicity due to the resonance stabilization of its conju-
gated acids; however, its catalytic utility in organic synthesis
has not been discussed thoroughly. A variety of chiral guani-
dines could be designed by the introduction of chirality on
the three guanidinyl nitrogens. It is theoretically possible to
introduce five chiral centers in the guanidine system. We
found that modified guanidines prepared using our original
methods*—® were effective not only in catalytic’'* but also
in stoichiometric asymmetric syntheses.'*!> The concept of
modified guanidines as chiral auxiliaries in asymmetric syn-
thesis is illustrated in Chart 2,'"'® in which reactive, but
resonance-stabilized, guanidinium salts 5 could be produced
from guanidines 4 by quarternarization with a reagent (A-B).
The salts 5 may react with activated unsaturated substrates
(C=D) to give addition products such as in the Michael reac-
tion, trimethylsilyl (TMS) cyanation, or nucleophilic epoxi-
dation, in which guanidines should act as catalysts (route A
in Chart 2). On the other hand, the guanidinium salts 5 could
serve as either an electrophile or a nucleophile. Thus, in the
case of the former species, hydrogen-substituted products
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(EO-A) and protonated guanidines (4-HB) may be produced
(route B in Chart 2), such as the kinetic resolution of racemic
sec-alcohols (EOH) by silylation, whereas OH-substituted
products (E-B) and alternative protonated guanidines
(4-HOA) could be formed in the latter cases (route C in
Chart 2). Furthermore, according to route B in Chart 2, the
electrophilic displacement of 5 with acidic compounds such
as carboxylic acids may lead to the resolution of racemic sec-
alkyl halides when alkyl halides are used for the guanidinium
salt formation as A-B. In these substitution reactions, guani-
dines are needed in stoichiometric amounts.

Preparation of Modified Guanidines Modified guani-
dines were prepared using four synthetic methodologies
based on the versatile character of DMC (1): reaction of
DMC (1)-like chloroamidine intermediates with primary
amines (method I); the DMC (1)-induced cyclization of pro-
tected thioureas (method II); intramolecular Sn2 reactions of
hydroxyethyl-substituted guanidines after chlorination with
DMC (1) (method III); and a combination of the DMC (1)-
induced cyclization of thioureas and intramolecular Sv2 reac-
tion (method IV).

Using method I, 1,3-disubstituted 2-iminoimidazolidines 6
arz()i bicyclic guanidines 7 were prepared as shown in Chart
3.

Method II allows the preparation of 1- and/or 3-unsubsti-
tuted 2-iminoimidazolidines derived from the ethylenedi-
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EO-A + 4HB chiral unit
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Chart 2. Concept of Modified Guanidines as Chiral Auxialiaries
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amines (Chart 4).” Thus 2-aminoimidazolidines 9 were pre-
pared from trisubstituted thioureas (8: R!, R?#¥H), and 1,3-
unsubstituted 10 and 1-substituted 2-iminoimidazolidines 11
from disubstituted thioureas (8: R?=H) through protected
imidazolidine derivatives.

The treatment of hydroxyethyl-substituted guanidines with
DMC (1) afforded alternative guanidines using method
III (Chart 5).® Thus 3,7,8-trisubstituted 1,4,6-triazabicy-
clooctenes 13 and 1,4-disubstituted 2-iminoimidazolidines
15 were prepared from 1-unsubstituted 2-(2-hydroxyethylim-
ino)imidazolidines 12 and linear-type guanidines 14 through
chlorine-displaced intermediates, respectively. Double DMC
(1)-induced cyclization of guanidines 16 containing two 2-
hydroxyethyl substituents provided another type of 1,4,6-tri-
azabicyclooctene system 17.

DMC (1)-induced cyclization of thiourea 18 followed by
the intramolecular S¥2 reaction of the monocyclic guanidine
19 formed gave a C,-symmetrical bicyclic guanidine 20
using method IV (Chart 6).”

Application to Asymmetric Synthesis Michael reac-
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Chart 3. Preparation of Guanidines Using Method 1
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Chart 4. Preparation of Guanidines Using Method II
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tions between diphenyliminoacetate 21 and vinyl compounds
22 are examples of guanidine-catalyzed asymmetric synthe-
sis (Table 1)."'V A 1,3-disubstituted (45,5S)-diarylimidazoli-
dine skeleton 23 with an (R)-1-(2-hydroxymethyl)-2-phenyl-
ethylimino moiety at the 2 position (or the enantiomer),
which can be prepared using method I, was found to be the
most effective catalyst in these reactions, in which an (R)-ex-
cess adduct 24 was obtained. Treatment with ethyl acrylate
(22a) as a vinyl compound in the presence of catalyst 23a
[designated as “(+)-Chiba-G”] smoothly afforded the adduct
24a (97% ee in 85% yield) when the reaction was carried out

R! R! R?
cl N
N/\ DMC (1), EtsN N)\/ R2 /{/S
re J  OH R2 . BN
N SN UNH

solvent, reflux

H PHHPh
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without solvent (for 3 d), whereas a less effective reaction
(79% ee in 15% yield) was observed in tetrahydrofuran
(THF) solution (for 7d).” Interestingly, replacement of the
acrylate 22a with methyl vinyl ketone (22b) led to higher
asymmetric induction in THF (96% ee in 90% yield) than
without solvent (80% ee in 90% yield). In general, remark-
able rate acceleration was observed in solventless reactions.
Either displacement of the 4,5-diphenyl units in Chiba-G 23a
to 2-tolyl ones 23b or modification of the 1,3-dimethyl sub-
stituents in Chiba-G 23a to the bulkier benzyl ones 23c¢ led to
the improvement of asymmetric induction, albeit the reactiv-
ity was lowered in the case of the latter 23¢.""

We assumed the formation of a relatively tight complex
through not only a hydrogen bond but also the CH—7 interac-
tion in the transition state leading to effective enantioselec-
tivity in the adduct 24, as shown in Fig. 1.')

PR Ph PR 'Ph " The (+)-Chiba-G (23a)-catalyzed Michael reaction of
12 diphenyliminoacetate 21 was applied to the enantioselective
. , construction of nicotine skeleton 27 using pyridyl vinyl ke-
DMC (1), EtN R! KOHMeOH N tone (26), derived from a vinyl alcohol 25, as a Michael ac-
’ e . . .
J‘\ o N)\ . HNJ\N,RZ ceptor.” Satisfactory results were obtained, as shown in
HNNH MeCN, rt HNJ\NHCI Chart 7.
1 | . . . . . .
R R? R? R? R s Kinetic resolution of sec-alcohols by silylation is an exam-
1 ple of a stoichiometric reaction.'® (#*)-Indanol (28) was
reated with tert-butyldimethylsilyl chloride in
R treated with fert-butyldimethylsilyl chloride (TBDMSCI
" _J_OH 1.0mC (1) R the presence of a variety of modified guanidines (Chart 8).
pg EtsN/ICH,Cl z\ )N\\/>_R1 1,3-Unsubstituted guanidine 30, its 1-methyl derivative
) , , an ,78,85)-3-benzyl-7,8-diphenyl-1,4,6-triazabicy-
. j‘i/op 5 KOHMeOH NN 31, and (35,7S,85)-3-benzyl-7,8-diphenyl-1,4,6-triazabicy
R1 R2
16 17
R' = alkyl, aryl; R2 = alkyl, aryl, protecting goup, H (after deprotection) [ ]
Chart 5. Preparation of Guanidines Using Method I1I l/
H,. ¢ R1\N R? g2
W ‘il:§N
op2 P ¥ r J N effective
Ph P20 Ph Ph 2 x H-bondings H H > CH=
Ph N o, 4 © interaction
p1 SY NH DMC (1), Et3N N™ “Ph 1.TBAF HN)l\N “iPh 'BUO/CA%,N:C”” /) \
| .
HN - NH MeCN, reflux N\ <NH 2. MeSOCl, EtsN A) \
R CH,Cl, PR Ph A
N Ph Ph XN
Ph - Ph 3. NaOMe L ]
- b2 19 20
18  P'=CO,Et; P2= TBDMS . . . .
Fig. 1. Assumed Transition State for the Guanidine-Catalyzed Michael
Chart 6. Preparation of Guanidine Using Method IV Reaction
Table 1. Example of Guanidine-Catalyzed Michael Reaction
23 H
Ph,C=NCH,CO/Bu  +  CHp=CHX — 2%V b coNe G—COyfBu
21 22 20°C CH,CH,X
(1 eq) (3.6 eq) 2
23 22 (X) In THF/time® Without solvent/time®
. 15%/7d 85% (100%)/3d
P a:R'=Me a: CO,Et (79% ee) (97% ee)
. _OH R2=H . 90%/6 d 90% (100%)/15 h
1 )’L o [(+)-Chiba-G] b: COMe (96% ee) (80% ee)
RANTN ¢ ON NR 79% (100%)/5 d
R? }—62 ' (55% ee)
b: R'=Me _ 62% (100%)/7d
@ R2=Me a: COEt (90% ee)
2 ¢: R'=CH,Ph , 27%/7d
R2=H a: COEt (98% ee)

a) Isolated, non-optimized yield. Parenthesis shows the estimation by 'H-NMR spectrum.
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clo[3.3.0]-oct-4-ene (32) were found to be effective auxil-
iaries. A higher (ca. 70%) ee value was observed when a
bulkier triisopropylsilyl chloride was used as a silylating
agent. This was the first example of the enantioselective silyl-
ation of alcohol.

Guanidinium Ylides for Aziridine Formation (Role as Ni-
trogen Source)

The application of guanidinium ylides to organic synthesis
was not previously reported in the literature to the best of our
knowledge; however, these would be expected to act as stabi-
lized equivalents of azomethine ylides due to their resonance
stabilization. In the course of our studies of guanidine chem-
istry, we found that the treatment of guanidinium salts 33
containing a glycine unit with aryl aldehydes in the presence
of a base directly afforded 3-arylaziridine-2-carboxylates 35
in high yields with excellent to moderate diastereoselectivity
and that the introduction of chiral centers into the guani-
dinium template (33: L=Ph) resulted in effective asymmetric
induction of aziridine formation (Chart 9).!” In the reaction
(Chart 9), the 1,3-dimethylimidazolidin-2-one (DMI) deriva-
tive 36 is co-produced as a reusable source for the guani-
dinium template 33, and thus this unique aziridination reac-
tion could be formally categorized as an atom-economical
cycle reaction because there is no waste of any of the key
components during reactions.

Aziridines from Guanidinium Ylides and Aryl Aldehy-
des The reaction of guanidinium bromide 37 with an aryl
aldehyde in the presence of either sodium hydride (NaH) in

OH MnO,
CH,Cly 0
| D | Z BuO,C—  Ph
— u 2
N N7 N
25 26 24 Ph
10 mol%
(+)-ChibaG | 1F _15°C
(23a)
Ph.__Ph
o i
NS .
fﬁ/@ o 4 ’
~ 1
N 15% citric acidTHF | SN CozBu
7

2:1)
73% yield (94% ee)
in 3 steps from 25

Chart 7. Application of the (+)-Chiba-G (23a)-Catalyzed Michael Reac-
tion for the Construction of Nicotine Skeleton 27

G (1eq)
CH,Cl,
+ TBDMSC| ————
(1eq) rt, 10-12 days
OH OTBDMS
28 29
(2eq)
G Me Ph
= N
e ind
J R HNT N
HN™ "N~ \ <
\—( Ph  Ph
Ph Ph

32
30: R =H[34% (37% ee)] 78% (31% ee)
31: R = Me [50% (39% ee)]

Chart 8. Guanidine-Induced Kinetic Resolution of Indanol (28)
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dimethylformamide (DMF) or tetramethylguanidine (TMG),
followed by treatment with silica gel (SiO,), afforded 3-aryl-
aziridine-2-carboxylate 38 in reasonable yield together with
DMI (39) (Table 2).'” This synthetic method is widely appli-
cable to a variety of aryl aldehydes including heterocycles, in
which trans-aziridines trans-38 were preferentially formed.
In particular, not only trans selectivity (ca. 90% de) but also
satisfactory conversion (68—95%) were observed when elec-
tron-rich benzaldehydes (runs 3—6) and indolyl aldehydes
(runs 12 and 13) were used. Cinnamaldehyde could also be
converted to 1,2-addition-type aziridine product 38g in 70%
yield (run 11).

Extension to Asymmetric Aziridination This aziridine
synthesis is applicable to asymmetric synthesis (Table 3).'”
A smooth reaction was observed when the chiral guani-
dinium bromide 40 was treated with aryl aldehydes under the
same conditions as achiral salts, in which TMG (run 3) is
more effective in both chemical yield and stereoselectivity
than NaH in DMF (run 4).

The absolute stereochemistry of aziridine products was de-
termined by chemical correlation of 3-phenylaziridine-2-car-
boxylates (cis-41a: 79% ee; trans-41a: 77% ee) obtained in
run 1 in Table 3 with commercially available (S)-phenylalani-
nate 44, as shown in Chart 10.'” Each hydrogenolysis of the
isomeric aziridines 41la afforded the same N-protected
phenylalaninate 43, but its absolute configuration was oppo-
site to that of the product 43 derived from (S)-phenylalani-
nate 44. Thus it was established that the (S,S)-guanidinium
ylide (S,5)-40 mainly produces cis-(2R,3R)- and trans-
(2R,3S5)-3-arylaziridine-2-carboxylates, strongly suggesting
that the C-2 stereogenic centers in the cis- and trans-aziridine
skeletons are controlled in the same fashion. In other words,
it is C—C bond formation, but not N—-C bond formation, that
should play a crucial role in the enantioselectivity in this re-
action between guanidinium ylide and aryl aldehyde.

Unsaturated aldehydes including acetylenic ones also
served as electrophiles in this asymmetric aziridination reac-

RUY ~ 1 -
“N7CO,R? R A 2
base base HX N™ "CO;
M ArCHO CO,R?
e\N)l\N,Me Me.NJ)fELN/Me RLN{ 2
X +
Ar
L L
- t t 35
Cl 34 [e]
Me\N)%N,Me Me\N)'\N,Me
-
amination > ‘( —
\/ L chlorination I% L

36

Chart 9. Aziridine Formation by Reaction of Guanidinium Salt with Aryl
Aldehyde in the Presence of Base

PhCHO CO,'Bu

(5,5)40 ———  Ph™>N
™G

(Boc),0
- =~ BocHN \CCOZ’BU

Hy Pd(OH),-C
Ph Ph

cis-41a: B-Ph (79% ee)

(R)-43
trans-41a: a-Ph (77% ee)

(77% ee for the each)

2

HoN—-CO,fBu BocHN _.~CO2/Bu

>

Ph (Boc),0 Ph
44 (S)-43

Chart 10. Determination of the Absolute Stereochemistry of 3-Phenyl-
aziridine-2-carboxylates 41a
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Table 2. Reaction of Guanidinium Salt with Aryl Aldehydes
PN TCOE :;(s:: ° CO,E 2
Me, A -Me  ——= ph/\Nﬂ/ =, Me\N)kN,Me
\_/ Br 280, “Ar -/
37 38 39
Ar: a=Ph, b=3,4-(OCH,0)C(H,, c¢=4-MeOC,H;, d=2-MeOCH;,
e=4-CIC(H;, f=4-NO,CH;, g=PhCH=CH, h=3-[(1-Boc)indolyl], i=2-
[(1-Boc)indolyl], j=3-Pyridyl
. , Time Yield (%)” of 38 39
un Ar Base (h) (%)
cis trans cis/trans Total

l} a {A 24 {23 61 27/73 84 78

2 B 24 28 41 41/59 69 77

3 } b { A 24 8 69 10/90 77 71

4 B 24 4 64 6/94 68 83
5 c A 9 7 78 8/92 85 —9
6 d A 8 2 934 2/98 95 —9

7} {A 24 {17 48 26/74 65 93

8 ¢ B 24 16 45 26/74 61 94
9} ¢ {A 24 { 2 45 4/96 47 —9

10 B 2 3 43 7/93 46 72
11 g A 24 17 539 24/76 70 —9

12 h A 24 4 729 5/95 76 88

13 i A 24 4 759 5/95 79 88

14 j A 7 8 58 12/88 66 72

a) A: NaH. The reaction was carried out in DMF at —20°C. B: TMG. The reaction was carried out without solvent at rt.

was not attempted. @) A mixture of two invertomers at the nitrogen atom.

b) Isolated, non-optimized yield. ¢) Isolation

Table 3. Selected Examples of Asymmetric Aziridine Synthesis
Ph’\ﬁ/\cozfsu [¢]
Me A —Me base RN » CO,Bu . Me\N)J\N/Me
>+ er ACHO “Nar TN
PH Ph #“ Ph Ph
40 42
- Time Yield” (%) of 419 4
uns 40 Ar Base (h) (%)
cis (ee%) trans (ee%) cis/trans Total
1 (S.S) a B 3 60 (79) 31(77) 66/34 91 88
2 (R,R) a B 5 61 (75) 32(73) 66/34 93 96
3 (S.S) b B 4 6(—) 82(97) 7/93 88 91
4 (R,R) b A 39 7(—) 75(72) 9/91 82 86
5 (S.S) e B 4 51(—) 35(59) 59/41 86 —9
6 (S,9) h B 7 6(—) 70 (95) 8/92 76 87
7 (8,9) i B 5.5 9(—) 87 (76) 9/91 96 90

a) The reaction was carried out using the same ArCHO under the conditions shown in Table 2.

d) Tsolation was not attempted.

Table 4. Selected Examples of Asymmetric Unsaturated Aziridinations

Ph N >co,Bu sio, o
Moy 2 - Mo RCHO CHCl3 Ph/\N< 2'Bu
\ TMG/THF it R
PR Ph 1t, 3 days 3 days 45
(S,5)-40
Yield” (%) of 45"
Run R
cis (ee) trans (ee) cis/trans  Total
1 a CH,=CH- 31 (60) 31 50/50 62
2 b (E)-C;H,,CH=CH- 46(91) 41 (96) 53/47 87
3 ¢ Cyclohexenyl 33(97) 18 65/35 51
4 d (E)-PhCH=CH- 22 (67) 60 (74) 27/73 82
5 e (E)-MeCH=C(Ph)- 32(91) 10(89) 76/24 42
6 f PhC=C- 22(92)  48(98) 41/59 70
7 g C;H,C=C- 18 26 86/14 44

a) Isolated, non-optimized yield. ) ee was determined by drival HPLC.

b) Isolated, non-optimized yield. ¢) ee was determined by chiral HPLC.

tion.”” Selected examples of the preparation of unsaturated
aziridine-2-carboxylates 45 are shown in Table 4.
Mechanistic Approaches to the Aziridination Reactions
Next, we systematically examined the reaction of guani-
dinium salt 40 with a variety of para-substituted benzaldehy-
des for mechanistic approaches.”” A mixture of (S,S)-40 and
a benzaldehyde was stirred in THF in the presence of TMG
at 25°C for 5h (step 1) and then treated with acetic anhy-
dride (Ac,0) in place of SiO, at room temperature until dis-
appearance of the polar intermediate on thin-layer chro-
matography (step 2). The aziridination reactions could be
classified into four groups based on the nature of benzalde-
hydes used: 1) group A, which includes benzaldehydes with
strong electron-donating group (EDG) (X=0"Bu and OMe),
is characterized by a very slow step 1 and a very rapid step 2,
showing excellent diastereoselectivity and enantioselectivity



1560

of trans-aziridine; 2) group B, represented by a slow step 1
and a rapid step 2 with moderate cis diastereoselectivity and
excellent to good enantioselectivity in both isomeric
aziridines, and containing benzaldehydes that possess a weak
EDG (X=Me) or no substituents (X=H); 3) group C, show-
ing a profile similar to group B but with a rapid step 1 and a
slow step 2, and comprising benzaldehydes with a weak
electron-withdrawing group (EWG) (X=Cl and CO,Me);
and 4) group D, which includes benzaldehydes with a strong
EWG (X=CN and NO,), characterized by a moderate trans
diastereoselectivity and low enantioselectivity with a very
rapid step 1 and a very slow step 2. Based on these experi-
mental results, we hypothesized the mechanistic pathway for
each group, among which the mechanisms for groups A and
C are summarized in Chart 11.

An aldehyde in group A approaches the less hindered re-
face [re(G)] of the ylide enolate 46 derived from the salt
(S,5)-40 to induce R stereochemistry of the stereogenic cen-
ter in the C—C bond formation. The less hindered re-face
[re(A)] of the aldehyde participates in the bond formation,
resulting in the production of a stable (4R,55)-oxazolidine 47
with a frans configuration between the ester and aryl groups.
Then, very rapid concerted fragmentation like the Svi-type
reaction can occur with retention at the C-5 benzylic carbon
to give trans-(2R,3S)-aziridine frans-(2R,3S)-41. It is reason-
able to expect that Ac,0O could coordinate the oxygen atom
of the oxazolidine moiety (see, 48) and the partially cationic
character of the oxygen atom in the coordinated species initi-
ates the fragmentation of the intermediate adduct 47 to trans-
41 and a 2-acetoxyamidinium salt, convertible to urea 42, by
simultaneous reactions of the O—C(Ar) bond cleavage and
the N(oxazolidine)-C(Ar) bond formation. In this reaction
sequence, partially-generated benzyl cationic species could
be stabilized by electron-relayed participation of the p-substi-
tuted alkoxy group.

'Me Ph—
Ph
—

Ph,
—N
Ph—(i\ 5 CO,'Bu Spi
N
Me

N\7‘COZ'BU
O-- -

.-N !
ot S
CO,Bu T % + 42
Me~ /" ~N—Me 5 Ac retention
AcO” OR
Br <

+
Ph SN

PE Ph 48 OR trans-(2R,3S)-41
(S,9)-40
Ac0 very
o, For group A
TMG/THF | 25°C,t, 5h (step2) | rapid
h—~
O 0Bu N—«CO,Bu
Ph M
Ph N~ H (step 1) IN ,—Pn
Ph /\/N CO,Bu + 4
Me\N)kN/Me N 0_7
O _H : B
\—< Br Me ar EWG
PR Ph
47 cis-(2R,3R)-41
46
Ac,0
X slow Forgroup C Sn2 inversion
(step 2)
X = OR: very slow
(group A) Ph Me Ph
X = EWG : rapid R P v
roup C I\ o 7,
(group C) h N(>\/§+N COBy — Ph N )\QJ JCOZtBu
P C,)*%-i rotation Me _ Ac
Me T % o
5 AC AcO <
AcO' EWG
29 50
Chart 11.  Assumed Main Mechanistic Pathways for Asymmetric Aziridi-

nation with Aldehydes Belonging to Groups A and C
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Group C also allows the re(G)—re(A) approach as a major
path in step 1, even with an alternative re(G)—si(A) because
of the lowered face selectivity. The oxygen atom of the oxa-
zolidine unit in the spiro intermediates 47 is similarly acti-
vated with Ac,O (see, 49); however, the benzyl cationic
species could not be formed due to destabilization in the
presence of EWG. Therefore the cleavage of the C(spiro)—
N(oxazolidine) bond involving the nitrogen atom of the imi-
dazolidine unit affords an opened amidinium intermediate
50, in which an intramolecular S¥2-type reaction occurs, re-
sulting in the predominant production of cis-(2R,3R)-aziri-
dine cis-(2R,3R)-41 with inversion of the configuration at C-
5. The slightly lowered ee value of aziridines could be ex-
plained by competitively enantiofacial accesses, such as the
si(G)-re(A) approach, in the rapid reaction of step 1.

These mechanistic considerations were strongly supported
by the successful isolation and complete characterization
using X-ray analysis of the spiro intermediate 51, which
could be smoothly converted to aziridine products 52 by
treatment with SiO, when 2-bromocinnamaldehyde was used
as an electrophile (Chart 12).2?

Reaction of phosphorus ylides with carbonyl compounds
is well established as the Wittig reaction, in which olefinic
products are produced by C—C bond formation, followed by
the elimination of the oxygen atom of carbonyl substrates
and the phosphorus unit of ylides in oxaphosphetane inter-
mediates as phosphine oxides (a in Chart 13). It is also
known that oxirane products incorporating the oxygen atom
of carbonyl compounds by intramolecular displacement of

Br Ph Br Ph
+ [ —
PR N Co,Bu =/ BuOLy 3 Si0, :
Ph p CO,Bu
Mew )L _Me OHC IR in CHCI3 ~ 2
N N . PN
Br Me—p N’Me Br
N ( TMG/THF i
PR Ph e Ph
4% PR Ph 52
(S,9)-40
51 trans: 63% (98% ee)
characterized by X-ray cis:12% (94% ee)
Chart 12. Isolation of a Spiro Intermediate Derived from 2-Bromocin-

namaldehyde

(a) Phosphorus ylides: olefination (Wittig reaction)
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(b) Sulfur ylides: epoxidation
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! R3 2.¢ I
R2-C- A R -T—?—R“
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(c) Guanidinium (nitrogen) ylides: aziridination
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]
R2C- R® RE-C—G—
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Chart 13. Comparison of the Reactions of Carbonyl Compounds with

Phosphorus, Sulfur, and Guanidinium Ylides
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the sulfur atom with oxygen atom in the intermediate zwitter
ions after C—C bond formation are produced in the reaction
of sulfur ylides and carbonyl compounds (b in Chart 13). On
the other hand, in the guanidinium ylide-participating reac-
tions with carbonyl compounds, aziridine products incorpo-
rating the nitrogen unit of the guanidinium ylides are pro-
duced together with urea derivatives by the fragmentation of
oxazolidine intermediates (c in Chart 13). Thus our findings
on guanidinium ylides can offer a remarkable contrast in
product profiles from known phosphorus and sulfur ylide
chemistry.

Ring-Opening Reactions of Aziridine-2-carboxylates
Aziridine-2-carboxylates are very versatile synthetic inter-
mediates for the preparation of biologically active nitrogen-
containing compounds because they are convertible to o- or
[B-amino acid derivatives, including unnatural amino acids,
by regioselective ring-opening reactions. Aziridines are clas-
sified into two groups, “activated” and “unactivated (or non-
activated)” aziridines, depending upon the substituent on the
ring N-atom; the former category includes electron-with-
drawing substituents such as tosyl or acyl functions, whereas
hydrogen and alkyl substituents are typical for the latter one.
Although the reactivity of activated aziridines has been in-
vestigated extensively, there are only limited reports on unac-
tivated aziridines. We turned our attention to the ring-open-
ing reaction of unactivated aziridine-2-carboxylates obtained
in this unique aziridination reaction for the intensive explo-
ration of their synthetic utility.

Enantioselective total synthesis of sphingosine was tar-
geted as the example of hetero atom-participating ring-open-
ing reactions of unsaturated aziridine-2-carboxylates.” The
trans-(2R,35)-3-pentadecenylaziridine-2-carboxylate trans-
(2R,35)-45b, obtained in run 2 in Table 4, was treated with
acetic acid to give or-amino acetate 53 with inversion at the
3-position. After hydrolysis, protection of the alcoholic func-
tion and reduction of the ester group afforded a-amino alco-
hol 56. Protection of the bifunctional group in 56 with car-
bonyl diimidazole (CDI), followed by silyl deprotection and
alkaline hydrolysis, provided the desired p-erythro-sphingo-
sine (59), which was characterized by transformation to ac-
etate 60, in good overall yield, as shown in Chart 14. The iso-
meric cis-(2R,3R)-aziridine-2-carboxylate cis-(2R,3R)-45b,

Ph Ph
CO,'Bu AcOH HN__,CO,Bu  TIPSOTf HN_ R
S
P N S -
| quant. ROTY| 95% TIPSO,
CisHaz  Inversion CiaHz7 CizHar
trans-(2R 35)-45b 53:R=Ac KOH 55: R = CO,Bu LiAIH,
54 R=H <] 99% 56: R = CH,0H 81%
O,
DI
RHN_ _LCH,OR 1.TBA }‘0 c
RN
P
RO | 2.2 N NaOH 9%
TIPSO |
CisHar
CisHar
59:R=H 57: R = PhCH,. 1. Li, lig NH.
(D-erythro-sphingosine) Ac,0 o 2 - g NP
k4 9 2 58:R=H 2. phosphate buffer
60: R=Ac
93% 89%
in 3 steps

Chart 14. Enantioselective Total Synthesis of p-erythro-Sphingsine (59)
from trans-(2R,3S)-3-Pentadecenylaziridine-2-carboxylate trans-45b
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obtained in run 2 in Table 4, was also yielded p-erythro-
sphingosine (59).

We succeeded in C—C bond formation when electron-rich
aromatics were used as carbon nucleophiles in the ring-open-
ing reaction of unactivated 3-arylaziridine-2-carboxylates.?®
An alternative ring-opening reaction with a nitrile reagent as
a diverse aliphatic carbon nucleophile was examined, and di-
ethylaluminum cyanide (Et,AICN) was confirmed to serve as
the nucleophile after several trials.*” Preparation of the 4-
cyanoisoquinoline skeleton 66 from aziridine derivative 61
is shown, even as its racemic application, in Chart 15. Reac-
tion of the N-(2-silyloxyethyl)guanidinium bromide 61 with
piperonal afforded frans-aziridine-2-carboxylate 62 in 89%
yield. After deprotection of the silyl group, followed by con-
version to bromide 64, treatment with Et,AICN gave a ni-
trile-inserted amino ester 65, which was easily cyclized to the
isoquinoline skeleton 66 under Pictet—Spengler conditions.

Affinity of Bisguanidines for Proton and Metal Salts
(Guanidine Function as Base Ligand)
o-Phenylenebis(N,N'-dimethyl-N,N'-ethylene)guanidine
(bisguanidine: BG) (67) was designed as a powerful hydro-
gen and metal cation acceptor based on the strong basic char-
acter of the guanidinyl function. Complexation of 67 with a
variety of hydrogen-donor aromatics carrying hydroxyl
groups such as benzoic acid (BA), phenol, and benzyl alco-
hol led to the successful isolation of 1:1 crystalline com-
plexes, regardless of the acidity of the hydrogen donors.* In
the case of BA, additional 1:2, 1:3, and 1:4 BG-BA crys-
talline complexes were formed under rigorous conditions of
molar-controlled complexation (a in Fig. 2).2 These crystals
were characterized using X-ray crystallographic analysis, in-
dicating that nonbonded interactions in addition to N—H hy-
drogen bonding play an important role during the crystalliza-
tion process. Mutual interconversion among the BG-BA
crystalline complexes was achieved by the addition of either
component to the original complex. Thus BG was found to
act as a powerful hydrogen acceptor in hydrogen bond-based
complexation with hydrogen-donor aromatics. We also ob-
served that the corresponding N-ethyl BG analogue 68 could
coordinate with a variety of metal salts such as cobalt chlo-
ride (CoCl,) and zinc chloride (ZnCl,) under aqueous condi-

1. NaH
OTBS
TBSO
oo < Ij
COz'Bu
Me~\~ >N—Me <
A 2. Si0,/MeCN
89%
61 5 62:R=0TBS | 1gar 100y,
63:R=OH CBry/PhsP
f4'hs 87%
64:R=Br :] pyridine/CH,Cly °
Et,AICN 8%
PhMe/PhH
CN
L co HCHO aq, TFA N
<o 2Bu CH,Cly <o CO,/Bu
-
N N
o] ~ gr 74% e} N~
66 65
Chart 15. Preparation of 4-Cyanoisoquinoline Skeleton 66 as an Applica-

tion of the Ring-Opening Reaction with Et,AICN
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(a) phenol
———— 1: 1-complex

Me Me benzyl alcohol
N N
E >=N N=< J 1:1-
N N 1:2- | complexes
Me Me . . 1:3-
67 benzoic acid 14

(b)

NOX Q
o
J

Et
N N N
U U =y
N, N 20% NaOH agq. N, M N
Et Et Et %o Et
68 MXp, = CoClp, ZnCly, Znl,, Cdl,
Fig. 2. Complexability of BGs: (a) with Protic Compounds; (b) with
Metal Salts

tions to form a crystalline complex in some cases, which was
revzegsible to the starting 68 by treatment with base (b in Fig.
2).7

On the other hand, contamination of drinking water by ar-
senic is a very serious problem in the Asian region, espe-
cially in Bangladesh, and the toxic source is inorganic acid
such as arsenic acid (H;AsO,). The potential of BG 67 to
form complexes with hydroxyl-containing organic com-
pounds, even with neutral benzyl alcohol, led us to examine
its affinity for H;AsO, as a preliminary step in the removal of
arsenic from polluted water.?® We focused on: 1) the role of
BGs as new Bronsted base ligands for H;AsO, and phos-
phoric acid (H,PO,), belonging to the same class-15 group;
2) the preparation of Merrifield and Hypogel resin-anchored
BGs as the corresponding polymer-supported (PS) host lig-
ands; and 3) the possibility of the immobilized BGs as poten-
tial solid-type scavengers for toxic metals and H;AsO,.

The expected complexation of BG 67 with H;AsO, and
H,PO, allowed us to prepare PS-BG derivatives. PS-BGs
with a propyloxy spacer between the benzene nucleus and
resin unit were designed, and cyclic and acyclic BG cores 80
and 81 were prepared, as shown in Chart 16. Successive
treatment of 1,2-diaminobenzene (69) with acetylation,
bromination, and alkaline hydrolysis afforded 4-bromo-1,2-
diaminobenzene (71) in overall 60% yield. Guanidinylation
of the brominated product 71 with DMC (1) or 2-chloro-
1,1,3,3-tetramethylamidinium chloride (TMAC) in the pres-
ence of triethylamine smoothly gave the cyclic and acyclic
guanidine analogues 72 and 73, respectively, in high yields.
Substitution of the bromine atom with a formyl function
through the bromine—lithium exchange reaction, followed by
the Horner—Emmons—Wadsworth reaction, yielded 3-(3,4-
bisguanidinylphenyl)acrylates 76 and 77, which were sub-
jected to catalytic hydrogenation to afford the corresponding
dihydro derivatives 78 and 79. Reduction with a solution of
Red-Al in THF at —18°C in the presence of a catalytic
amount of 18-crown-6 produced BG cores 80 and 81 in ca.
80% yields which were sensitive to the reaction conditions
(the hydride reagent should be diluted with the solvent when
added) and were converted to PS-BGs by treatment with
Merrifield resin and Hypogel according to the conventional
method.

Evaluation of the complexability of the Merrifield and the
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DMC Br,
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Chart 16. Preparation of BG Cores 80 and 81 for Immobilization

mol% of

guest/BG
N}
80 As 50
60 Zn R-N N-R
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Co
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83:R =Me
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Fig. 3. Affinity of Hypogel Resin-Anchored BGs 82 and 83 for CoCl,,
ZnCl,, and H;AsO,

Hypogel resin-anchored cyclic BGs to CoCl, and ZnCl,
using the inductively coupled plasma mass spectrum (ICP-
MS), in which the latter flexible PS-BG was more effective
than the former rigid one, led us to examine more precisely
the complexability between the Hypogel resin-anchored BGs
82 and 83 for these two metal salts and H;AsO,. As shown in
Fig. 3, the data of the mol% of the guest ion/PS-BG indi-
cated that the latter acyclic PS-BG 83 generally acts as a
more powerful ligand than the cyclic PS-BG 82.

Thus effective complexabilty of bisguanidines with either
proton or metal ions in water was observed, suggesting their
possible application to the removal of toxic substances from
polluted water and recovery of rare metals as material
sources.

Desymmetrization of Bisguanidines by Alkylation (Poten-
tial Chirality of Bisguanidines)

During the above trials for complex formation between
BG and BA, a chiral complex was obtained when a trace of
water was incorporated in the complex, suggesting the poten-
tial chirality of BG-type compounds.”” " Derivatization of
BG 67 to the guanidinium salts by quaternarization with
alkyl halides resulted only in the formation of a monoalkyla-
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Fig. 4. Protonation and Monoalkylation of BG 67

tion product, not a dialkylation one, in spite of the use of a
large excess amount of reagent.”” In these derivatization ex-
periments, although achiral crystals were produced in the
cases of protonation and isopropylation, the alkylated deriva-
tives undergo spontaneous asymmetric crystallization into a
chiral form with the chiral space group P2,2,2, in methyla-
tion and ethylation (Fig. 4). The absolute configurations of
the chiral crystals were determined in X-ray crystallography
and correlated with circular dichroism spectra recorded in
the solid state. The crystallization of these compounds could
be rigidly controlled with the use of a seed crystal with the
desired chirality.

These findings indicate that BGs have a potential chiral
character due to the plane asymmetry. We are currently in-
vestigating ways to retain the chirality of these crystals on
dissolution in a solvent, as this is important in molecular
recognition and asymmetric synthesis applications.

Concluding Remarks

The origin of our guanidine chemistry studies is the high
reactivity of nontoxic DMC, which serves not only as a
strong dehydrating agent but also as a versatile reagent in
chlorination, oxidation, reduction, and rearrangements, with
amines to provide modified guanidine cores with chirality
easily. Examinations of them as potential chiral catalysts or
auxiliaries in asymmetric synthesis, as expected, showed rea-
sonable asymmetric inductions, in particular, the Michael re-
action of diphenyliminoacetate. Reaction of guanidinium
salts with aryl or unsaturated aldehydes in the presence of
base led to unique aziridine formation applicable to asym-
metric synthesis by the introduction of chirality to guani-
dinium templates. The generation of guanidinium ylides dur-
ing the reaction is assumed, and a reasonable mechanism for
this aziridination reaction is proposed. Guanidinium ylide
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chemistry newly offers different, interesting reactivity of car-
bonyl compounds comparable with those of known phospho-
rus and sulfur ylides. Furthermore, successful ring-opening
reactions of aziridine products formed in this aziridination
reaction with a variety of nucleophiles providing various
amino acid derivatives newly revealed the synthetic utility of
unactivated aziridine-2-carboxylates. The coordination abil-
ity of PS-BGs with metal salts and H;AsO, in aqueous media
suggested that these Bronsted base ligands could serve as ef-
fective, useful recyclable scavengers for the removal of toxic
components from polluted water. In addition, spontaneous
chiral crystallization in methylation and ethylation suggests
the potential chiral character of BG due to the plane asym-
metry. Thus our guanidine chemistry studies targeted not
only synthetic organic chemistry but also environmental or-
ganic chemistry. Further development of guanidine chem-
istry is in progress in our laboratory.
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