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� ċĤp$Ä´�5�¢ËśŊŠĲŰX<OBg`'�ƎĪµMOcWgje&X<OBgbV

dh(PFB)9ıś²!��í��;]ŠĲŰp&FHM=hē·! AĪƄ� K@?jMeŎ¦�

�Ħè Ä´���5�1) X<OBg`'Ü��Ƣ�Ōœ24�ƚ�6����!0�4�ƍÖ

$8�4¥ċĤ$kŁƞ �5!ŕ�36�����
� 1985Ö�áĄ&Ƣ�Ōœp$��$ť

��65X<OBg`!'�$��İľÅĳ$���65�ÃŁ�őśŌœ
3ť��6��1989

Ö$'oŖ&;_RƈƆ��į#5�!�ıť�6��Ŗ9 ⅠµX<OBg`(PhyⅠ)�àŖ9 Ⅱµ

X<OBg`(PhyⅡ)!¨t�����6��2) �&à�X<OBg`'":#ċĤ$0Ţõ&�

ÃŁ!��Ä´��ċĤ&Ł1Ōœ�ıīĔƕ�Ī¹ăw#"$2��©-65�ÃŁ�į#5

�!�ù3
$#4�X<OBg`&Đŗ&Ţƙæ9ïė�5÷��ĺł�Ƌ�Ǝì�65�!

!#���3) -�X<OBg`'�&à�SBMd;�ŝƞ�
)#"
30ť��6�	4�3

Łƞ&į#��ƎĪµMOcWgje(Vdh)ıś²�Ĭ�36��5�Ɣl&ċĤ'X<OBg

bVdh(PΦB)�F;RSBMd;'X<EF;RVdh(PCB)��&s&SBMd;'Vd[e

Gh(BV)9Ĭ���5�ċĤX<OBg`&ıś² �5 PΦB�)F;RSBMd;&X<OB

g`ıś² �5 PCB' AĪ 3z$?KdNh·9í���&Ƅ� ;]ŠĲŰ!�ÿŎ¦��

�5�kø�BV '?KdNh·&u84$VQe·9 A Ī$ÿ�5�/�PΦB�PCB !'į#

5Ý ;]ŠĲŰ!�ÿŎ¦���5(Figure 1)� 

 

Figure 1 

 

X<OBg`'ĥÇěƍ&�(ň 660 nm �) 730 nm)9ª¡�£Źĳ$Ķr¼ò�5q�&į

æ| Prµ�) Pfrµ Ä´�5�źÕ�X<OBg`'īĩÅĳ$mĜæ# Prµ Ä´�5��

ň 660 nm&űś�9ª¡�5�!$24 PΦB& CDĪƄ�& C15=C16qƊŎ¦� Z
3 E*�

įæ���īĩÅĳ$Ĝæ# Pfr µ*¼����ċĤ� �ÝèÝé9Û�Ų��ƂyÃ&ıĨ

$¾�
Ɛn���5�4) -��Pfrµ'ň 730 nm&žűś�&ģÏ$24�)mĜæ# Prµ$

R = Vinyl,  Phytochromobilin (PΦB)
R = Ethyl,  Phycocyanobilin   (PCB)
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ê5
�ü ŵ0�
'üÀĜ�5(Figure 2)�5)þŷ��¼òŽŀ$	�� ABĪƄ�&Ń|�Å

0¼��5�!�ñĊ�6����&Ʀűižűś�£Źĳ åƧ!­(65� å$24�X<

OBg`'�ċĤ&ıī1īƍ���Ņ&Ď�#�ÝèÝé9�ã�5l ƊŤ#ß�9Ć��

��5�4,6) 

Pr µ! Pfr µ&Ķr¼ò'X<OBg`&īĤÅĳĐŗıĨYgIH$!����8/�ƊŤ

 �5��¼ò&Žŀ �ıś²'WgjeĪ§»9Ŏ¦���5ćďĠŊ&�Ŏ¦&«4 ±

ŵ���syn-�' anti&Ń|ƆÙ9!4â5�7) î�H\BOe' Prµ�Pfrµ�-��&pƏ

Ħè$	�5X<OBg`ıś²&Ń|ƆÙ&Əðĳ#ĸť9n�5���63&NjJ&ŧƉ

'mŏk �ùķ$'ŧù�6��#��~�(�Pfrµ*&¼ò'C14-C15�Ŏ¦&«4& syn/anti

±ŵ�tƖ��Ų�5!&ñĊ0�5�8) 

þŷ�ÌØĘƐõĚ(DFT Ě)$25ċĤX<OBg`&�ơc^hH\BOeŧą
3�

C14-C15 �Ŏ¦' anti &Ń|ƆÙ&-- �4�C5-C6 �Ŏ¦' Pr 
3 Pfr *&¼ò&Ɨ$ anti


3 syn$±ŵ�5�!�ñĊ�6�(Figure 2)�5) 

 
Figure 2� � ÌØĘƐõĚ(DFTĚ)$25�ơc^hH\BOeŧą$·���þŷñ¯�6�ċĤX<OBg

`&�£ŹĳĶr¼ò$	�5 Prµ(űś�ª¡µ)�) Pfrµ(žűś�ª¡µ)ıś²&čŻ 5) 

 

� X<OBg`&Vdhıś²&ī¦é'Z`ƈ�ƇŊ ŨÂ�6�Z`]eX<dhĪ&ƈ�

ĳƎš
3Á-5�9,10) īé�� BV'X>fPAFh�ÄVdhƃ�ƇŊ(FDBRs) 11) $24ƃ�

�6�A Ī 3 z&VQe·�?KdNh·!#�� PΦB 9īé�5�-� PCB 'X>fPAF

hƈ�ƃ�ƇŊ(PcyA)$2�� DĪ 18z&VQe·�ƃ��6� 18Et-BV9ō���3$ AĪ

3z&VQe·�ƃ��6�?KdNh·$¼ò�65�!$24īé�5(Figure 3)�12-15) 
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Figure 3 

 

ÜĺłÉ 'X<OBg`ıś²&čŻ!Đŗ9ŧù�5Ĵĳ �ıś² �5 PΦB1F;R

SBMd@X<OBg`&ıś² �5 PCB�-���5Ł&SBMd;�$©-65X<OB

g`ĎŠĲŰ&ıś² �5 BV&¦é��3$Ł�&Ŕò·�Ɵµ PCB1 BVŭÐ|&¦é$

é���16,17) �63&¦éıś²!;]ŠĲŰ!& in vitro�) in vivo$	�5�čéÈƠ
3�

½
&Ś¬Ğ�ĸť9â����18,19) 

-�ÜĺłÉ& Hammam3'ıś²&Ń|�Å9�3
�/³Ç���įæ�9m£ŗ$�5

�!� �6(�ıś²&čŻ�X<OBg`&Đŗ$�,�Þƛ9 in vitro�) in vivo$	��

ĵðŦÍ �5 �7�!ŕ��Pr µ�Pfr µ&Ń|ƆÙ!Ń|ƆŔ9ęÇ�5�/$�15 z&

Ń|�Å9³Ç��£ŗ# 4Łƞ& BVŭÐ|9��¦é��(Figure 4)�20,21) 
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Figure 4 

 

Û�Ő��63&BVŭÐ|';CgSBMd@X<OBg`Agp1&;]ŠĲŰ!�6�6�

čé�6�22,23) Agp1t�|&ª¡H\BOe9¿Ģµ BV�) 18Et-BV& Agp1t�|!ĕŶ�

5�!$24�PrµX<OBg`ıś²& 15z&Ń|�Å' Z-anti (15Za)�Pfrµ' E-anti (15Ea)

 �5�!9ŧù���-��15Zs�) 15Es-Agp1t�|&¸¦�űśƜ¶&ª¡Ô�ĝÀ���

(Figure 5) �6' anti|!ĕŶ�� syn|'�&Ń|ƘÊ&�/$�CDĪƄ�� Agp1ıś²]

DLO�$�6� BĪ! CĪ!&Ə %�6� π�ßŇ��ö�65�/
�0�
'�čé&

Žŀ �BV& C10z*;_Rƈ�ƌ�ėĉôó���π�ßŇ�º6��/!ŕ�365� 
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Figure 5 

 

#	�15Za ³Ç�6� PrµŠĲŰ$���'�Ŏû0â36 24)čŻęÇ�#�6��25) 

�63&ŎĆ
3�15z&Ń|ƆÙ!Ń|ƆŔ&³Ç'�X<OBg`ıś²&�¼ò$	�

5Ń|�Å9ŧù�5�/&�6�øĚ �5�!�ù3
!#��� 

ý$ÜĺłÉ& Khawn '�Pr µ�) Pfr µ& 5 z&Ń|ƆÙ!Ń|ƆŔ9ŧù�5�/$�5

z&Ń|�Å9³Ç�� BVŭÐ|9¦é��(Figure 6)� 

 
Figure 6 

�  

�63& BVŭÐ|' Agp1!�6�6�čé�6�Agp1t�|&ª¡H\BOe9¿Ģµ BV

�) 18Et-BV& Agp1t�|!ĕŶ�5�!$24�PrµX<OBg`ıś²& 5z&Ń|�Å

' Z-syn (5Zs) �5�!�ŧù�6��-��Agp1�) Agp2& Pfrµıś²$���0 5z&

Ń|�Å�ŧù�6����63$���'àŸ�5��
��ċĤX<OBg`& Pfr µ&Ń
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|�Å'ā�ŧù�6��#���� ÜĺłÉ&Ľů�ţÒ'-��15z&Ń|�Å9 Za, Ea, 

Zs, Es  ³Ç�� 4 Ł& PCB ŭÐ|&¦é9Ū.��639��¦é�5�!$é����5

(Figure 7)�26) 

 
Figure 7 

 

� -�¦é��Ń|³Çµ PCBŭÐ|!;]JhTBŰ!&�čéÈƠ$	���15EaPCBt

�| 'üƑ 0ıŜ&ŭŲ#"&}Ĭ�ŦÍ�6�(Figure 8)��&�!
3īĩĳ$Ĝæ# Pfr

µX<OBg`ıś²&Ń|�Å' 15Ea �5�!�ù3
!#���27) 

� � � � � � � � � � � � � � � � � � � � � � � � � �  

� � � � � � � � � � � � � � � � � � � � � � � � �  

 

 

 

 

 

 

�$Ÿ+�2�$�Ł�&Ń|³Çµ BVŭÐ|! Agp1!&�čéÈƠ$24�X<OBg`

ıś²&űś�ģÏ$25�¼ò' C15=C16qƊŎ¦& Z
3 E*&įæ��þ�&HMLY 

�5�!�ĻŬ�6���5Zs t�|9űś� ģÏ��0 Pfr µ9n�#��!
3 A Ī! B

Ī9�#�aKhƄz&«4&ĈŴæ� Prµ
3 Pfrµ*&�¼ò$äŤm£đ �5�!�ļ

�6��-�ÜĺłÉ& Khawn !Ɠ' 15 z&Ń|�Å9 Ea ³Ç���3$ 5 z&Ń|ƆÙ!

Ń|ƆŔ9§ú$³Ç��qƊŃ|³Çµ BV ŭÐ|9¦é� Agp1�Agp2 &;]JhTBŰ!

�6�6�čé��Agp1�Agp2t�|&ª¡H\BOe9Ŧğ�5�!$24�Agp1$	�5

Pfr µ&Ń|�Å' 5Za15Ea�Agp2 & Pfr µ' 5Ea15Ea  �5�!9ŧù��;]ŠĲŰ&Łƞ

$24 Pfrµ&ıś²&Ń|�Å�į#5£ŗæ9ļ��(Figure 9)�28) 

mediated through phyA and phyB, which induce VLFRs and
LFRs, respectively (Liscum and Hangarter, 1993; Poppe et al.,
1996; Robson and Smith, 1996). To find out whether 15EaPCB
can induce this VLFR, we compared chromophore-treated
seedlings with far-red-light–treated seedlings. The results are
summarized in Figure 10 as histograms. In darkness, 93% of
wild-type seedlings had a vertical growth direction (here defined
as 0° to 20° deviation from the vertical). Far-red light treatment
stimulated a more random growth direction and reduced the
frequency of this group to 64%. BV feeding and feeding with
15ZaPCB (here darkness only) had no effect on the gravitropic
response of the wild type. Feeding with 15EaPCB resulted in
a randomization of gravitropism to an extent comparable with
the far-red-light–irradiated control. Thus, the VLFR response is
completely induced by 15EaPCB.

Dark-grown hy1 seedlings had a more randomized growth
direction as compared with the wild type. This difference is not
caused by the different ecotypes, because the Ler wild type was

indistinguishable from Col, which was used in most experi-
ments. BV-treated, dark-grown hy1 seedlings also revealed
a randomized growth direction. A far-red light treatment of hy1
resulted in a more straight growth direction, indicating that some
residual active Pfr was reverted into Pr. We note that the hy1
mutants contain low levels of spectrally active phytochrome, but
we presently have no explanation for the residual Pfr. Far-red-
light–irradiated BV-treated hy1 seedlings had a randomized
growth direction, and the effect of far-red light was even
stronger than in the wild type. hy1 seedlings treated with
15ZaPCB had a growth pattern similar to the untreated control.
With 15EaPCB, gravitropism was again randomized, as in the
wild type.
We also tested by quantitative real-time RT-PCR how mes-

senger RNA (mRNA) levels of three selected phytochrome-
regulated genes are affected by the chromophore treatment. Early
light-induced proteins are transiently induced during greening of
etiolated seedlings (Rossini et al., 2006), and ELIP2 is regulated

Figure 9. Effect of Light and Chromophores on Arabidopsis Hypocotyl Growth and Cotyledon Opening.

(A) and (B) Dark-grown Arabidopsis Col wild type (A) and hy1 (B) seedlings without chromophore (left) and on 15EaPCB (right).
(C) Hypocotyl lengths.
(D) Percentage of seedlings with open cotyledons. Mean values of three experiments 6 SE (each experiment with 40 or more seedlings). Asterisks
denote Student’s t test significance; *, P < 0.05; **, P < 0.01.
Bar in (A) = 2 mm.
[See online article for color version of this figure.]

1944 The Plant Cell

Figure 8  üƑp éƍ���

Arabidopsis Col ƋīŁ&ÃŞÑƎ             

¤'15EaPCBŭÐ|9n��0&� � � � � �

Ó'ıś²9í�#�0& 
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Figure 9 

 

�63&ŎĆ
3�Prµ
3 Pfr*&Đč'�Step 1 īé�� Lumi–R
3�Step 2 C5-C6

�Ŏ¦&-84&±ŵ īé�5 5Za !�C4=C5 qƊŎ¦! C5-C6 �Ŏ¦�§ú$±ŵ�5

Hula-twistĐč$2��īé�5 5Ea�ŕ�36��5(Figure 10)�
23)

  

 

Figure 10 
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�
���63& Pr
3 Lumi-R��3$ Lumi-R
3 2�&ƀĿĦè(Meta-RA, Meta-Rƥ)9ōĮ

�� Pfr*&ūŋ#Đčŧù'��63&pƏ|�ĹÎ®&�/$ūŋ'ù3
$#���#��
29)
�� AĪ! BĪ�5�' CĪ! DĪ9�#�aKhƄz ³Ç��Z|�E|�syn|�anti
| �6�6³Ç��ŭÐ|9¦é��;]JhTBŰ!&Ŏ¦ŗ1�£Źæ&ÿġ#"9ĕŶ

�5�!$24�ŧù �50&ŕ�365(Figure 11)� 

 
Figure 11 

 

� ÜĺłÉ&ĭp'�zŔƁëĳřŊ�$25 15z&řŊ�!Ő
 GrignardŪş9Ĭ��Æŗ·

Ð�$24 15z$Ėƈ·9í��ĠŊƌ9Ð����Ú å9ſĬ�5�! 15z&ĠŊ&Ń

|�Å9 E ³Ç�� BVŭÐ|&¦é$é����5(Figure 12)�
30) 

 
Figure 12 
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� �&2�$�Ń|³Çµıś²&¦é�5�! �6- ½
&Ś¬Ğ�ĸť9â������6

3&Ł�&Ń|³ÇµX<OBg`ıś²&¦é$'�xç&ƍ�&ĠŊƌ�Ł�&Æŗ·9ÿ

�5Wgje�¦Ĥ&¦é�äŤ!#5��
���63&Ŕò·�ƟµWgje�¦Ĥ&¦é

$	���Ŕò·9¼�5�/$'��ı!#5WgjeŘ|9�&ƅØ¦é�#�6(#3��

�&�/�¦éōų�ĵŒµ ½Ĕƕ#0&!#���-��-��¦é�Ā&Ĕƕ Ł�&Æ

ŗ·9Ð��5�/��&à& å$	��� å�Ų�41�
�¡ħ�{
#���-�!

��°Ɲ����� 

� �� ��ŉ#Wgje
3ņ�#øĚ Ł�&Wgje�¦Ĥ9¦é�5�!� �6(�

24�ħĳ ĈŴ#¦éōų&Ǝı�£ŗ!#5!ŕ��Wgje�¦Ĥ&ƈ�ĳÆŗ·�$�

��Čũ����&ŎĆ�ARhŇƈ���ĥįĳ# åæ9ļ��!9ť���Wgje�¦

Ĥ&Ɓëĳƈ�ĳÆŗ·�9ÈĨ��(Figure 13)�ūŋ'ƣń Ÿ+5� 

 
Figure 13 

 

� Ē$��&ƈ� å&īéĤ&k� �5;eNUP·9ÿ�5Wgje�¦Ĥ'�kż&Ń

|³Çµıś²¦é$	�5ƊŤ#¦épƏ|!��ĜĬ �5!ŕ��Ń|³Çµıś²&¡

Ăĳ¦éōų&Ǝı9Ū.�(Figure 14)��&ūŋ'Ƥńvƒ Ÿ+5� 
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Figure 14 
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ë1ê�o-Chloranil5Ù��N^`\��Ô#ĕ��±  
 

 

£ă�,Ċ(�.�!�§âç��âç�2��1æ�#éo���O7I>^VÜõ�#�

µ!$�k´#Óîė�æ�#�ó�5Ã�1N^`\��Ô
°ú��1��	��ñ»�#

Û 1N^`\��Ô5�µ�1�+!$�wÜ� 1N^`\	/p0à� �2% / �

����ğ
Ø�1����Åâç�$�.0ìq!éo���O7I>^VÜõ�5�µ�1

��5ßÝ!�æ�#ĕ�|!.1N^`\��Ô#ĕ�Ý�ó��!���Êÿ��� 

 

� o-Chloranil $=L_í#ĕ�|��0��#ĕ�~$MJ[Jøć«#eęo#���#�+

!�Û²o# p-Chloranil.0,¦�(Figure 1-1)�31) 

 

Figure 1-1 

 

  �# o-Chloranil�OZ_�#�±!Ě��$�om!ĕî��5Ã�1Õ®	/[4+2]i�×�

�±
ď÷��bonzofurodioxin5Øµ�1��
á/2��1(Scheme 1-1)�32) 

 

Scheme 1-1 
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���2��1(Scheme 1-2)�33) 

 
Scheme 1-2 

 

� ���Ây! o-Chloranil�N^`\��Ô#�±!���Êÿ���WEL`\��c B×�

& C×#{ĠoN^`\ 1a��±�����3�ģÏěĕ��2�N^[L_ØµÔ 2a
­/

2�(Table1-1, entry 1)�)����1WEL`\#Ė5Ò/���Ö$�b��(entries 1-4)�

o-Chloranil#§Ė5Ò/���Ö$��
nc��(entry 5)�)�Č!§Ė5�-��,�Ö#�

b$û/2 	��(entry 6)� 

 

Table 1-1 

 

� Î!�ą#Êÿ5÷��(Table 1-2)�sė!6[\:CH\5·� ��ą����,�±$ď

÷���Ö$6[\:CH\5Ã�1,#.0ġ
 ��(entries 1-4)�a¾�Ğ��¥�
 t-P

F\:CH\�$ 
IA\�#�ą�$��±
ď÷� 	��(entry 5)� 

 
Table 1-2 
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wÜÔą�ØµÔ#N`>�	ãā����ÃÞ ³�$­/2 	���=L_íĕ�|5Ù

���±#�±ÍË$f!ZB<\ïÚ�ď÷�1��
á/2��1#��ZB<\¹¸|�

�1 TEMPO(2,2,6,6-HIZWF\NR[B_ N-;=A\ )5íe!����±5÷��

(Scheme1-3)�� � �  

� � 4���#ĕ��±
ZB<\ïÚ��1 /%�Ø��ZB<\eęo
¹¸|��1

TEMPO��±���TEMPO�ð�����Ô
­/21 ��ZB<\
Ñ���N^[L_

$­/2 �$���1� 

 
Scheme1-3 

 

� �Ĝ!�±5÷��ðÈ�íe! TEMPO5���,�å¤#�Ö�N^[L_ 2b
­/2�

(Scheme1-3)��#�±$ NMR�#�±#ċĈðÈ� o-Chloranil5¢ 
��,ØµÔ$ģÏě

ĕ��2�N^[L_�	­/2 ����h�	/�ĢÏěß#ĕ�
ªĎÏě��1�ò�

/21�¬���#�±#ĢÏěß#ĕ�$ZB<\ïÚ�$ ���
ä��21� 

� Î!ØµÔ��1N^[L_#<\TK\ēx#ĕî$�ÐxýÀ# H2O ÚÇ��1�ò��

X]=YZ`A`P 3A5���Æj��±5Ā*�(Scheme1-4)� 

 

Scheme1-4 

 

� �#ðÈ�Ðxý{#eęo�ò�/218UL:`H\ 3a
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#ðÈ!�����# o-Chloranil 5Ù��ĕ��±#W<KDV5Î#.�!º���

(Scheme1-5)� 
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Scheme1-5 
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Scheme1-6 

 

  �#ñ»�±#�±ÍË$��#.�!ò�/21(Scheme1-7)�� 4��ĕ²Æj�#Q^

I_��WI=A�#ôĝ#«�Ø��8UK9V<F;_ B! p-I\:_C\O7_ĕ
½¼

�1���ØµÔ5d�1�ò�/21��/!�Đ}# p-I\:_C\O7_ĕ��c#��

IA\�#Ét#Óî
Q^I_��2�ôÓĕ
ď÷�1�ò�/21� 

� ­/2�IA\N^[L_ 5b$zčĂù��S\U\N^`\A�§âç��ĘÜ��Wittig

�#<GQ[_?5÷�����BN^`\#�µ!đÙ����)�Óî—Óîð�¨µ5l

��±����6[\I[WF\AZ_5Ù��6[\�#¡u5Ā*���	�6[\�#¡

u$Ć�/��Ēt�2�N^[L_ 6b
­/2�� 
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Scheme1-7 

 

� �#�±#�±ÍË5ý¿�1�+!�6[\AZ_
�#.� ¨'�����1	5ü 

�1ßÝ�@8îb#ñ»�5���Āö5Ù���±5÷��(Scheme1-8)��#ðÈ��Ö$

nc��,##�Ì!Ēt�2�N^[L_ 6b
­/2���	��Ä©����6[\AZ_

ÚÇ#��Ô$�ĝ���ÃÞ ³�$­/2 	��� 

 
Scheme1-8 

 

� �#gÄ� 	��Ēt�±#�±ÍË5��#.�!ò��(Scheme1-9)�� 4��{Ċ#
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9V<F;_ B !6[\I[WF\AZ_ÚÇ#MJ[J
½¼�1���ØµÔ5d�1�ò

�/21� 

� �#�±$6]_#�µ-éoÝ!ĉ*u��Óîe¯#Ēt!đÙ��1�ò�/21� 
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³ 2²� Ýp¤s{t Eas{t§¼r�n�  
 
 
� �Æ�&Ë"�'����¬°|���+#�¯��±`s{tIRNS;V(BV)Å~`�n

���h�ºo��«Á-���*�#��¡K/B5UQ�§¼r��*K/8:.FIRV

(PCB)����&±`iz-s{��Å~`�n���h���*� 

� �¬°|�®Ç�¿�� 15 ^�±`iz- Za,Ea ��+�+s{�� PCB Å~`�n���

h���*
�Ea �s{�� CD ¤�n���ª¸¨�¶Ê�x��<@?L-�À���

(Scheme2-1)� 

 

Scheme2-1 

 

� Y���¬°|�×����l�t¶Ê�� Eas{t CD¤�n���-­±���+-¦�

�\Ñ±`s{t BVÅ~`�n�-Í���(Scheme2-2)�
34) 

 

Scheme2-2 
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� �����²��×
Õ§����-¦��±`s{t§¼r�n���n�SXB��(�

*�»�����Ã��·�����Ë"*� 

 

� #��×����e) D¤�n�-¾���1>S6R249TXB-c§¡É���MVR

X�W.=>SiWGXBV�-Î¦�JUXS¤ 8 -�´�������aÔ�1<@Su-

�µi.SPE0QR>0Q-¦��Ïb��¥���.S8XS 9 -.=>Si���CPBA

-¦��JURFV 11 !�w�����µiO0µDBR0Q-¦��B:Su�Öj-¾��

D¤�fÚ`��*JURFV 12-n���(Scheme 2-3)� 

 
Scheme 2-3 

 

� ���C¤ 13�n�-¾��(Scheme 2-4)� 

 
Scheme 2-4 

 

� ��Ó��*Ðik��uÉ� �-_��*�À
����
35) ���%�<7XS-Z
�

vn�xÒ��y-�È�*���qÙ
��������<7XS.?L-m¹��*�%�

�yÒ�_�-Ä$�(Scheme 2-5)���·��©¨��*.SAHC 13�l£�_[�g¥�

¡
§¥�*·������#��� 

 
Scheme 2-5 

 

H CO2Et

O

N
H

Ts

CO2EtEt

3 steps
55%

LiAlH4

N
H

Ts

Et
1) nPrNO2, cat. Et3N
2) Ac2O, cat. DMAP
3) TosMIC, DBU

OH

65%

N
H

Ts

OHEt

N
H

Ts

OAcEt

N
H

Ts

OAcEt

O N
H

OAcEt

O

Ac2O
cat.DMAP mCPBA NaBH4

61% 88% 61%

8 9

10 11 129

N
H

CO2
tBu

Me

H N
H

CO2
tBuH

O
H

0.02 M  77%

CO2Allyl CO2Allyl

CH2Cl2

DDQ (3.0 eq)
MeOH (10.0 eq)

1 13

N
H

CO2
tBu

Me

H N
H

CO2
tBuH

O
H

N
H

CO2
tBuH

O
OMe

0.3 M 50%

N
H

Me

O

 25%  7%

+ +

CO2
tBu

OMe

CO2Allyl CO2Allyl
DDQ (3.0 eq)

MeOH (10.0 eq)

CO2Allyl CO2Allyl

CH2Cl2

1 21314



³ 2² 

 
 

19 

� ���]��<7XS.?Ln��Î¦�����%�k��]-���Ã�*������ 

� ¢��Ü�ØÐi¥�¡
�(+��%�¦�*Ä½��Ò-�(�������DDQ-¦�

�Ðik���k���¥�*HCU4FV` DDQH�BS1V�}�*�Â�
_��%��

�*��
«(+��*������y�BS1V-¦��k�-¾����,�g¥�¡�§

¥-��Ûl£�.SAHC 13-�*��
���(Scheme 2-6)� 

 

Scheme 2-6 

 

� �� CD¤ 16�n�-¾��(Scheme 2-7)� 

 

Scheme 2-7 

 

� n��� CD¤ 16-�+�+dÌn��� PCBt AB¤�BVt AB¤�3?LRV6� 15Ea
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Scheme 2-8 
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� ċ 3Ċ� ĉ|¢²¤ýĜ &ÑĢ�Íç&Ŋý  
 
 
¾ĩ!0Ĵ*�2�%�ć�&ĉ|¢²¤ BVĨ¹|" Agp1"&�áÍ³Ŗ%24�]<SC

mfýĜ &ĭĜ�ò¸%25�©Ð' C15=C16vŅĔ�& Z
3 E)&üË��Ô�&KQP

_!�5�"�ąħ�6���5Zsw�|9ĭĜ�!ò¸� 0 Pfr¤9t�$��"
3 Aø"

Bø9�$�gOoŁz&�4&ÜıË� Pr¤
3 Pfr¤)&�©Ð%ÉĠs�ã!�5�"�

Ć�6��,�ÁĄĈ´& Khawn "Ŏ' 15 z&ĉ|�¯9 Ea ¢²���3% 5 z&ĉ|łÀ

"ĉ|łĖ9�Ó%¢²��vŅĉ|¢²¤ BV Ĩ¹|9�Í� Agp1�Agp2 &;dNoYCĬ

"�6�6�áÍ��Agp1�Agp2w�|&��KbCSk9ģí�5�"%24�Agp1%	�

5 Pfr¤&ĉ|�¯' 5Za15Ea�Agp2& Pfr¤' 5Ea15Ea!�5�"9ĤÒ��;dĝþĬ&ć

ŕ%24 Pfr¤&ýĜ &ĉ|�¯�ü$5�ĘË9Ć��(Figure 3-1)�30) 

 

 
Figure 3-1 
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Figure 3-2 

 

� �$8��Aø" Bø9AP_joD��Å��­�æÞĖÐ�Ê%2� ø��5Îç9"

� �5��&Îç!'ęő¥9Ï�� Bø�ÉĠ!�4�`ojp�Ê�XpSoç9ēû�

5 Bø&�Í!'ęő¥%āÁ�5±Ę¥9Ô�
3¹���ôÌ!�Í�$�6($3��,

�·Ê�5VSm��ó&�Í0ÉĠ!���� 
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Scheme 3-2 

 

� ��!�ć�&Ùy!gOk[Vk?pQk&�å�Ĥ9Ħ-�(Table 3-1)��
��Āÿ"�

�¨ð��;kRZT 20'Ç36$
����3%�§Ń1YiSk?oKkcoŃ9ú��¦

���ÊÓŋ�ŉ
$5"[Vk?pQk
3ëð���Wittig�Ê9�5�&;kRZT 13�

Ç365ĔÛ"$���,��ï¬%gNWpk9ú��đ!'Āÿó"Č~$JgOk;MN

pk 20�Ç36���{�õ!���� 

 
Table 3-1 

 

� �å�Ĥ9ßĥ� �5ŏ�1H NMRí²&�/%ŅCmmckf%ï
��Ho_kOhp

^u&gOk[Vk?pQk 19���å�Ĥ� �5�"9ġ����NMR!ēÓ©�9ĵ�

�ĔÛ�ŉÓŋ9Ġ�50&&Āÿ&�å�Ĥ�äĲÿĕŗ%ĻĞ� �5�"��
��

(Figure 3-3)��3%�Wittig�Ê&ďùÍó9ï
��Ho_k!'�24ăÓŋ!�å�Ĥ�

ĻĞ� �5�"0ąħ!��� 

N
H

CO2
tBu

CO2Allyl
H

O

PPh3MeO
Cl

N
H

CO2
tBu

CO2AllylMeO

75 %

nBuLi (4.5 eq)

THF, 0 ºC to rt, 1 h
(5.0 eq)

(1.0 eq)

THF, rt, 10 min

13

19

N
H

CO2
tBu

CO2AllylMeO

N
H

CO2
tBu

CO2Allyl

reagents

H
O

Entry Yield / %

1
2
3
4
5
6

trace
13 (20 %)
13 (26 %)
21 (22 %)

-
-

reagent

solvent

solvent

amberlyst 15
HCl aq.

TsOH•H2O
cat.TsOH•H2O

TMSCl, NaI

THF
THF
THF

THF/MeOH
MeOH
MeCN

N
H

CO2
tBu

CO2Allyl

N
H

CO2
tBu

CO2AllylH
O

OMe
MeO

19 20 13 21
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Figure 3-3 
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5;kRZT 209Ç5�"�!����}ñ"� {�õ!���(Scheme 3-3)� 

 
Scheme 3-3 
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(1.0 eq)

THF, rt, 68 h

N
H

CO2Allyl
H

O

CO2
tBu

N
H

CO2Allyl

CO2
tBu

MeO

HCl (2.5 eq)
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+
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���Ê9ßĥ����
����6&¦�%	� 0 NMRHo_kOhp^u&ĔÛ9�ö

�5%'Ě3$
��(Table 3-2)� 

 

Table 3-2 

 

� ��!�NMROhp^�!&-�å�Ĥ��,
ĻĞ� �5��9ė�$	��Ùy9ĐÝ

�5�""��� 

� Cmmckf'ŃĒ®£r�%24�Ĥ��cKFo�ýù�5�"�Ă36 �5(Figure 

3-1)�
36)

 

 

Figure 3-1 
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	� �ŅCmmckf!�
�ö!�$��"�;keU9ĶĽ��Ń9ō��ŅCmmck
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1
2
3
4
5
6
7
8
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-
-
-
-
-
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-
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Scheme 3-4 

 

� ��!ï¬"� ú��Cmmckf'Ř°²��"� ?NWpk9�.»Ī&0&(Kanto 

07278-81)9�&,,ú����?NWpk%25�å�Ĥ�Ê)&ÃŔ0ė�36����!�
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���"
3�?NWpk'Ĺ1
$�å�Ĥ%ÉĠ!�5�"�8
���?NWpk

"§�@BHjk24§�åĒ�Ĺ1
%ùÍ�5�"����"� ė�365�?NWpk

řÁņ�åřÁņ®£r��ć[Vk?pQk&�å�Ĥ�´ì!řÓŋ!ĻĞ��·Ê�5ř

ðĒ¨ð;kRZT��õě
Ç365�"9ąħ��(Table 3-3)� 

 
Table 3-3 

 

� ŝø\mpk;kRZTûÚ&[Vk?pQk 19&¦�Řĸ½&Ùy!�å�Ĥ9Ğ�"Řt-

^Ok?KQkŁ�&�å�Ĥ0ĻĞ� �,���Ř¼ńÙy%�5�"%24Ř�õě
¨

ð��;kRZT 209Ç5�"�!��� 

 

N
H

CO2Allyl

CO2
tBu

MeO

(COCl)2 (1.0 eq)

CHCl3, rt, 10 min N
H

CO2R

CO2
tBu

H
O

68 %
19 20

R
OMe

(COCl)2 (1.0 eq)
EtOH (1.0 eq)
H2O (1.0 eq)

CHCl3, rt, 1 h
R CHO

R Yield / %Entry

1

2

3

4

5

C6H5

p(MeO)C6H4

p(BnO)C6H4

p(MeO2C)C6H4

C6H5CH2CH2

75

93

90

79

89

Dehydrated chloroform stabilized by amylene
without ethanol was used as a solvent
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� �&;kRZT9åĒ�c=ĒUSj=f9ú� ŀ�� ;kGpk 22"�5�"!�ÆÚ

�ķ�Í� �� Za¢²¤ ABøú& Bø)"©Ð�5�"�!��(Scheme3-5)� 

 

Scheme 3-5 
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�50&"ė����$8��¨ð��;kRZT 209 DøŁz"&Wittig�Ê%ú�5�"
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Scheme 3-6 
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"� ü$5zĖ!Wittig�Ê�ĻĞ��J\mpk 24�Ç36�(Scheme 3-7)� 
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Scheme 3-7 

 

  �&�ùÍó'cKcV=f§9ÂÍ�5ŏ%üË��ĻĞ��Ö,$�áĺ&cKcV=f

§�ùÍ���/"ė�365(Figure 3-4)� 

 
Figure 3-4 
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(Scheme 3-8)� 

 

Scheme 3-8 
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� �ő��J\mpk 25%·� �ÆÚ&Îç!ø�9Ħ-�"�7Āÿ"�5ø�| 26"u

ŋ|"ė�365Jckek| 27��6�6Ç36�(Scheme 3-9)� 

 

Scheme 3-9 
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Scheme 3-10 
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� Ûí{"¨��2w�®ĚċĜøĨQ6H=]W$�î«çń#w(660 nm �/& 730 nm)4�
����İù"üj¤Î�2i�#öÀp Pr��& Pfr��¨��2��#w�¿$�ĩ_Ķĩ
Ěw�İù�¿� �%3�Ûí#÷ó.óń�~�ć#Þ�!w¶Â¶Ã4�¼�2b�ŀĞ

!¸�4×����2��#Q6H=]W$Ņò�FHYP]`[(OZ^)4÷Ě� ��È��
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1��ĭ���Z, E, syn*�$ anti#Ąpļēf&"Ąpļ³4 1»2�É�BT=H[$ Pr
��Pfr��*��#gņïÂ"��2Q6H=]W÷Ě�#Ąp�©"���ņÌù!þğ4e

2
��30#G`C#ĢĿ$dďa��Òý"$ĢÒ�3��!�� 
µÿă­�$Q6H=]W÷Ě�#ÝĲ àĖ4ĢÒ�2úù��ÛíQ6H=]W#÷Ě�

��2 PΦB .@5LM=FZ:Q6H=]W#÷Ě���2 PCB�*���2Ă#M=FZ5
{"�*32Q6H=]WÞĜøĨ#÷Ě���2 BV #�Ã��0"Ă�#ēÎ tŎ� PCB
. BVħ°p#�Ã"Ã����30#�Ã÷Ě� 5VĜøĨ # in vitro�& in vivo"��2

|ÝÃ¬Ő�0�¥�#ę�è�þğ4»���� 
*�÷Ě�#Ąp�©4�0��,�«��wöÀ�4d�Ė"�2� 
��3%�÷Ě�

#ÝĲ
Q6H=]W#àĖ"�)�·ŋ4 in vitro�& in vivo"���ûÌġ¯��2 �	Ĕ
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Ac Acetyl 
nBu normal Butyl 
tBu tertiary Butyl 
Et Ethyl 
Me Methyl 
nOct normal Octyl 
nPen normal Pentyl 
Ph Phenyl 
iPr Isopropyl 
Ts Tosyl (p-Toulenesulufonyl) 
 
����
� 

eq equimolar amount 
cat. catalitic amount� � � � � � �  
quant. quantitative yield 
rt room temperature 
 
 
TLC thin-layer chromatography 
MS       molecular sieve 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

���
� 
DDQ�     2,3-Dichloro-5,6- 

dicyanobenzoquinone 
DBU 1,8-diazabicyclo[5.4.0]- 
 undec-7-ene 
DMAP 4-Dimethylaminopyridine 
DMF N,N’-Dimethylformamide 
DMSO Dimethyl sulfoxide 
TFA Trifluoroacetic acid 
THF Tetrahydrofuran 
TosMIC Tosylmethylisocyanide 
TEMPO   2,2,6,6-tetramethyl 
           piperidine 1-oxyl 
TsH       p-toluenesulfinic acid 
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Experimental 
 

The 1H NMR spectra were recorded on JEOL JNM-GX Lambda 400 and Lambda 300 NMR 

spectrometers. The chemical shifts were determined in the d-scale relative to Si(CH3)4 (d = 0) as an internal 

standard. The IR spectra were measured by a JASCO FT/IR-230 spectrometer and the MS spectra were 

recorded with Hitachi M-80, JEOL SX-102A or Bruker Daltonic micrOTOF-� mass spectrometers, 

respectively. All solvents were stored over drying agents. Thin-layer chromatography (TLC) and flash 

column chromatography were performed using Merck's silica gel 60 PF254 (Art. 7749) and Cica-Merck's 

silica gel 60 (No. 9385-5B), respectively. Commercially available reagents were used without further 

purification, unless otherwise noted. 
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< Chapter 1 > 
 

tert-butyl 2-methanamidoethanoate 

 
 

Stirred formamide (162 g, 3.6 mol) with 3 M NaOMe in MeOH (150 ml, 0.45 mol) under N2 for 15 

min. After removing MeOH under reduced pressure over 2 h, tert-butyl 2-chloroethanoate (67.725 g, 0.45 

mol) was added at room temperature. After stirring overnight, reaction was quenched with water and 

reaction mixture was partitioned between AcOEt and water. The organic extracts were washed with brine, 

dried by Na2SO4. After evaporation of solvent, the crude product was obtained as an oil. 

 

tert-butyl 2-isocyanoethanoate 

 
 

To the mixture of tert-butyl 2-methanamidoethanoate (31.8 g, 0.2 mol) and Et3N (101 g, 1 mol) in Et2O 

(320 ml), phosphoryl chloride (33.73 g, 0.22 mol) was added dropwise over 1 h at -5 ºC. Affter stirring 2 h 

at -5 ºC, reaction was quenched with ice and reaction mixture was partitioned between Et2O and water. The 

organic extracts were washed by saturated aqueous solution of NaHCO3 and with brine, and dried by 

Na2SO4. After evaporation of solvent, the residue was distilled, and the product was obtained as an oil. 

 

Bp. 61 ºC / 4 Torr 

IR (neat) 2960, 2146, 1745, 1360, 1290, 1240, 1220, 1150, 930 cm−1. 
1H NMR (CDCl3) δ = 1.51 (s, 9H), 4.07 (s, 2H) ppm. 

 

Allyl 4-hydroxybutanoate  

 

 

To the mixture of γ-butyrolatone (4.3 g, 0.05 mol) and water (12 ml, 0.65 mol), DBU (8.3 g, 0.055 

mol) was added dropwise with stirring for 30 min, and then DMF (14 ml) was added. After stirring for 1 h, 

allylbromide (13.3 g, 0.11 mol) was added dropwise. After stirring for 3 h the reaction mixture was 

partitioned between EtOAc/Et2O and water. The organic extracts were washed with brine, dried by Na2SO4. 

After evaporation of solvent, the crude product was obtained as a colorless oil. 

 

IR (neat) 3419, 2954, 1733, 1439, 1374, 1321, 1255, 1169, 1062, 871 cm−1. 

H

O

N
H

CO2tBu

C
N CO2tBu
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1H NMR (CDCl3) d = 1.90 (tt, 2H, J = 6.2, 7.2 Hz), 2.17 (br, 1H), 2.48 (t, 2H, J = 7.2 Hz), 3.69 (t, 2H, J = 

6.2 Hz), 4.59 (d, 2H, J = 5.7 Hz), 5.24 (d, 1H, J = 10.3 Hz), 5.32 (d, 1H, J = 17.2 Hz) 5.92 (ddt, 1H, J = 

10.5, 17.2, 5.7 Hz) ppm. 

MS (EI) m/z = 144 (M+, 0.39%), 143 (M+-1, 046), 74 (100), 57 (58.16). 

 

Allyl 4-oxobutanoate  

 
 

To a solution of (COCl)2 (2.8 g, 22 mmol) in CH2Cl2 (10 ml) at –78 oC, DMSO (3.12 g, 40 mmol) in 

CH2Cl2 (3 ml) was added dropwise, followed by addition of allyl 4-hydroxybutanoate (2.88 g, 20 mmol) 

dropwise. Then triethylamine (10.1 g, 100 mmol) in CH2Cl2 (20 ml) was added dropwise. After stirring for 

1 h, the reaction was quenched by adding ice. The reaction mixture was extracted with Et2O/H2O, and the 

organic extracts were washed with brine, dried by Na2SO4. Then the solvent was evaporated to afford crude 

aldehyde as a colorless oil. 

 
1H NMR (CDCl3) δ = 2.67 (t, 2H, J = 6.3 Hz), 2.82 (t, 2H, J = 6.3 Hz), 4.60 (d, 2H, J = 5.6 Hz), 5.25 (d, 

1H, J = 10.4) 5.32 (d, 1H, J = 17.1 Hz), 5.92 (ddt, 1H, J = 10.5, 17.1, 4.6 Hz), 9.82 (s, 1H) ppm. 

 

Allyl 4-acetoxy-5-nitrohexanoate and ally 5-nitrohex-4-enoate  

 
 

To a mixture of allyl 4-oxobutanoate (0.755 g, 5.3 mmol) and nitroethane (0.4 g, 10.6 mmol), Et3N 

(0.1 g, 1 mmol) was added dropwise at 0 oC, and the mixture was allowed to stir overnight at room 

temperature. Then DMAP (130 mg, 1 mmol) and THF (5 ml) were added and Ac2O (0.6 ml, 6.3 mmol) was 

added dropwise at 0 ºC. After stirring for 4 h, the mixture was quenched by MeOH (2 ml) for 15 min. The 

solvent was removed under reduced pressure and the residue was partitioned between EtOAc and water. 

The organic extracts were washed with both a saturated aqueous solution of NaHCO3 and brine, and dried 

over Na2SO4. The solvent was evaporated, and the product was isolated by flash column chromatography 

(SiO2, Hex/EtOAc = 3/1, v/v) to give a mixture of acetate and nitro olefin (800 mg). 

 

 

 

 

H
O

O
O

OAcO2N

Me

CO2Allyl

O2N

Me

CO2Allyl
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tert-butyl 3-(3-allyloxy-3-oxopropyl)-4-methyl-1H-pyrrole-2-carboxylate 

 

 

To a solution of tert-butyl isocyanoacetate (1.27 g, 9 mmol) in MeCN (10 ml), DBU (2.95 ml, 19.8 

mmol) was added at - 40 oC under N2, followed by dropwise addition of a mixture of allyl 

4-acetoxy-5-nitrohexanoate and ally 5-nitrohex-4-enoate (1.98 g, 9 mmol) in MeCN (5 ml). After stirring 

overnight at room temperature, the solvent was removed under reduced pressure, and the residue was 

partitioned between EtOAc and water. The organic extracts were successively washed with a saturated 

aqueous solution of NaHSO3, a solution of NaHCO3, and brine, and then dried over Na2SO4. The solvent 

was evaporated, and the residue was separated by flash column chromatography (SiO2, Hex/EtOAc = 4/1, 

v/v) to give compound 1a (2.11 g, 80%) as white crystals. 

 

Mp 49 ˚C (from Hex) 

IR (KBr) = 3320, 2977, 1720, 1685, 1455, 1408, 1368, 1243, 1135, 1050, 933, cm−1 
1H NMR (CDCl3) δ  = 1.56 (s, 9H), 2.05 (s, 3H), 2.59 (t, 2H, J = 8.1 Hz), 2.78 (t, 2H, J = 8.1 Hz), 3.03 (t, 

2H, J = 8.1 Hz), 4.18 (t, 2H, J = 8.1 Hz), 4.58 (d, 2H, J = 5.9 Hz), 5.24 (dd, 1H, J = 10.5, 1.5 Hz), 5.32 (dd, 

1H, J = 17.2, 1.5 Hz), 5.92 (ddt, 1H, J = 18.4, 11.6, 5.9 Hz), 6.70 (d, 1H, J = 2.8 Hz), 8.57 (br, 1H) ppm 

HRMS (TOF) (M++1), Found: m/z 340.1775. Calcd for C19H28NO6: 340.1760. 

 

tert-butyl 3-ethyl-4-methyl-1H-pyrrole-2-carboxylate 

 
 

The procedure used for 1a was followed with tert-butyl isocyanoacetate (0.804 g, 5.7 mmol), DBU 

(1.91 g, 12.54 mmol), 2-nitropent-2-ene (1.0 g, 5.7 mmol). 

 

IR (KBr) = 3320, 2971, 2931, 2871, 1672, 1400, 1281, 1146, 1110 cm−1 
1H NMR (CDCl3, 300 MHz) δ = 1.12 (t, 3H, J = 7.41 Hz), 1.56 (s, 9H), 2.02 (s, 3H), 2.74 (q, 2H, J = 7.44 

Hz), 6.62 (d, 1H, J = 2.04 Hz), 8.63 (br, 1H) ppm 

HRMS (FAB) (M++1), Found: m/z 196.13308. Calcd for C12H19NO2: 196.13375 
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tert-butyl 3,4-dimethyl-1H-pyrrole-2-carboxylate 

 
 

The procedure used for 1a was followed with tert-butyl isocyanoacetate (1.41 g, 10 mmol), DBU (32.8 

ml, 22 mmol), 2-nitrobut-2-ene (0.701 g, 10 mmol). 

 

IR (KBr) = 3325, 2973, 2927, 2866, 1663, 1462, 1401, 1283, 1148, 1110 cm−1 
1H NMR (CDCl3) δ = 1.64 (s, 9H), 2.00 (s, 3H), 2.24 (s, 3H), 6.63 (d, 1H, J = 2.28 Hz), 8.73 (br = 1H) ppm 

 

tert-butyl 

3-(3-(allyloxy)-3-oxopropyl)-2-methoxy-4-methyl-5-oxo-2,5-dihydro-1H-pyrrole-2-carboxylate 

 

 

[Procedure] (Table1-1 entry 1) 

To a solution of o-chloranil (222 mg, 0.9 mmol) in CH2Cl2 (12 ml), MeOH (0.12 ml, 3 mmol) and a 

solution of 1a (88 mg, 0.3 mmol) in CH2Cl2 (3 ml) were successively added at rt under a nitrogen 

atmosphere. After stirring for 20 h at rt, the reaction mixture was passed through basic aluminium oxide 

(Merck 1076) to remove the catechol and the solvent was evaporated under reduced pressure. 

The residue was separated by TLC (SiO2, hexane/AcOEt = 2/1, v/v) to give 2a (52 mg, 51% yield) as an 

oil.  

 

IR (neat) = 3320 2979, 2935, 1736, 1449, 1371, 1255, 1170, 1113 cm-1.  
1H NMR (CDCl3) δ = 1.48 (s, 9H), 1.88 (s, 3H), 2.55 – 2.77 (m, 4H), 3.18 (s, 3H), 4.56 (d, 2H, J = 6.0 Hz), 

5.20 (dd, 1H, J = 10.5, 1.5 Hz), 5.28 (dd, 1H, J = 17.4, 1.5 Hz), 5.90 (ddt, 1H, J = 17.4, 10.5, 5.9 Hz), 6.47 

(br, 1H) ppm 
13C NMR (CDCl3) δ = 8.6, 21.0, 27.7, 31.2, 50.6, 65.4, 84.0, 91.6,118.5, 131.9, 133.6, 149.4, 166.3, 172.0, 

173.4 ppm.  

HRMS (FAB) (M++1), Found: m/z 340.17542. Calcd for C17H26NO6: 340.17601 

 

 

[Procedure] (Table1-1 entry 2) 

The procedure used for 2a was followed with o-chloranil (222 mg, 0.9 mmol), MeOH (0.06 ml, 1.5 

N
H
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mmol), 1a (88 mg, 0.3 mmol). 

The residue was separated by TLC (SiO2, hexane/AcOEt = 2/1, v/v) to give 2a (59 mg, 58% yield) as an 

oil.  

 

[Procedure] (Table1-1 entry 3) 

The procedure used for 2a was followed with o-chloranil (222 mg, 0.9 mmol), MeOH (0.04 ml, 0.9 

mmol), 1a (88 mg, 0.3 mmol). 

The residue was separated by TLC (SiO2, hexane/AcOEt = 2/1, v/v) to give 2a (59 mg, 58% yield) as an 

oil.  

 

[Procedure] (Table1-1 entry 4) 

The procedure used for 2a was followed with o-chloranil (222 mg, 0.9 mmol), MeOH (0.024 ml, 0.6 

mmol), 1a (88 mg, 0.3 mmol). 

The residue was separated by TLC (SiO2, hexane/AcOEt = 2/1, v/v) to give 2a (62 mg, 61% yield) as an 

oil.  

 

[Procedure] (Table1-1 entry 5) 

The procedure used for 2a was followed with o-chloranil (148 mg, 0.6 mmol), MeOH (0.024 ml, 0.6 

mmol), 1a (88 mg, 0.3 mmol). 

The residue was separated by TLC (SiO2, hexane/AcOEt = 2/1, v/v) to give 2a (28 mg, 27% yield) as an 

oil.  

 

[Procedure] (Table1-1 entry 6) 

The procedure used for 2a was followed with o-chloranil (296 mg, 1.2 mmol), MeOH (0.024 ml, 0.6 

mmol), 1a (88 mg, 0.3 mmol). 

The residue was separated by TLC (SiO2, hexane/AcOEt = 2/1, v/v) to give 2a (58 mg, 57% yield) as an 

oil.  

 

[Procedure]  

To a solution of o-chloranil (222 mg, 0.9 mmol) and MS3A (500 mg) in CH2Cl2 (12 ml), MeOH 

(0.0.24 ml, 0.6 mmol) and a solution of 1a (88 mg, 0.3 mmol) in CH2Cl2 (3 ml) were successively added at 

rt under a nitrogen atmosphere. After stirring for 20 h at rt, the reaction mixture was passed through basic 

aluminium oxide (Merck 1076) to remove the catechol and the solvent was evaporated under reduced 

pressure. 

The residue was separated by TLC (SiO2, hexane/AcOEt = 2/1, v/v) to give 2a (33 mg, 32% yield) and 3a 

(21 mg, 20%) as an oil.  
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1H NMR (CDCl3) δ = 1.44 (s, 9H), 1.83 (s, 3H), 2.53 – 2.69 (m, 4H), 3.26 (s, 3H), 3.98 (s, 3H), 4.56 (d, 

2H, J = 6.0 Hz), 5.20 (dd, 1H, J = 10.5, 1.5 Hz), 5.28 (dd, 1H, J = 17.4, 1.5 Hz), 5.90 (ddt, 1H, J = 17.4, 

10.5, 5.9 Hz)ppm 

HRMS (FAB) (M++1), Found: m/z 354.19234.    Calcd for C18H28NO6: 354.19166 

 

 

tert-butyl 3,4-diethyl-2-methoxy-5-oxo-2,5-dihydro-1H-pyrrole-2-carboxylate  

 
 

[Procedure]  

The procedure used for 2a was followed with o-chloranil (2.22 g, 9 mmol), MeOH (0.24 ml, 6 mmol), 

1b (670 mg, 3 mmol), CH2Cl2 (150 ml) 

The residue was separated by flash column chromatography (basic aluminium oxide (Merck 1076), 

hexane/AcOEt = 2/1, v/v) to give 2b (641 mg, 78% yield) as an oil.  

 

IR (neat) 3225, 3092, 2976, 2937, 2878, 1736, 1709, 1460, 1394, 1369, 1287, 1256, 1161, 1117, 1061, 

1002, 844, 824, 788 cm-1. 

 1H NMR (CDCl3) δ = 1.11 (t, 3H, J = 7.3 Hz), 1.16 (t, 3H, J = 7.8 Hz), 1.46 (s, 9H), 2.31 (q, 2H, J = 7.3 

Hz), 2.36 (q, 2H, J = 7.8 Hz), 3.17 (s, 3H), 6.24 (br, 1H) ppm.  
13C NMR (CDCl3) δ = 12.1, 12.8, 16.4, 18.1, 27.2, 50.0, 82.7, 91.2, 137.2, 152.1, 166.4, 173.9 ppm.  

HRMS (FAB) (M+ + 1). Found: m/z 270.17018. Calcd for C14H24NO4: 270.17053. 

 

[Procedure] 

To a solution of o-chloranil (111 mg, 0.45 mmol) and TEMPO (69 mg, 0.45 mmol) in CH2Cl2 (7 ml), 

MeOH (0.012 ml, 0.3 mmol) and a solution of 1b (33 mg, 0.15 mmol) in CH2Cl2 (1 ml) were successively 

added at rt under a nitrogen atmosphere. After stirring for 20 h at rt, the reaction mixture was passed 

through basic aluminium oxide (Merck 1076) to remove the catechol and the solvent was evaporated under 

reduced pressure. 

The residue was separated by TLC (SiO2, hexane/AcOEt = 2/1, v/v) to give 2b (32 mg, 79% yield) as an 

oil.  
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tert-butyl 2-methoxy-3,4-dimethyl-5-oxo-2,5-dihydro-1H-pyrrole-2-carboxylate 

 
 

[Procedure] 

The procedure used for 2a was followed with o-chloranil (222 mg, 0.9 mmol), MeOH (0.024 ml, 0.6 

mmol), 1c (59 mg, 0.3 mmol) 

The residue was separated by TLC (SiO2, hexane/AcOEt = 2/1, v/v) to give 2c (59 mg, 82% yield) as an 

oil.  

 

IR (neat) = 3239, 3094, 2980, 2934, 1712, 1455, 1393, 1370, 1344, 1279, 1257, 1160, 1111, 1031, 916 

cm−1. 
1H NMR (CDCl3) δ = 1.47 (s, 9H), 1.83 (s, 3H), 1.91 (s, 3H), 3.15 (s, 3H), 6.34 (br, 1H) ppm 
13C NMR (CDCl3, 100 MHz): δ = 8.3, 10.7, 27.7, 50.1, 83.6, 91.5, 132.0, 147.5, 166.2, 173.8 ppm. 

HRMS (FAB) (M++1), Found: m/z 242.13961.   Calcd for C12H20NO4: 242.13923 

 

tert-butyl 3-ethyl-2-methoxy-4-methyl-5-oxo-2,5-dihydro-1H-pyrrole-2-carboxylate 

 
 

[Procedure]  

The procedure used for 2a was followed with o-chloranil (222 mg, 0.9 mmol), MeOH (0.024 ml, 0.6 

mmol), 1d (63 mg, 0.3 mmol) 

The residue was separated by TLC (SiO2, hexane/AcOEt = 2/1, v/v) to give 2d (60 mg, 80% yield) as an 

oil.  

 

IR (neat) = 3240, 3091, 2978, 2936, 1711, 1457, 1394, 1370, 1290, 1252, 1160, 1113, 999, 841 cm−1. 
1H NMR (CDCl3) δ = 1.15 (t, 3H, J = 7.6 Hz), 1.47 (s, 9H), 1.87 (s, 3H), 2.37 (q, 2H, J = 7.6 Hz), 3.16 (s, 

3H), 6.18 (br, 1H) ppm 
13C NMR (CDCl3, 100 MHz): δ = 8.5, 11.8, 18.7, 27.8, 50.5, 83.6, 91.5, 132.1, 153.3, 166.5, 174.0 ppm. 

HRMS (ESI-TOF) (M+Na), Found: m/z 278.13627. Calcd for C13H21NNaO4: 278.13628. 

 

4-ethyl-5-methoxy-3-methyl-5-tosyl-1H-pyrrol-2(5H)-one 
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[Procedure] 

The procedure used for 2a was followed with o-chloranil (222 mg, 0.9 mmol), MeOH (0.024 ml, 0.6 

mmol), 1e (79 mg, 0.3 mmol) 

The residue was separated by TLC (SiO2, hexane/AcOEt = 2/1, v/v). 2e was not obtained and 1e (62 mg, 

78%) was recovered.  

 

tert-butyl 3,4-diethyl-5-oxo-2-tosyl-2,5-dihydro-1H-pyrrole-2-carboxylate 

 

 

[Procedure] 

To a mixture of 2b (27 mg, 0.1 mmol), TsH (62 mg, 0.4 mmol) in CH2Cl2 (5 ml), AcOH (1.2 mg, 0.02 

mmol) was added. After refluxing for 1 h, the solvent was evapolated and residue was extracted with 

AcOEt/H2O. The organic layer was washed by brine, then dried by Na2SO4. The solvent was removed and 

the residue was separated by TLC (SiO2, CHCl3/AcOEt/EtOH = 40/8/1, v/v/v) to give 4b (33 mg, 84%) as 

an oil. 

 
1H NMR (CDCl3) δ = 0.72 (t, 3H, J = 7.6 Hz), 1.16 (t, 3H, J = 7.6 Hz), 1.59 (s, 9H), 1.97-2.16 (m, 2H), 

2.41 (s, 3H), 2.53 (dq, 1H, J = 29, 7.6 Hz), 3.04 (dq, 1H, J = 29, 7.6 Hz), 6.68 (br, 1H), 7.28 (d, 2H, J = 8.4 

Hz), 7.67 (d, 2H, J = 8.4 Hz) ppm 

 

3,4-diethyl-5-tosyl-1H-pyrrol-2(5H)-one  

 

 

[Procedure] 

 To a mixture of 2b (27 mg, 0.1 mmol), TsH (124 mg, 0.8 mmol) in CH2Cl2 (5 ml), AcOH (1.2 mg, 

0.02 mmol) was added. After refluxing for 1 h, the solvent was evapolated and residue was extracted with 

AcOEt/H2O. The organic layer was washed by brine, then dried by Na2SO4. The solvent was removed and 

the residue was separated by TLC (SiO2, CHCl3/AcOEt/EtOH = 40/8/1, v/v/v) to give 5b (20 mg, 65%) as 

an oil. 
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1H NMR (CDCl3) δ = 0.61 (t, 3H, J = 7.6 Hz), 1.21 (t, 3H, J = 7.6 Hz), 1.94-2.12 (m, 2H), 2.41 (s, 3H), 

2.53 (dq, 1H, J = 15.2, 7.6 Hz), 2.68 (dq, 1H, J = 15.2, 7.6 Hz), 6.50 (br, 1H), 7.30 (d, 2H, J = 8.2 Hz), 7.65 

(d, 2H, J = 8.2 Hz) ppm 

 

tert-butyl 3-(3-(allyloxy)-3-oxopropyl)-5-((3,4-diethyl-5-oxo-1H-pyrrol-2(5H)-ylidene)methyl) 

-4-methyl-1H-pyrrole-2-carboxylate 

 

 

[Procedure]  

To a mixture of 5b (20 mg, 0.068 mmol) and A (21 mg, 0.068 mmol) in THF (5 ml), PBu3 (0.037 ml, 

0.15 mmol) and DBU (0.011 ml, 0.075 mmol) were added dropwise at 0ºC. After stirring 18 h at rt, solvent 

was evapolated and residue was extracted AcOEt/H2O. The organic layer was washed by saturated aqueous 

NaHSO3, NaHCO3, and brine, then dried by Na2SO4. The solvent was removed and the residue was 

separated by a flash column chromatography (SiO2, Hex/AcOEt = 2/1, v/v) to give 7Ab (21 mg, 68%) as 

mixture of E/Z isomers (63/37) 

 

(Z): 
1H NMR (CDCl3) δ = 1.12 (t, 3H, J = 7.6 Hz), 1.20 (t, 3H, J = 7.8 Hz), 1.56 (s, 9H) 2.08 (s, 3H), 2.41 (q, 

2H, J = 7.6), 2.50-2.60 (m, 4H), 3.01 (t, 2H, J = 7.9 Hz), 4.59 (d, 2H, J = 5.9 Hz), 5.20 (dd, 1H, J = 10.5, 

1.5 Hz), 5.28 (dd, 1H, J = 17.2, 1.5 Hz), 5.90 (ddt, 1H, J = 10.5, 17.2, 5.9 Hz), 5.94 (s, 1H), 8.75 (br, 1H), 

9.36 (br, 1H) ppm 

 

(E): 
1H NMR (CDCl3) δ = 0.92 (t, 3H, J = 7.6 Hz), 1.12 (t, 3H, J = 7.6 Hz), 1.57 (s, 9H) 1.99 (s, 3H), 2.31 (q, 

2H, J = 7.3), 2.34-2.58 (m, 4H), 3.02 (t, 2H, J = 7.8 Hz), 4.58 (d, 2H, J = 5.8 Hz), 5.23 (dd, 1H, J = 10.5, 

1.5 Hz), 5.30 (dd, 1H, J = 17.2, 1.5 Hz), 5.90 (ddt, 1H, J = 10.5, 17.2, 5.8 Hz), 5.90 (s, 1H), 7.80 (br, 1H), 

8.71 (br, 1H) ppm 
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tert-butyl 3,4-diethyl-5-oxo-2,5-dihydro-1H-pyrrole-2-carboxylate  

 
 

[Procedure] 

To solution of 2b (27 mg, 0.1 mmol) in CH2Cl2 (3 ml), Allyltrimethylsilane (0.02 ml, 0.15 mmol) and 

TFA (0.01 ml, 0.13 mmol) were added at room temperature After stirring for 5 d at rt, reaction mixture was 

extracted AcOEt/H2O. The organic layer was washed by brine, then dried by Na2SO4. The solvent was 

removed and the residue was separated by TLC (SiO2, Hex/AcOEt = 1/1, v/v) to give 6b (18 mg, 74%) as 

an oil. 

 
1H NMR (CDCl3) δ = 1.10 (t, 3H, J = 7.6 Hz), 1.12 (t, 3H, J = 7.6 Hz), 1.45 (s, 9H), 2.21-2.41 (m, 4H), 

4.44 (s, 1H), 6.16 (br, 1H) ppm 

 

[Procedure]  

To solution of 2b (27 mg, 0.1 mmol) in CH2Cl2 (3 ml), Allyldimethylphenylsilane (26 mg, 0.15 mmol) 

and TFA (0.01 ml, 0.13 mmol) were added at room temperature After stirring for 1 d at rt, reaction was 

quenched with saturated aqueous NaHCO3 and reaction mixture was extracted CHCl3/H2O. The organic 

layer was washed by brine, then dried by Na2SO4. The solvent was removed and the residue was separated 

by TLC (SiO2, CHCl3/AcOEt/EtOH = 40/8/1, v/v/v) to give 6b (9 mg, 38%) as an oil. 

 

 

< Chapter 2 > 
tert-butyl 3-(3-(allyloxy)-3-oxopropyl)-4-formyl-1H-pyrrole-2-carboxylate 

 

 
[Procedure] 
  To a solution of 1a (879 mg, 3 mmol) in toluene (12 ml), MeOH (1.2 ml, 30 mmol), DDQ (1.4 g, 6.2 

mmol) was added portionwise at room temperature. After stirring for 48 h at room temperature, reaction 

mixture was filtered and extracted with AcOEt and water, then conbined extracts were washed with sat. aq. 

NaHSO3, sat. aq. NaHCO3 and brine, dried by Na2SO4. After evaporation of the solvent, the residue was 

separated by a flash column chromatography (SiO2, Hexane/EtOAc = 2/1, v/v) to give aldehyde 13 (720 mg, 

78% yield ) as a solid. 
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IR (KBr) = 3267, 3009, 2981, 2931, 2881, 1742, 1700, 1664, 1559, 1418, 1393, 1296, 1141, 1052 cm−1 
1H NMR (CDCl3, 300MHz) δ = 1.55 (s, 9H), 2.61 (d, 2H, J = 7.87 Hz), 3.36 (d, 2H, J = 7.87 Hz), 4.56 (d, 

2H, J = 5.9 Hz), 5.20 (dd, 1H, J = 10.5, 1.5 Hz), 5.28 (dd, 1H, J = 17.2, 1.5 Hz), 5.90 (ddt, 1H, J = 17.2, 

10.5, 5.9 Hz), 7.43 (d, 1H, J = 3.66 Hz), 9.91 (s, 1H), 10.0 (br, 1H) ppm 
13C NMR (CDCl3, 100 MHz): δ = 20.4, 28.3, 35.0, 65.0, 82.5, 118.1, 123.1, 125.6, 129.1, 129.8, 132.2, 

160.9, 172.4, 186.0 ppm. 

HRMS (FAB) (M++1), Found: m/z 308.15049. Calcd for C16H22NO5: 308.14979. 

 

 
Ethyl 4-ethyl-2-(toluene-4-sulfonyl)-1H-pyrrole-3-carboxylate 

 
 

[Procedure] 

To the solution of 50% ethyl glyoxalate in toluene (11.2 ml, ca 50 mmol) and 1-nitropropane (5.4 ml, 

60 mmol), 1.4 ml of Et3N (10 mmol) was added dropwise at room temperature. The reaction solution was 

allowed to reflux for 3 min. After the temperature was back to room temperature, the solution was stirred 

for 3h, followed by addition of DMAP (1.2 g, 10 mmol) then Ac2O (7.1 ml, 75 mmol) at 0 oC. After stirring 

at room temperature for 4 h, the reaction was quenched by addition of 1 eq of MeOH (2 ml) at 0 oC for 5 

min stirring. The solvent was removed under reduced pressure and the residue was partitioned between 

EtOAc and water and the organic extracts were washed by a saturated aqueous solution of NaHCO3, brine, 

and dried over Na2SO4. The solvent was evaporated and the crude mixture was obtained as a yellow oil. 

(Note: It was found that the old commercial ethyl glyoxalate solution contained only 0.3 % of 

aldehyde form due to the polymerization of ethyl glyoxalte. It was reported that the polymer form could be 

converted back to the aldehyde by refluxing the solution. So it is better to adjust the refluxing time 

according to the practical content of the ethyl glyoxalte solution.) 

To a solution of tosylmethyl isocyanide (TosMIC) (7.8 g, 40 mmol) in MeCN (14 ml) at - 40 oC, DBU 

(12 g, 80 mmol) in MeCN (6 ml) was added dropwise, followed by addition of a solution of crude mixture 

(9.5 g, ca. 40 mmol) in MeCN (12 ml). After stirring at room temperature for 4 h, the solvent was removed 

under reduced pressure and the residue was partitioned between EtOAc and Water. The organic extracts 

were washed with a saturated aqueous solution of NaHSO3, NaHCO3, brine, and dried over Na2SO4. The 

solvent was evaporated and the residue was separated by flash column chromatography (SiO2, Hex/EtOAc 

= 4/1, v/v) to give 8 (7.5 g, 59%) as yellow oil. 

 

IR (neat) = 3308, 2977, 2935, 2875, 1715, 1490, 1447, 1367, 1318, 1259, 1205, 1146, 1086, 1050, 813, 680 
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cm−1. 
1H NMR (CDCl3, 400MHz) δ = 1.16 (t, 3H, J = 7.8 Hz), 1.24 (t, 3H, J = 6.9 Hz), 2.41 (s, 3H), 2.68 (q, 2H, 

J = 7.8 Hz), 4.22 (q, 2H, J = 6.9 Hz), 6.77 (d, 1H, J = 2.8 Hz), 7.29 (d, 2H, J = 8.2 Hz), 7.85 (d, 2H, J = 8.2 

Hz), 9.73 (br, 1H) ppm. 
13C NMR (CDCl3, 100 MHz): δ = 14.0, 14.1, 19.6, 21.4, 60.2, 116.6, 119.7, 127.6, 129.2, 129.4, 131.5, 

138.2, 143.9, 162.8 ppm. 

HRMS (FAB) (M++1), Found: m/z 322.11176. Calcd for C16H20SNO4: 322.11130. 

 

4-Ethyl-3-hydroxymethyl-2-(toluene-4-sulfonyl)-1H-pyrrole 

 
 

[Procedure] 

To a solution of 8 (2.4 g, 7.5 mmol) in THF (38 ml), LiAlH4 (584 mg, 15 mmol) was added 

portionwise at 0 ºC. After stirring at room temperature overnight, 0.48 ml of H2O, 0.96 ml of 0.1 M NaOH 

aqueous solution then another 1.32 ml of H2O was added carefully at 0oC. After stirring back to room 

temperature for about 30 min, the white precipitate was filtered out with celite and the filtrate was dried 

over Na2SO4. The solvent was evaporated and the residue was separated by a flash column chromatography 

(SiO2, Hex/EtOAc = 1/1, v/v) to give 9 (1.3 g, 65%) as a yellow oil. 

 

IR (neat) = 3511, 3314, 2965, 2927, 1596, 1494, 1455, 1379, 1301, 1218, 1185, 1138, 1084, 1030, 996 

cm−1. 
1H NMR (CDCl3, 400 MHz) δ = 1.15 (t, 3H, J = 7.8 Hz), 2.39 (s, 3H), 2.47 (q, 2H, J = 7.8 Hz), 2.47 (br, 

1H), 4.62 (s, 1H), 6.72 (d, 1H, J = 2.8 Hz), 7.28 (d, 2H, J = 8.2 Hz), 7.81 (d, 2H, J = 8.2 Hz), 9.48 (br, 1H) 

ppm. 
13C NMR (CDCl3, 100 MHz): δ = 14.6, 17.9, 21.4, 54.3, 120.5, 124.4, 126.5, 127.2, 127.8, 129.9, 139.2, 

144.0 ppm. 

HRMS (FAB) (M++1), Found: m/z 280.10060. Calcd for C14H18SNO3: 280.10074. 

 

4-Ethyl-2-(toluene-4-sulfonyl)-1H-pyrrol-3-ylmethyl acetate 

 
 

[Procedure]  

To a mixture of 9 (3.1 g, 11.3 mmol) and DMAP (267 mg, 2.3 mmol) in THF (40 ml), Ac2O (1.13 ml, 

11.3 mmol) was added dropwise at 0 ˚C. After stirring at 0C for 1 h, the solvent was removed under 
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reduced pressure. The residue was partitioned between EtOAc and water and the organic extracts were 

washed by a saturated aqueous solution of NaHCO3, brine, and dried over Na2SO4. After evaporation of 

solvent, residue was separated by a flash column chromatography (SiO2, Hex/EtOAc = 2/1, v/v) to give 10 

(2.2 g, 61%). 

 
1H NMR (CDCl3, 400MHz) δ = 1.13 (t, 3H, J = 6.9 Hz), 1.92 (s, 3H), 2.39 (s, 3H), 2.43 (q, 2H, J = 6.9 Hz), 

5.17 (s, 2H), 6.74 (d, 1H, J = 2.3 Hz), 7.27 (d, 2H, J = 8.2 Hz), 7.77 (d, 2H, J = 8.2 Hz), 9.08 (br, 1H) ppm. 
13C NMR (CDCl3, 100 MHz): δ = 14.3, 18.0, 20.8, 21.5, 55.9, 119.9, 120.9, 126.1, 126.9, 129.2, 129.8, 

139.4, 143.9, 170.7 ppm. 

HRMS (FAB) (M++1), Found: m/z 322.11105. Calcd for C16H20SNO4: 322.11130. 

 

4-ethyl-5-oxo-2-(toluene-4-sulfonyl)-2,5-dihydro-1H-pyrrol-3-ylmethyl acetate 

 
 

[Procedure]  

To a solution of 10 (2.2 g, 6.9 mmol) in CH2Cl2 (35 ml), 1.5 eq of mCPBA (2.5 g, 70%) was added 

portionwise at 0 ºC. After stirring at room temperature overnight, the reaction was quenched by addition of 

a saturated aqueous solution of NaHSO3 at 0 ºC. After stirring at room temperature for 10 min, the 

precipitate was filtered out with celite and the residue was partitioned between EtOAc and water. The 

organic extracts were washed by a saturated aqueous solution of NaHSO3, NaHCO3, brine, and dried over 

Na2SO4. The solvent was evaporated and the residue was separated by a flash column chromatography 

(SiO2, Hex/EtOAc = 1/1, v/v) to give 11 (2.1 g, 88%). 

 

IR (KBr) 3194, 3081, 2977, 2936, 2905, 1740, 1728, 1710, 1596, 1457, 1401, 1370, 1321, 1303, 1249, 

1165, 1135, 1083, 1024, 834, 817 cm−1. 
1H NMR (CDCl3) δ = 0.64 (t, 3H, J = 7.1 Hz), 2.05–2.23 (m, 2H), 2.17 (s, 3H), 2.42 (s, 3H), 5.02 (dd, 2H, 

J =19.7, 13.8 Hz), 5.45 (s, 1H), 6.45 (br, 1H), 7.32 (d, 2H, J = 8.3 Hz), 7.67 (d, 2H, J = 8.3 Hz) ppm. 

HRMS (FAB) (M++1), Found: m/z 338.10651, Calcd for C16H20SNO5: 338.10621. 

 

4-ethyl-5-oxo-2,5-dihydro-1H-pyrrol-3-ylmethyl acetate 

 
 

[Procedure]  

To a solution of 11 (888 mg, 2.6 mmol) in 10 ml of THF, 1 eq of NaBH4 (98 mg) in EtOH (3 ml) was 
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added dropwise at 0 ºC. After stirring for about 10 min at room temperature, the reaction solution was 

poured into a solution of Et2O/Hex (2/1, v/v). The precipitate was filtered out with celite. The filtrate was 

evaporated, and the residue was mixed with Et2O for 10 min. The precipitate was filtered out, and the 

filtrate was dried over Na2SO4. The solvent was evaporated and the residue was used directly in the next 

reaction without purification, or separated by a flash column chromatography (SiO2, Hex/EtOAc = 1/2, v/v) 

to give 12 (291 mg, 61%). 

 

IR (neat) = 3261, 2971, 2936, 2876, 1743, 1688, 1454, 1373, 1313, 1228, 1181, 1031, 978, 907, 779 cm−1. 
1H NMR (CDCl3, 400 MHz) δ = 1.11 (t, 3H, J = 7.8 Hz), 2.11 (s, 3H), 2.36 (q, 2H, J = 7.8 Hz), 3.93 (s, 2H), 

4.92 (s, 2H), 6.87 (br, 1H) ppm. 
13C NMR (CDCl3, 100 MHz): δ = 13.3, 17.0, 20.7, 47.2, 58.9, 137.8, 145.4, 170.6, 174.7 ppm. 

HRMS (FAB) (M++1), Found: m/z 184.09742, Calcd for C9H14NO3: 184.09737. 

 

tert-butyl 4-[2-(4-Ethyl-5-oxo-2,5-dihydro-1H-pyrrol-3-yl)-vinyl]-3-(2-methoxy- 

carbonyl-ethyl)-1H-pyrrole-2-carboxylate  

  
 

[Procedure] 

To a mixture of 12 (91 mg, 0.5 mmol) and Bu3P (1.2 ml, 5 mmol) in THF (6 ml), Pd(PPh3)4 (29 mg, 

0.025 mmol) and NaBr (103 mg, 1 mmol) in MeOH (6 ml) was added. After refluxing overnight, the 

solution was cooled to –40 ºC followed by addition of n-BuLi/Hex (1 eq). As the solution was gradually 

warmed up to –10 ºC, formyl pyrrole 8a (153 mg, 0.5 mmol) in THF (2 ml) was added. After stirring at 

room temperature overnight, the solvent was evaporated and the residue was extracted with AcOEt/H2O. 

The organic layer was washed by aq NH4Cl and brine, then dried by Na2SO4. The solvent was removed and 

the residue was separated by a flash column chromatography (SiO2, Hex/EtOAc = 1/2, v/v) to give 14 (62 

mg, 32%) as mixture of E/Z isomers (1/2) 

 

IR (KBr) = 3231, 2971, 2931, 2872, 1737, 1686, 1558, 1393, 1367, 1293, 1253, 1176, 1130, 1053, 722, 

695 cm−1. 

HRMS (FAB) (M++1), Found: m/z 389.20822    Calcd for C21H29N2O5: 389.20765. 
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(E) 
1H NMR (CDCl3) δ = 1.14 (t, 3H, J = 7.8 Hz), 1.59 (s, 9H), 2.44 (q, 2H, J = 7.8 Hz), 2.58 (t, 2H, J = 7.8 

Hz), 3.15 (t, 2H, J = 7.8 Hz), 3.67 (s, 3H), 4.18 (s, 2H), 6.28 (br, 1H), 6.70 (d, 1H, J = 16.5 Hz), 6.810 (d, 

1H, J = 16.5 Hz), 7.16 (d, 1H, J = 3.2 Hz), 9.33 (br, 1H) ppm. 

 

 (Z) 
1H NMR (CDCl3) δ = 1.07 (t, 3H, J = 7.8 Hz), 1.58 (s, 9H), 2.35 (q, 2H, J = 7.8 Hz), 2.54 (t, 2H, J = 7.8 

Hz), 3.00 (t, 2H, J = 7.8 Hz), 3.65 (s, 3H), 3.73 (s, 2H), 6.44 (d, 1H, J = 11.9 Hz), 6.72 (d, 1H, J = 2.7 Hz), 

6.88 (br, 1H), 9.32 (br, 1H) ppm. 

 

tert-Butyl 4-[2-(4-Ethyl-5-oxo-2,5-dihydro-1H-pyrrol-3-yl)-ethyl]-3-(2-methoxy- 

carbonylethyl)-1H-pyrrole-2-carboxylate 

 
 

[Procedure]  

To a solution of 14 in MeOH. 0.1 eq of 5% Pd/C was added. After stirring under 1 atm H2 atmosphere 

for 4 h, the black catalyst was filtered out with celite and the filtrate was evaporated to obtain product 15 as 

oil. 

 
1H NMR (CDCl3) δ = 1.05 (t, 3H, J = 7.3 Hz), 1.57 (s, 9H), 2.26 (q, 2H, J = 7.3 Hz), 2.55 (t, 2H, J = 7.8 

Hz), 2.64 (m, 4H), 3.99 (t, 2H, J = 7.8 Hz), 3.67 (s, 3H), 3.80 (s, 2H), 6.22 (br, 1H), 6.63 (d, 1H, J = 2.7 

Hz), 8.92 (br, 1H) ppm. 

 

3-(7-Ethyl-2-formyl-6-oxo-5,6,8,9-tetrahydro-3H-3,5-diaza-cyclopenta[f]azulen-1-yl)-propionic acid 

methyl ester 
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[Procedure]  

The crude was treating with TFA at room temperature for 2h, followed by addition of methyl 

orthoformate for another 2 h reaction. After removing the solvents, the residue was dissolved in 3 ml THF, 

followed by addition of 3 eq of DBU. After stirring at 50 oC overnight, the solvent was removed and the 

residue was extracted with AcOEt/H2O, then washed with aq NH4Cl and brine, dried by Na2SO4. After 

evaporation of the solvent, the residue was separated by a flash column chromatography (SiO2, Hex/EtOAc 

= 1/2, v/v) to give 24 (50% yield) as a yellow solid. 

 

Mp. 120 ºC (from CHCl3) 

IR (KBr) 3222, 2961, 2931, 2867, 1734, 1698, 1674, 1610, 1446, 1366, 1270, 1203, 1173, 1130, 1056, 

1034 cm-1 
1H NMR (CDCl3) δ = 1.11 (t, 3H, J = 7.8 Hz), 2.40 (q, 2H, J = 7.8 Hz), 2.58 (t, 2H, J = 7.8 Hz), 2.72 (m, 

2H), 2.77 (m, 2H), 3.06 (t, 2H, J = 7.8 Hz), 3.67 (s, 3H), 6.26 (s, 1H), 7.99 (br, 1H), 9.55 (s, 1H), 10.04 (br, 

1H) ppm. 

 

 

< Chapter 3 > 
tert-butyl 3-(3-(allyloxy)-3-oxopropyl)-4-(2-methoxyvinyl)-1H-pyrrole-2-carboxylate 

 

 
[Procedure] 

To a suspension of (methoxymethyl)triphenylphosphonium chloride (3.42 g, 10.0 mmol) in THF (30 mL), 

n-BuLi (3.28 mL of 2.65 M solution in hexane, 8.7 mmol) was added dropwise at 0 ºC and the mixture was 

stirred for 1 h at 0 ºC. Aldehyde 13 (431 mg, 1.4 mmol) in THF (5 mL) was added to the resulting solution 

and the mixture was stirred for 10 min at 0 ºC. The reaction was quenched by the addition of a sat. aqueous 

solution of NH4Cl and the mixture was subsequently extracted with AcOEt. The combined extracts were 

washed with water and brine, dried by Na2SO4 and condensed under reduced pressure. The residue was 

purified by column chromatography (SiO2, hexane/AcOEt = 6/1 to 3/1, v/v) to give E- and Z-mixture of the 

vinyl ether 19 (354 mg, 75% yield, E/Z = 1/2) as an oil. 

 
1H NMR (CDCl3, 400 MHz): (E) δ = 1.56 (s, 9H), 2.58 (t, 2H, J = 8.3 Hz), 3.06 (t, 2H, J = 8.3 Hz), 3.65 (s, 

3H), 4.58 (d, 2H, J = 5.5 Hz), 5.22 (d, 1H, J = 10.6 Hz), 5.25 (d, 1H, J = 17.3 Hz), 5.63 (d, 1H, J = 12.8 
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Hz), 5.92 (ddt, 1H, J = 17.3, 10.6, 5.5 Hz), 6.72 (d, 1H, J = 12.8 Hz), 6.76 (d, 1H, J = 2.8 Hz), 8.81 (br, 1H) 

ppm. 

(Z) δ = 1.56 (s, 9H), 2.55 (t, 2H, J = 8.3 Hz), 3.08 (t, 2H, J = 8.3 Hz), 3.75 (s, 3H), 4.58 (d, 2H, J = 5.5 Hz), 

5.219 (d, 1H, J = 6.9 Hz), 5.224 (dd, 1H, J = 10.6 Hz), 5.30 (dd, 1H, J = 17.3 Hz), 5.92 (ddt, 1H, J = 17.3, 

10.6, 5.5 Hz), 6.07 (d, 1H, J = 6.9 Hz), 7.32 (d, 1H, J = 3.2 Hz), 8.87 (br, 1H) ppm. 
13C NMR (CDCl3, 100 MHz): δ = (E) 20.6, 28.4, 35.5, 56.3, 64.9, 81.0, 95.9, 116.9, 118.0, 120.5, 120.8, 

126.6, 132.3, 147.5, 161.0, 172.8 ppm. 

(Z) 20.3, 28.4, 35.5, 60.1, 64.9, 80.9, 96.6, 118.0, 119.1, 119.8, 121.9, 126.2, 132.3, 145.5, 161.1, 172.9 

ppm. 

IR (neat) 3312, 2977, 2933, 1736, 1685, 1663, 1560, 1455, 1401, 1368, 1288, 1259, 1130, 1050, 987, 941, 

781 cm–1 

HRMS (DART): m/z Calcd for C18H26NO5: 336.1811: [M+H]+; found: 336.1803. 

 

tert-butyl 3-(3-(allyloxy)-3-oxopropyl)-4-(2-oxoethyl)-1H-pyrrole-2-carboxylate 

 

 

To a solution of vinyl ether 19 (63 mg, 0.2 mmol) in CHCl3 (5.5 mL), oxalyl chloride (25 mg, 0.2 mmol) in 

CHCl3 (0.5 mL) was added at room temperature. To this reaction mixture, ethanol (11 µL, 0.2 mmol) and 

H2O (4 µL, 0.2 mmol) were subsequently added and the whole was stirred at room temperature. After 0.5 h, 

the reaction was quenched by the addition of sat. aqueous solution of NaHCO3 and the mixture was 

subsequently extracted with CHCl3. The combined extracts were washed with brine, dried over Na2SO4, and 

condensed under reduced pressure. The residue was purified by column chromatography (SiO2, 

hexane/Et2O = 4/1 to 2/1, v/v) to give aldehyde 20 (53 mg, 83% yield) as an oil. 

 

IR (neat) 3312, 2977, 2935, 1727, 1685, 1508, 1456, 1409, 1368, 1289, 1172, 1132 cm–1 
1H NMR (CDCl3, 400 MHz): δ = 1.58 (s, 9H), 2.59 (t, 2H, J = 7.8 Hz), 2.97 (t, 2H, J = 7.8 Hz), 3.59 (d, 2H, 

J = 1.8 Hz), 4.56 (d, 2H, J = 5.6 Hz), 5.22 (dd, 1H, J = 11.9, 1.5 Hz), 5.28 (dd, 1H, J = 15.9, 1.5 Hz), 5.89 

(ddt, 1H, J = 15.9, 11.9, 5.6 Hz), 6.78 (d, 1H, J = 3.2 Hz), 9.41 (br, 1H), 9.68, (t, 1H, J = 1.8 Hz) 
13C NMR (CDCl3, 100 MHz): δ = 20.3, 28.4, 35.2, 40.1, 65.0, 81.3, 114.6, 118.1, 120.9, 121.2, 128.2, 

132.2, 160.7, 172.7, 199.4 

HRMS (DART): m/z calcd for C17H24NO5: 322.1655: [M+H]+; found: 322.1651. 
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One-pot procedure 

To a suspension of (methoxymethyl)triphenylphosphonium chloride (2.09 g, 6.1 mmol) in THF (20 mL), 

n-BuLi (2.08 mL of 2.65 M solution in hexane, 5.5 mmol) was added dropwise at 0 ºC and the mixture was 

stirred for 1 h at 0 ºC. Aldehyde 13 (375 mg, 1.2 mmol) in THF (5 mL) was added to the resulting solution 

and the mixture was stirred for 10 min at 0 ºC. The reaction was quenched by the addition of a sat. aqueous 

solution of NH4Cl and the mixture was subsequently extracted with AcOEt. The combined extracts were 

washed with water and brine, dried by Na2SO4 and condensed under reduced pressure. The residue was 

dissolved in CHCl3 (36 mL) and oxalyl chloride (774 mg, 6.1 mmol) in CHCl3 (2 mL) was added at room 

temperature. After 0.5 h, the reaction was quenched by the addition of sat. aqueous solution of NaHCO3 

and the mixture was subsequently extracted with CHCl3. The combined extracts were washed with brine, 

dried over Na2SO4, and condensed under reduced pressure. The residue was purified by column 

chromatography (SiO2, hexane/Et2O = 4/1 to 2/1, v/v) to give aldehyde 20 (392 mg, 69% yield in 2 steps) 

as an oil. 

 

General Procedure for Hydrolysis of Vinyl Ether (Table 3-3):  

To a solution of vinyl ether (0.5 mmol) in CHCl3 (4.5 mL), oxalyl chloride (63 mg, 0.5 mmol) in CHCl3 

(0.5 mL) was added at room temperature To this reaction mixture, ethanol (29 mL, 0.5 mmol) and H2O (9 

mL, 0.5 mmol) were subsequently added and the whole was stirred at room temperature. After reaction 

completion (monitored by TLC), the reaction was quenched by the addition of sat. aqueous solution of 

NaHCO3 and the mixture was subsequently extracted with CHCl3. The combined extracts were washed 

with brine, dried over Na2SO4, and condensed under reduced pressure. The residue was purified by column 

chromatography. 

 

tert-butyl 4-(3-(4-ethyl-5-oxo-2,5-dihydro-1H-pyrrol-3-yl)allyl)-3-(3-methoxy-3-oxopropyl) 

-1H-pyrrole-2-carboxylate 

 
 

[Procedure] 

To a mixture of 12 (49 mg, 0.27 mmol) and n-Bu3P (0.64 ml, 2.67 mmol) in THF (3.2 ml), Pd(PPh3)4 

(15.5 mg, 0.005 mmol) and NaBr (55 mg, 0.52 mmol) in MeOH (3.2 ml) was added. After refluxing 

overnight, the solution was cooled to –40 ºC followed by addition of n-BuLi (0.17 ml of 1.6 M solution in 

hexane, 0.26 mmol). As the solution was gradually warmed up to –10 ºC, aldehyde (86 mg, 0.26 mmol) in 

NH

NH

CO2tBu

O

MeO2C

Me  
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THF (1 ml) was added. After stirring at room temperature overnight, the solvent was evaporated and the 

residue was partitioned between EtOAc and water. The organic extracts were washed by aq NH4Cl and 

brine, then dried by Na2SO4. The solvent was removed and the residue was purified by a flash column 

chromatography (SiO2, Hexane/EtOAc = 1/2, v/v) to give 23 (58 mg) as an oil. 

 

 

tert-butyl 4-(3-(4-ethyl-5-oxo-2,5-dihydro-1H-pyrrol-3-yl)propyl)-3-(3-methoxy-3-oxopropyl) 

-1H-pyrrole-2-carboxylate 

 
 

[Procedure] 

To a solution of 23 (38 mg, 0.094 mmol) in MeOH (3 ml), 5% Pd/C (19 mg) was added. After stirring 

under hydrogen atmosphere (1 atm) for 6 h, the catalyst was filtered through a pad of celite and the solvent 

was removed and the residue was purified by a TLC (SiO2, Hexane/Acetone = 2/1, v/v) to give 

hydrogenated product 25 (23 mg, 20% yield in 2 steps). 

 

IR (neat) = 3334, 2974, 2934, 2866, 1732, 1681, 1558, 1540, 1507, 1455, 1405, 1368, 1297, 1248, 1224, 

1185, 1140, 1059, 1031 cm−1. 
1H NMR (CDCl3, 400 MHz): δ = 1.07 (t, 3H, J = 7.2 Hz), 1.57 (s, 9H), 1.67–1.75 (m, 2H), 2.27 (q, 2H, J = 

7.2 Hz), 2.43 (t, 2H, J = 7.8 Hz), 2.48 (t, 2H, J = 7.8 Hz), 2.54 (t, 2H, J = 7.2 Hz), 2.99 (t, 2H, J = 7.2 Hz), 

3.67 (s, 3H), 3.84 (s, 2H), 6.67 (d, 1H, J = 2.0 Hz), 6.99 (br, 1H) 9.20 (br, 1H) 
13C NMR (CDCl3, 100 MHz): δ = 13.5, 16.7, 20.5, 24.8, 27.6, 28.4, 29.8, 35.3, 48.2, 51.5, 81.0, 119.2, 

120.7, 124.0, 127.4, 134.1, 152.6, 160.1, 173.6 ppm. 

HRMS (ESI-TOF) (M+Na), Found: m/z 427.2203. Calcd for C22H32N2NaO5: 427.2203. 

 

 

 

 

 

 

 

 

NH
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O
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(E)-methyl 

3-(7-ethyl-2-formyl-8-oxo-1,4,5,6,8,9-hexahydrocycloocta[1,2-b:7,6-b']dipyrrol-3-yl)propanoate 

 
 

[Procedure] 

The dipyrrole 25 (37 mg, 0.092 mmol) was treating with TFA (0.46 ml) at room temperature for 2 h, 

followed by addition of methyl orthoformate (0.46 ml) for another 2 h reaction. After removing the 

solvents, the residue was dissolved in 4.6 ml THF, followed by addition of DBU (56 mg, 0.37 mmol). After 

stirring at 60 ºC overnight, the solvent was removed and the residue was extracted with AcOEt/H2O, then 

washed with aq NH4Cl and brine, dried by Na2SO4. After evaporation of the solvent, the residue was 

separated by a TLC (SiO2, Hexane/AcOEt = 1/2, v/v) to give locked dipyrrole (11 mg, 36% yield, in 3 steps) 

as a yellow solid and diformylintermediate (6.9 mg, 21% yield, in 3 steps). 

 

 Obtained diformylintermediate (6.9 mg, 0.019 mmol) was treated with DBU (11.6 mg, 0.076 mmol) in 

THF (1 ml). After stirring at 60 ºC overnight, the solvent was removed and the residue was extracted with 

AcOEt/H2O, then washed with aq NH4Cl and brine, dried by Na2SO4. After evaporation of the solvent, the 

residue was separated by a TLC (SiO2, Hexane/AcOEt = 1/2, v/v) to give locked dipyrrole (4.9 mg, 75% 

yield, in 3 steps) as a yellow solid. 

 

IR (KBr) 3236, 2932, 2857, 1737, 1682, 1620, 1557, 1495, 1455, 1373, 1260, 1219, 1157, 1050 cm-1 
1H NMR (CDCl3) δ = 1.11 (t, 3H, J = 7.6 Hz), 1.97 (quint, 2H, J = 6.5 Hz), 2.35-2.41 (m, 4H), 2.50 (t, 2H, 

J = 6.5 Hz), 2.61 (t, 2H, J = 7.6 Hz), 3.06 (t, 2H, J = 7.8 Hz), 3.68 (s, 3H), 6.19 (s, 1H), 9.10 (br, 1H), 9.58 

(s, 1H), 10.77 (br, 1H) ppm. 
13C NMR (CDCl3, 100 MHz): δ = 13.3, 16.4, 19.0, 21.4, 22.8, 33.0, 36.1, 51.5, 100.7, 124.3, 129.4, 133.1, 

135.1, 136.6, 140.7, 142.7, 171.9, 173.0, 177.5 

HRMS (ESI-TOF) (M+Na), Found: m/z 365.1472, Calcd for C19H22N2NaO4: 365.1472. 
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