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TÓM�TẮT

Trong�bài�tổng�quan�này,�chúng�tôi�tóm�lược�các�cơ�chế�phản�ứng�tạo�thành�các�chất�nucleobase�của�DNA�

từ�formamide�(FM)�theo�các�con�đường�phản�ứng�gốc�tự�do�đã�được�nghiên�cứu�bằng�các�tính�toán�hóa�học�lượng�

tử.�Formamide�được�biết�đến�như�một�tiền�chất�của�nucleobase�có�từ�thời�Trái�đất�sơ�khai,�hoặc�trong�bầu�khí�

quyển�ngoài�trái�đất�giàu�nitơ�như�hành�tinh�Titan,�trong�điều�kiện�có�nước�cũng�như�không�có�nước.�Hiện�nay�

các�thí�nghiệm�mô�phỏng�trong�phòng�thí�nghiệm�về�các�điều�kiện�ngoài�Trái�đất�gặp�nhiều�khó�khăn�vì�kiến���thức�

còn�rất�hạn�chế�về�các�môi�trường�chưa�được�khảo�sát�thực�tế,�do�khoảng�cách�quá�xa.�Tuy�nhiên,�các�bằng�chứng�

quang�phổ�ngày�càng�chứng�minh�cho�giả�thiết�là�các�hợp�chất�hữu�cơ�đã�được�tìm�thấy�trong�bầu�khí�quyển�Titan.�

Sự�hình�thành�các�phân�tử�phức�tạp�trong�những�môi�trường�như�vậy�có�thể�được�hình�thành�thông�qua�các�con�

đường�phản�ứng�gốc�tự�do.�Các�gốc�hóa�học�tự�do�tạo�nên�nhiều�con�đường�phong�phú,�độc�đáo�cho�quá�trình�hình�

thành�các�phân�tử�sinh�học�từ�những�hợp�chất�hữu�cơ�đơn�giản.�Chúng�thúc�đẩy�hơn�nữa�sự�hiểu�biết�của�chúng�ta�

trong�quá�trình�tổng�hợp�các�hợp�chất�tiền�sinh�học�từ�các�hợp�chất�hữu�cơ�dị�vòng.�Tất�cả�các�cơ�chế�được�đề�xuất�

sử�dụng�các�phản�ứng�gốc�đơn�giản�như�sự�dịch�chuyển�các�nguyên�tử�H,�sự�tấn�công�của�các�gốc�tự�do�nhỏ�như�
●+�●2+�●1+

�
…�Ưu�điểm�của�cơ�chế�phản�ứng�gốc�tự�do�là�hầu�hết�các�phản�ứng�quan�trọng�đều�có�hàng�rào�năng�

lượng�tương�đối�thấp.�Những�đường�phản�ứng�khác�nhau�này�dẫn�đến�sự�hình�thành�một�hỗn�hợp�sản�phẩm,�dẫn�

đến�sự�đa�dạng�trong�các�phân�tử�sinh�học�được�hình�thành�từ�một�số�nhỏ�hợp�chất�ban�đầu�đơn�giản.

Từ�khoá:�Formamide,�tiền�chất�sinh�học,�sự�hình�thành�của�DNA�nucleobase,�phản�ứng�hóa�học�gốc�tự�do�
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Formamide�as�a�prebiotic�precursor�of�DNA�nucleobases:�
The�free�radical�routes
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�Q�WK�V�UH��HZ�ZH�SUREH�WKH�UHDFW�RQ�PHFKDQ�VPV�IRU�IRUPDW�RQ�RI�'1��QXFOHREDVHV�IURP�IRUPDP�GH��)0��

following� the� free� radical�pathways� that�have�been� identi�ed�by� quantum�chemical�computations.�Formamide�

�V� NQRZQ� DV� D� SUHFXUVRU� RI� QXFOHREDVHV� �Q� WKH� SUHE�RW�F� FKHP�VWU�� RI� WKH�(DUO�� (DUWK� RU� �Q� WKH� Q�WUR�HQ�U�FK�

atmosphere�such�as�Titan,�regardless�of�whether�water�is�present�or�absent.�Laboratory�simulation�experiments�of�

WKH�H[WUD�WHUUHVWU�DO�FRQG�W�RQV�DUH�QRW�WU���DO�WR�VHWXS�EHFDXVH�RI�WKH�O�P�WHG�NQRZOHG�H�RI�WKH�XQVHHQ�HQ��URQPHQWV��

However,�increasing�synthetic�and�spectral�evidence�for�organic�compounds�have�been�found�in�the�organic�haze�

RI�7�WDQ�V�DWPRVSKHUH��)RUPDW�RQ�RI�FRPSOH[�PROHFXOHV�XQGHU�VXFK�HQ��URQPHQWV�FDQ�EH�H[SHFWHG�WR�SURFHHG��Q�

SDUW�WKURX�K�IUHH�UDG�FDO�SDWKZD�V��7KH�IUHH�UDG�FDOV�FRQVW�WXWH�SURP�V�Q��URXWHV�IRU�WKH�QRQWKHUPDO�FRQVWUXFW�RQ�

RI� E�RPROHFXOHV�� 7KH�� IXUWKHU� SURPRWH� RXU� XQGHUVWDQG�Q�� �Q� WKH� SUHE�RW�F� V�QWKHV�V� RI� KHWHURF�FO�F� RU�DQ�F�

compounds.�All�of�the�suggested�mechanisms�employ�simple�radical�reactions�such�as�H�rearrangements�(shifts),�

●H/●OH/●NH
�
�radical�losses,�and�most�importantly�intramolecular�radical�1,�n-cyclization.�The�advantages�of�

IUHH�UDG�FDO�PHFKDQ�VPV�DUH�WKH��QKHUHQWO��ORZ�HQHU���EDUU�HUV�WKDW�DUH�REVHU�HG��Q�PRVW�UHDFW�RQ�VWHSV�DQG�WKH�

highly�exergonic�nature�of�the�whole�reaction�chains.�The�channels�lead�to�more�than�one�product�at�the�end,�which�

EU�Q�V��Q�WKH�FRQFHSW�RI�G��HUV�W���Q�E�RPROHFXOHV�IRUPHG�IURP�D�V�Q�OH�SUHE�RW�F�URXWH��

Keywords:�Formamide,�prebiotic�chemistry,�DNA�nucleobases�formation,�free�radical�routes.
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6RPHW�PHV�MXVW� D�V�Q�OH�G�VFR�HU���V�QHHGHG�WR�

EUHDN� GRZQ� WKH� O�P�W�Q�� ZDOOV� RI� NQRZOHG�H��

��G�VFR�HU�� WKDW�EURNH�GRZQ� WKH�ZDOO�EHWZHHQ�

RU�DQ�F� DQG� �QRU�DQ�F� FKHP�VWU�� ZDV� WKH�

V�QWKHV�V� RI� D� V�PSOH� RU�DQ�F� PROHFXOH� �XUHD�

�1+
�
�
�
&2�� IURP� WZR� �QRU�DQ�F� FRPSRXQGV�

���1&2� �� 1+
�
&O�� E�� )U�HGU�FK� :�KOHU� �Q�

������� �� EUHDNWKURX�K� �Q� SUHE�RW�F� FKHP�VWU��

VWDUWHG� PRUH� WKDQ� RQH� FHQWXU�� ODWHU� �Q� �����

Z�WK� WKH� 0�OOHU�8UH�� H[SHU�PHQW� VKRZ�Q�� WKH�

SRVV�E�O�W�� RI� VSRQWDQHRXV� EH��QQ�Q�� RI� O�IH� �Q�

WKH�(DUO��(DUWK�2,3� �7KH�0�OOHU�V��URXS�ZDV� WKH�

�rst�to�design�experiments�in�the�perspective�of�

WKH��'DUZ�Q�V�SUHE�RW�F�VRXS�����P�[WXUH�RI�&+
�
,�

1+
�
,�H

�
�DQG�+

�
2��DSRU�ZDV�SXW��Q�WKH�UHDFWRU�WR�

P�P�F�WKH�VXSSRVHG�FRPSRQHQWV�RI�WKH�SU�P�W��H�

UHGXF�Q�� (DUWK� DWPRVSKHUH� FORVHG� WR� D� VDPSOH�

of�‘early�ocean’,�along�with�electrodes�used�for�

HOHFWU�F� G�VFKDU�HV� WR� V�PXODWH� O��KWQ�Q����IWHU�

seven� days,� Stanley� Miller� aQG� +DUROG� 8UH��
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found�several�amino�acids�in�the�ocean��ask�in�

this� closed� medium,� and� the� product� mixture�

includes� alanine,� glycine,� aspartic� acid� and�

α-amino� butyric� acid.� This� experiment� really�

initiated�the�subject�of�origin�of�life�as�a�scienti�c�

research�topic.�Inspired�by�this�discovery,�many�

VXEVHTXHQW�V�PXODW�RQ�H[SHU�PHQWV�ZHUH�FDUU�HG�

out� con�rming� the� possibility� of� formation�

RI� G�IIHUHQW� EX�OG�Q�� EORFNV� RI� E�RPROHFXOHV�

IURP� V�PSOH� SUHE�RW�F� PROHFXOHV�� 6XEVHTXHQW�

VWXG�HV� VX��HVWHG� WKDW� WKH� HDUO�� DWPRVSKHUH�

P��KW� FRQWD�Q� OHVV� &+
�
� DQG� PRUH� &2�

�
,� and�

WKH� ORFDO�]HG� HQ��URQPHQWV� FRXOG� KD�H� QHDU�

�ROFDQ�F� DFW���W�HV�� 7KH� DE�RW�F� V�QWKHVHV�

were� subsequently� reported� for� nucleobases,����

sugars,�� nucleotides,��� DQG� DP�QR� DF�GV�4,11�

)RUPDW�RQ�RI�DP�QR�DF�GV�ZDV�VKRZQ�WR�EH�PRUH�

dif�cult� in� experiments� using� CO
�
� �QVWHDG� RI�

&+
�
��9DU�DW�RQV�RI�0�OOHU�V�H[SHU�PHQWV�FDUU�HG�

out� include� aspects� of� hydrothermal� vents,�

neutral�atmospheres,�reducing�H
�
S�atmospheres,�

volcanic� conditions,� etc.� In� each� of� these�

�DU�DW�RQV�DP�QR�DF�GV�RU�RU�DQ�F�SUHFXUVRUV�RI�

DP�QR�DF�GV�FRuld�be�identi�ed.�

)RUPDW�RQ� RI� WKHVH� EX�OG�Q�� EORFNV�

IURP� V�PSOHU� �QRU�DQ�F�VWDUW�Q��PDWHU�DOV���ZDV�

considered� as� the� �rst� step� in� the� bottom-up�

DSSURDFK�ZK�FK�H[SORUHV�WKH�FKHP�FDO�SURFHVVHV�

�Q��R�Q��IURP�WKH�V�PSOHU�WR�WKH�PRUH�FRPSOH[�

V�VWHPV��6FKHPH����������7KH�ERWWRP�XS�DSSURDFK�

VWDUWV�Z�WK�VRPH�V�PSOH�SUHE�RW�F�PROHFXOHV�DQG�

FRQG�W�RQV�WKDW�P�P�F�WKH�FKHP�FDO�FRQG�W�RQV�RQ�

the�Early�Earth,�and�attempts�to�understand�the�

IRUPDW�RQ�RI�EX�OG�Q��EORFNV�Dnd�biomolecules,�

WKH�FDWDO�V�V�DQG�WKH�VHOI�RU�DQ�]DW�RQV�

�

6FKHPH����6HTXHQW�DO�VWHSV�RI�WKH�ERWWRP�XS�DSSURDFK�IRU�WKH�RU���Q�RI�O�IH���

2U�DQ�F� FRPSRXQGV� OHDG�Q�� WR� WKH� E�UWK�

RI� WHUUHVWU�DO� RU�DQ�VPV� FDQ� EH� DE�RW�FDOO��

V�QWKHV�]HG� �Q� WKH�SU�P�W��H�DWPRVSKHUH�DQG�RU�

RFHDQ� RI� WKH� (DUWK�� 7KH� SU�PH�DO� DWPRVSKHUH�

RI� WKH� (DUWK� ZK�FK� �V� XVXDOO�� K�SRWKHV�]HG� WR�

be�composed�of�simple�molecules,�can�be�those�

detected� in� interstellar� space,�or�having�similar�

FRPSRV�W�RQ�WR�VRPH�ERG�HV�RI�WKH�6RODU�V�VWHP�

such�as�Mars,�Titan�or�Europa.2,13,14�7KHVH�HDUO��

EX�OG�Q�� EORFNV� RI� O�IH� FRXOG� DOVR� EH� IRUPHG�

H[WUD�WHUUHVWU�DOO�� DQG� EURX�KW� WR� RXU� SODQHW�E��

PHWHRU�WHV�RU�FRPHWV��0DQ��PROHFXOHV��QFOXG�Q��

important� prebiotic� precursors� such� as� HCN,�

HNCO,� H
�
CO,� NH

�
CHO,� HCOOH,� etc.,� and�

ODU�HU� F�FO�F� DQG� DF�FO�F� RU�DQ�F� FRPSRXQGV�

KD�H� EHHQ� GHWHFWHG� �Q� WKH� �QWHUVWHOODU� PHG�XP�

PRVWO��E��PHDQV�RI�PROHFXODU�VSHFWURVFRS���VHH�

7DEOH���IRU�WKH�FHQVXV��Q�������������The�af�uence�

RI� H[WUD�WHUUHVWU�DO� PROHFXOHV� FOHDUO�� VX��HVWV�

WKH�H[�VWHQFH�RI�DFW��H�FKHP�FDO�SURFHVVHV�WDN�Q��

place�in�the�interstellar�medium,�which�eventually�

PD�� UHVXOW� �Q� WKH� V�QWKHVHV� RI� SUHFXUVRUV� DQG�

EX�OG�Q��EORFNV�IRU�E�RPROHFXOHV��6H�HUDO�DP�QR�

acids� including�glycine,�alanine,� glutamic�acid,�

valine,� and� proline,� and� nucleobases� including�

xanthine�and�uracil,�are�present�in�the�interstellar�

medium,� comets,� and� meteorites.������ 7KH� QRQ�

WHUUHVWU�DO�RU���Q�RI�[DQWK�QH�DQG�XUDF�O�KDV�EHHQ�

con�rmed� using� compound-speci�c� carbon�

�VRWRSH�GDWD�RI�WKH�0XUFK�VRQ�PHWHURU�WH���
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7DEOH����7HPSRUDU��FHQVXV�RI��QWHUVWHOODU�PROHFXOHV���

7�SHV /LVW�RI�PROHF�OHV

��DWRPV AlCl,�AlF,�AlO,�C
�
,�CF�,�CH,�CH�,�CN,�CN−,�CO,�CO�,�CP,�CS,�FeO,�H

�
,�HCl,�

+&O�,�HF,�NH,�KCl,�N
�
,�NO,�NS,�NaCl,�O

�
,�OH,�OH�,�PN,�SH,�SH�,�SO,�SO�,�

SiC,�SiN,�SiO,�SiS,�PO

��DWRPV AlNC,�AlOH,�C
�
,�C

�
H,�C

�
O,�C

�
P,�C

�
S,�CO

�
,�H

�
�,�CH

�
,�H

�
&O�,�H

�
O,�H

�
2�,�HO

�
,�

+
�
S,�HCN,�HCO,�HCO�,�HCS�,�HCP,�HNC,�HN

�
�,�HNO,�HOC�,�KCN,�MgCN,�

1+
�
,�N

�
+�,�N

�
O,�NaCN,�OCS,�SO

�
,�c-SiC

�
,�SiCN,�SiNC,�FeCN

��DWRPV &
�
+

�
,�l-C

�
H,�c-C

�
H,�C

�
N,�C

�
O,�C

�
S,�H

�
2�,�H

�
2

�
,�H

�
CN,�H

�
CO,�H

�
CS,�HCCN,�

+&1+�,�HCNO,�HOCN,�HOCO�,�HNCO,�HNCS,�HSCN,�NH
�
,�SiC

�
,�PH

�

��DWRPV &
�
,�CH

�
,�c-C

�
+

�
,�l-C

�
+

�
,�H

�
CCN,�H

�
&

�
O,�H

�
CNH,�H

�
&2+�,�C

�
H,�C

�
+−,�HC

�
N,�

HCCNC,�HCOOH,�NH
�
CN,�SiC

�
,�SiH

�
,�HCOCN,�HC

�
1−,�HNCNH,�CH

�
2

��DWRPV F�+
�
&

�
O,�C

�
+

�
�,�CH

�
CN,�CH

�
NC,�CH

�
OH,�CH

�
SH,�l-H

�
&

�
,�HC

�
1+�,�NH

�
CHO,�

&
�
H,�HC

�
CHO,�HC

�
N,�CH

�
CNH,�C5N−,�HNCHCN

��DWRPV F�&
�
+

�
O,�CH

�
&

�
H,�H

�
&1+

�
,�CH

�
CHCN,�H

�
CHCOH,�C

�
H,�C

�
+−,�HC

�
CN,�

&+
�
CHO,�HC

�
1−

��DWRPV +
�
&&

�
CN,�H

�
COHCOH,�CH

�
OOCH,�CH

�
COOH,�C

�
+

�
,�CH

�
CHCHO,�

&+
�
CCHCN,�C

�
H,�NH

�
&+

�
CN,�CH

�
&+1+

��DWRPV &+
�
&

�
H,�CH

�
2&+

�
,�CH

�
&+

�
CN,�CH

�
&21+

�
,�CH

�
&+

�
OH,�C

�
H,�HC

�
CN,�C

�
+−,�

&+
�
&+&+

�

����DWRPV &+
�
&2&+

�
,�CH

�
&+

�
CHO,�CH

�
&

�
N,�HC

�
CN,�CH

�
&

�
H,�CH

�
2&

�
+

�
,�HC

��
CN,�

&
�
+

�
,�C

�
+

�
OCHO,�C

�
+

�
CN,�C

��
,�C

��
,�C

��
�

'HXWHUDWHG HD,�H
�
'�,�HDO,�D

�
O,�DCN,�DCO,�DNC,�N

�
'�,�NHD

�
,�ND

�
,�HDCO,�D

�
CO,�

&+
�
DCCH,�CH

�
CCD,�D

�
&6

�Q� DGG�W�RQ� WR� WKH� RSHQ� TXHVW�RQV� DERXW�

WKH� VWDUW�Q�� PDWHU�DOV� QHHGHG� IRU� WKH� SUHE�RW�F�

synthesis�in�the�Early�Earth,�the�conditions�under�

ZK�FK� WKH� HDUO�HVW� IRUP� RI� O�IH� ZDV� WU���HUHG�

remain� unidenti�ed.� Various� simulation�

H[SHU�PHQWV� KD�H� EHHQ� FDUU�HG� RXW� XQGHU�

G�IIHUHQW�K�SRWKHW�FDOO��SUHE�RW�F�FRQG�W�RQV��7KH�

ZHOO�NQRZQ�0�OOHU�8UH��H[SHU�PHQW��V�D�W�S�FDO�

H[DPSOH� RI� WKH� �DV� SKDVH� UHDFW�RQV� GU��HQ� E��

electric�discharges,�which�might�have�occurred�

�Q� WKH� SU�P�W��H� (DUWK� DWPRVSKHUH�2,3� 6�PSOH�

KHDW�Q��RI�SUHE�RW�F�PROHFXOHV���RU�WKH�U�VROXW�RQV��

P�P�FV�WKH�SRVV�EOH�SUHE�RW�F�FKHP�VWU��WKDW�WRRN�

place�during�meteorite/comet�impacts,�volcanic�

DFW���W�HV�RU�QHDU� WKH�K�GURWKHUPDO��HQWV�RQ�WKH�

ocean��oor.�7KHVH�H[SHU�PHQWV�ZHUH�FDUU�HG�RXW�

to� seek� for� the� high-temperature� origin� of� life,�

ZK�FK� KDV� EHHQ� VX��HVWHG� RQ� WKH� EDV�V� RI� WKH�

IDFW� WKDW� K�SHUWKHUPRSK�OHV� ��VXSHUKHDW�OR��Q���

P�FUR�RU�DQ�VPV��ZHUH� FOD�PHG� WR� �RFFXS�� DOO�

WKH� VKRUW� GHHS� EUDQFKHV�FORVHVW� WR� WKH� URRW��RI�

WKH� SK�OR�HQHW�F� WUHH� RI� O�IH���� However,� some�

DXWKRUV�FRQWUDG�FWHG�WK�V��GHD�����Q��WKH�UHDVRQ�

that�“even�if�they�are�the�oldest�extant�organisms,�

which� is� in� dispute,� their� existence� can� say�

QRWK�Q��DERXW�WKH�WHPSHUDWXUHV�RI� WKH�RU���Q�RI�

life”,�and�“there�is�no�geological�evidence�for�the�

SK�V�FDO�VHWW�Q��RI�WKH�RU���Q�RI�O�IH�����

Furthermore,� the� fast� degradation� of�

WKH� E�RPROHFXODU� EX�OG�Q�� EORFNV� DW� K��K�

WHPSHUDWXUH� DOVR� FDVWV� GRXEW�RQ� WKH� SRVV�E�O�W��

RI� O�IH� HPHU�HQFH� �Q� KRW� FRQG�W�RQ���� 7KH� ORZ�

WHPSHUDWXUH� RU���Q� RI� O�IH� WKXV� FRQFXUUHQWO��

HPHU�HG�Z�WK�QXPHURXV�V�PXODW�RQ�H[SHU�PHQWV�

GHPRQVWUDW�Q�� �WV� IHDV�E�O�W��� 6RPH� H[DPSOHV�

RI� WKH� FROG� SUHE�RW�F� V�QWKHV�V� �QFOXGH� WKH�
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7KH��UHplication-�rst’�hypothesis,�on�the�contrary,�

VX��HVWV�WKDW�PROHFXOHV�Z�WK�WKH�DE�O�W��WR�VWRUH�

DQG�WUDQVP�W��HQHW�F��QIRUPDW�RQ�WR�GHVFHQGDQWV�

were�the��rst�molecules�of�life.�Typical�examples�

of�metabolism-�and�replication-�rst�theories�are�

‘Iron-Sulfur�World’�and�‘RNA�World’�scenarios,�

UHVSHFW��HO��� 7KH� �URQ�6XOIXU� :RUOG� ��6:��

scenario,� �rst� proposed� by� Wächtershäuser�

in� 1988,36,37� SUHVHQWV� D� SUHP�VH� WKDW� D� VHU�HV�

RI� UHDFW�RQV� UHSUHVHQW�Q�� V�PSOH� FDWDERO�VP�

F�FOHV� FRXOG� RFFXU� XQGHU� FDWDO�W�F� HIIHFWV� RI�

�URQ�VXOSK�GH�P�QHUDOV�QHDU�K�GURWKHUPDO��HQWV��

For� example,� the� pyrite� FeS
�
� P�QHUDO� FDQ� EH�

UHGXFHG� E��+
�
6� �DV� HP�WWHG� IURP�KRW� �HQWV� WR�

FeS,�which�in�turn�reduces�CO�or�CO
�
� WR�IRUP�

PRUH�FRPSOH[�RU�DQ�F�PROHFXOHV�VXFK�DV�DFHW�F�

acid,�pyruvic�acid� (CH
�
&2&22+��DQG�DODQ�QH�

�&+
�
&+�1+

�
)COOH),� and� subsequently�

FKDQ�HV�EDFN� WR�)H6
�
����On� the�other�hand,� the�

51��:RUOG� K�SRWKHV�V� VX��HVWV� WKDW� 51�� �V�

WKH� RU���QDO� O�IH� PROHFXOH� Z�WK� ERWK� FDWDO�W�F�

DQG�UHSO�FDW�RQ�IXQFW�RQV����7KH�QXFOHREDVHV�DQG�

sugars,� which� are� readily� formed� from� simple�

prebiotic�molecules�as�mentioned�above,�could�

FRPE�QH� WR� IRUP� QXFOHRW�GHV� DQG� VXEVHTXHQWO��

RNA,� possibly� under� catalytic� effects� of�

P�QHUDOV��:K�OH�D�VRO�G�DQVZHU�IRU�WK�V��FK�FNHQ�

and� egg’� question� has� not� been� found� yet,� a�

FRPPRQ� FKHP�FDO� IUDPH� ZK�FK� FDQ� �HQHUDWH�

EX�OG�Q�� EORFN� PROHFXOHV� RI� ERWK� PHWDERO�VP�

and� replication� processes� ─� both� amino� acids�

and� nucleobases,� for� example� ─� would� be� a�

ID�RXUDEOH�FKR�FH�IRU��Q�HVW��DW�RQ���

��� )250�0,�(� �6� �� 35(�,27,��

PRECURSOR

)RUPDP�GH� �1+
�
CHO,� FM),� the� simplest�

member�of�the�amide�functional�group,�recently�

attracted� great� interest� in� the� �eld� of� prebiotic�

V�QWKHVHV�IRU�VH�HUDO�UHDVRQV�

��UHFHQW�UHSRUW���RQ�)0�DQG�WKH�RU���Q�RI�

O�IH�VWDWHG�WKDW���7KH�PRVW�DEXQGDQW�WKUHH�DWRPV�

RU�DQ�F� FRPSRXQG� �Q� �QWHUVWHOODU� HQ��URQPHQW�

is� hydrogen� cyanide� HCN,� the� most� abundant�

WKUHH�DWRPV� �QRU�DQ�F� FRPSRXQG� �V� ZDWHU�

+
�
2��7KH�FRPE�QDW�RQ�RI�WKH�WZR�UHVXOWV� �Q�WKH�

IRUPDW�RQ�RI�IRUPDP�GH���+&1��V�D�NH��SUHFXUVRU�

IRUPDW�RQ� RI� DGHQ�QH� IURP� WKH� IUR]HQ� VROXW�RQ�

RI� +&1� DQG� 1+
�
OH,��� DQG� WKH� V�QWKHV�V� RI�

F�WRV�QH� DQG� XUDF�O� IURP� HXWHFW�F� VROXW�RQ� RI�

F�DQRDFHWDOGHK�GH� Z�WK� �XDQ�G�QH� RU� XUHD����

7KHVH�SUHE�RW�F�UHDFW�RQV�FRXOG�WDNH�SODFH��Q�WKH�

frozen� regions� of� the� primitive� Earth,� in� some�

SODQHWV�DQG�VDWHOO�WHV�Z�WK�ZDWHU��FH�FUXVW�VXFK�DV�

Europa,�the�moon�of�Jupiter,�or�in�the�ice�mantles�

RQ�WKH�VXUIDFH�RI��QWHUVWHOODU��UD�QV�27,28��

The� ef�ciency� of� the� biomolecule�

V�QWKHV�V� SDUWO�� GHSHQGV� RQ� WKH� FRQFHQWUDW�RQ�

RI� VWDUW�Q��PDWHU�DOV��Q� WKH�SU�PH�DO� VRXS��7K�V�

SUREOHP� KDV� EHHQ� VRO�HG� �Q� ERWK� K��K� �� DQG�

ORZ�WHPSHUDWXUH� RU���Q�RI�O�IH� WKHRU�HV�� 7KH�

K��K� WHPSHUDWXUH� �QGXFHV� WKH� H�DSRUDW�RQ� RI�

DFFHQW�ZDWHU� UHVHU�R�UV�UHVXOW�Q�� �Q� DQ��QFUHDVH�

RI� FRQFHQWUDW�RQV� RI� SUHFXUVRU� PROHFXOHV�

�GU��Q��OD�RRQ� RU� GU��Q��EHDFK� PRGHO����� �W�

�V� RE��RXV� WKDW� WK�V� PRGHO� FDQQRW� DSSO�� WR�

�RODW�OH� PROHFXOHV� RU� D]HRWURS�F� P�[WXUHV�� �Q�

these� situations,� the� solute�molecules� could� be�

FRQFHQWUDWHG� XSRQ� HXWHFW�F� IUHH]�Q�� �Q� ZK�FK�

WKH�VROXWH�PROHFXOHV�DUH�H[FOXGHG� IURP�WKH� �FH�

PDWU�[�DQG�WUDSSHG��QV�GH�WKH���QWHUVW�W�DO�EU�QHV��

Z�WK� PXFK� K��KHU� FRQFHQWUDW�RQV���� 0�QHUDOV�

FDQ�DOVR�SOD��DQ��PSRUWDQW�UROH��Q� WKH�SUHE�RW�F�

FKHP�VWU�� GXH� WR� WKH�U� DE�O�W�� WR� DFFXPXODWH�

WKH� SUHFXUVRU� PROHFXOHV� RQ� WKH�U� VXUIDFHV�30,31�

7KH��FDQ�DOVR�SUR��GH�UHVWU�FW�RQV��Q�PROHFXODU�

orientations,�catalyze�surface�reactions,�stabilize�

K��K�HQHU��� �QWHUPHG�DWHV� DQG� SURWHFW� QHZO��

IRUPHG�SURGXFWV�Z�WK�K��K�GH�UDGDW�RQ�UDWHV��������

Life,�as�we�know�it�today,�consists�of�two�

�QWHUDFW�Q�� SURFHVVHV� FDOOHG� PHWDERO�VP� DQG�

UHSO�FDW�RQ� Z�WK� SRVV�EOH� UHSUHVHQWDW��HV� EH�Q��

proteins�and�RNA/DNA�molecules,�respectively.�

0RVW�RU���Q�RI�O�IH� WKHRU�HV�Z�WK�Q� WKH� ERWWRP�

XS�DSSURDFK�EHORQ�� WR� WZR�RSSRV�WH�FDWH�RU�HV�

GHSHQG�Q�� RQ� ZK�FK� W�SH� RI� PROHFXOHV� ZDV�

formed��rst� (from� the�mixture�of�biomolecular�

EX�OG�Q�� EORFNV� IRUPHG� �Q� WKH� SUHE�RW�F� VRXS���

The� ‘metabolism-�rst’�hypothesis� suggests� that�

WKH�HDUO��O�IH��V�FKDUDFWHU�]HG�E��D�VHU�HV�RI�VHOI�

sustaining� chemical� networks,� and� information�

UHSO�FDW�RQ� ZRXOG� DSSHDU� ZKHQ� WKH� FRPSOH[�W��

RI�WKHVH�QHWZRUNV�RI�UHDFW�RQV�H�RO�HV�R�HU�W�PH��
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IRU� SUHE�RW�F� V�QWKHV�V� EHFDXVH� �WV�ZHOO�NQRZQ�

SRO�PHU�]DW�RQ� UHDFW�RQV� �Q� WKH� SUHVHQFH� RI�

ZDWHU���HOG�D��DU�HW��RI��PSRUWDQW�E�RPROHFXOHV�

XQGHU��DU�RXV�FRQG�W�RQV�4-8,11,41�

In� 1961,� Oró� reported� the� synthesis� of�

DGHQ�QH� IURP� K�GUR�HQ� F�DQ�GH� �+&1�� �Q�

DTXHRXV� DPPRQ�D� DW� PRGHUDWH� WHPSHUDWXUH�

(27−100� °C).�� +�GURO�V�V� RI� FRQFHQWUDWHG�

DPPRQ�XP� F�DQ�GH� �1+
�
&1�� VROXW�RQ� ��HOGHG�

D� �DU�HW�� RI� QXFOHREDVHV4-6,8� such� as� adenine,�

guanine,� uracil,� and� hypoxanthine,� and� other�

S�U�P�G�QH� GHU��DW��HV��� such� as� orotic� acid,�

5-hydroxyuracil,�and�4,5-dihydroxylpyrimidine.�

Urea�and�several�amino�acids�including�glycine,�

alanine,� aspartic� acid� and� serine� were� also�

GHWHFWHG� DV� K�GURO�V�V� SURGXFWV� RI� +&1����

7KH� UROH� RI�+&1� DV� �DEVROXWH� SURWD�RQ�VW��ZDV�

WKHUHIRUH�VX��HVWHG����

However,� high� concentration� of� HCN,�

required� for� an� ef�cient� polymerization,� is� in�

fact�quite�dif�cult�to�achieve�in�the�conditions�of�

the�Early�Earth,� especially� in� the�hot�condition�

EHFDXVH� +&1� �V� PRUH� �RODW�OH� WKDQ� ZDWHU����

+�GURO�V�V�RI�+&1�SURGXF�Q��)0�ZDV�UHSRUWHG�

WR�EHFRPH�GRP�QDQW�ZKHQ�WKH�FRQFHQWUDW�RQ�RI�

+&1��V�UHGXFHG�WR��������0����

Similar�to�HCN,�FM�is�also�a�potentially�

SUHE�RW�F�PROHFXOH���W�KDV�Z�GHO��EHHQ�GHWHFWHG�

in� the� interstellar� medium,������ FRPHWV� VXFK� DV�

C/1995�O1�(Hale-Bopp),���C/2012�F6�(Lemmon)�

DQG�C/2013�R1�(Lovejoy),���DQG�DOVR��Q�WKH��QQHU�

cores� of� two� high-mass� star-forming� regions,�

1*&� �������� DQG� *������������� :�WK� O�P�WHG�

azeotropic�effect,�FM�can�easily�be�concentrated�

upon� heating� its� dilute� solution.� Furthermore,�

�W� UHPD�QV� �Q� WKH� O�TX�G� VWDWH� Z�WK�Q� D� Z�GH�

temperature�range�of�4‒210�°C,���DQG�FRXOG�WKXV�

VHU�H�DV�D�VRO�HQW�IRU�RWKHU�SUHE�RW�F�PROHFXOHV���

+��KHU� PROHFXODU� FRPSOH[�W�� �V� D�

SDUW�FXODU� DG�DQWD�H� RI� )0� R�HU� +&1� DV� D�

SUHE�RW�F�SUHFXUVRU��)0�FRQWD�QV�IRXU��PSRUWDQW�

elements�of�organic�compounds,�namely,�C,�H,�

O,� and�N,�which� allows� formation� of� building�

blocks� for� biomolecules,� even� in� the� non-

DTXHRXV�FRQG�W�RQV��)0�IUD�PHQWDW�RQV� IRUP�D�

Z�GH� UDQ�H� RI� ORZ� PROHFXODU� ZH��KW� SURGXFWV�

WKDW�FDQ�WDNH�SDUW��Q�IXUWKHU�V�QWKHV�]HG�UHDFW�RQV�

including� HCN,� HNC,� HNCO,� HOCN,� NH
�
,�

+
�
O,�etc.������

Early� in� the� 1970’s,� Boden� and� Back�

FDUU�HG� RXW� �DU�RXV� H[SHU�PHQWV� WR� VWXG�� WKH�

SKRWRO�V�V� RI� )0� XQGHU� ������ QP� UDG�DW�RQ�

Z�WK�Q� WKH� WHPSHUDWXUH� DQG� SUHVVXUH� UDQ�HV� RI�

115−400� °C� and� 8−50� torr,� respectively.���CO,�

+
�
,�and�NH

�
�ZHUH�GHWHFWHG�DV�UHDFW�RQ�SURGXFWV�

Z�WK� WKH� K��KHVW� ��HOG� EH�Q�� WKH� SURGXFW�RQ� RI�

CO.�The�authors�proposed��ve�reaction�channels�

����������XSRQ�SKRWRH[F�WDW�RQ�RI�)0��QFOXG�Q��

C−N,� C−H,� and� N−H� bond� dissociations,�

GHFDUERQ�ODW�RQ� DQG� GHK�GUR�HQDW�RQ�� 7KH�

GHFDUERQ�ODW�RQ� ���� �V� DOVR� WKH� PD�Q� WKHUPDO�

GHFRPSRV�W�RQ� FKDQQHO� RI� )0� DW� PXFK� K��KHU�

WHPSHUDWXUH�UDQ�H�RI������DQG������.���

1+
�
CHO�+�hυ → 1+

�
���+���&2 ���

→ 1+
�
&2���+ ���

→ 1+&+2���+ ���

→ 1+
�
���&2 ���

→ +
�
���+1&2 ���

3KRWRGHFRPSRV�W�RQ�RI�)0� �Q� ORZ�WHPSHUDWXUH�

PDWU�FHV� UH�HDOHG� WZR� PD�Q� FKDQQHOV���� �Q� �U�

matrices,�irradiation�of�FM�excites�the�molecule�

to�its��rst�excited�singlet�S
��
VWDWH�ZKHUH�WKH�&�1�

ERQG�FOHD�D�H�IRUPV�D�UDG�FDO�SD�U�+&2���1+�
�
��

7KH� VXEVHTXHQW� UDS�G� G�VVRF�DW�RQ� RI� WKH�+&2�

UDG�FDO�UHOHDVHV�+●,�which�immediately�combines�

Z�WK�WKH�1+
�
�UDG�FDO�WR�IRUP�1+

�
.�However,�in�

Xe�matrices,�the�effect�of�the�external�heavy�atom�

�QGXFHV� DQ� �QWHUV�VWHP�FURVV�Q�� IURP� WKH�6
�
� WR�

the��rst�triplet�T
��
state�energy�surface,�leading�to�

D�GHK�GUR�HQDW�RQ�����Q��+1&2���+
�
�DV�PD�Q�
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�WKH�RWKHU�SDWKZD��EH�Q��GHFDUERQ�ODW�RQ�����

2WKHU�RU�DQ�F�FRPSRXQGV�Z�WK��PSRUWDQW�

SUHE�RW�F�UROH�FDQ�DOVR�EH�V�QWKHV�]HG�IURP�)0�

�Q� WKH�SUHVHQFH� RI�FDWDO�VWV�40,57,58� For� example,�

formaldehyde�(HCHO),�a�precursor�of�sugars,������

and� formic� acid� (HCOOH),� a� precursor� of�

lipids,��� ZHUH� GHWHFWHG� �Q� WKH� SURGXFW� P�[WXUH�

ZKHQ� KHDW�Q�� )0� Z�WK� 7�2
�
���� 7KH� ODWWHU� ZDV�

DOVR�REVHU�HG�DV�PD�Q�GHFRPSRV�W�RQ�SURGXFW�RI�

)0��Q�SUHVVXU�]HG�KRW�ZDWHU�DW�WKH�WHPSHUDWXUHV�

of�573‒693�K�and�pressure�of�23�MPa.���

'HVS�WH�WKH�IDFW�WKDW�DOO�WKH�GHFRPSRV�W�RQ�

products�of�FM�were�already�detected�in�space,�

WKH�U� SUHVHQFH� DV� ERWK� UHDFWDQWV� DQG� FDWDO�VWV�

�Q� WKH� UHDFW�RQ�P�[WXUH� VWDUW�Q�� IURP� RQO�� RQH�

starting� material,� FM,� is� remarkable� because�

WKH��FDQ�IDF�O�WDWH�PDQ��RWKHU�SURGXFW�FKDQQHOV��

6�QWKHVHV� RI� �DU�RXV� E�ROR��FDOO�� UHOH�DQW�

compounds� such� as� nucleobases,� amino� acids,�

carboxylic� acids,�and� other� important�prebiotic�

�QWHUPHG�DWHV� IURP� )0� KD�H� H[WHQV��HO�� EHHQ�

UHSRUWHG��Q�WKH�O�WHUDWXUH��FI��7DEOH����21,57,63-78�

products,�insteDG�RI�1+
��
+�CO.�The�C−N,�C−H,�

and� N−H� homolytic� bond� dissociations� were�

DOVR� VX��HVWHG� WR� WDNH� SODFH� RQ� WKH� 7
�
� HQHU���

VXUIDFH��Q�D�SKRWRO�V�V�VWXG��RI�)0�DW�����QP����

Isocyanic� acid� (HNCO),� which� is� the� simplest�

[CHON]�species,�is�a�typical�product�in�prebiotic�

simulation�experiments,54,55�DQG�FDQ�WDNH�SDUW��Q�

IXWXUH�V�QWKHV�V�VXFK�DV�XUHD�IRUPDW�RQ�����

In� addition,� the� dehydration� channel�

�HQHUDW�Q�� EDFN� WKH� WU�DWRP�F� SURGXFWV� +&1�

+1&� IURP� )0� KDV� DOVR� EHHQ� UHSRUWHG�48,52,53�

Thermal�decomposition�of�FM�at�185�°C�produces�

WKUHH��DVHRXV�SURGXFWV�&2
�
,�CO,�and�NH

�
�DORQ��

Z�WK�D�EODFN��QVROXEOH�SRO�PHU�RI�+&1�ZKRVH�

pyrolysis�gives�raise�to�HCN,�NH
�
�DQG�+1&2����

Upon�heating�FM�to�220�°C,�HCN�is�also�detected�

�Q�WKH��DVHRXV�SURGXFWV����WUDFH�DPRXQW�RI�+&1�

ZDV� DOVR� GHWHFWed� when� an� un�ltered� mercury�

DUF��V�XVHG�DV�D�O��KW�VRXUFH�IRU�)0�SKRWRO�V�V����

:KHQ� KHDW�Q�� )0� RQ� WKH� 7�2
�
� surface,� the�

GHK�GUDW�RQ� RI� )0� ��HOG�Q�� +&1� EHFRPHV�

RQH� RI� WKH� WZR�PD�Q� GHFRPSRV�W�RQ� SDWKZD�V��

7DEOH� ��� List� of� biologically� relevant� compounds� synthesized� from� FM� that� have� been� reported� in� the�

O�WHUDWXUH�21,57,63-78

7�SHV 1DPHV

3U�PDU��51��'1��QXFOHREDVHV adenine,�guanine,�cytosine,�uracil,�and�thymine

3XU�QH�GHU��DW��HV purine,�2-aminopurine,�N�-formylpurine,�

9-(hydroxyacetyl)purine,�9-[2,3-dihydroxy-1-(oxo)propyl]purine,�N�,N��

diformyladenine,�

1�-formyl-9-(hydroxyacetyl)adenine,�hypoxanthine...

3�U�P�G�QH�GHU��DW��HV 5-hydroxy-pyrimidine,�2(1H)-pyrimidinone,�4(3H)-pyrimidinone,�

isocytosine,�and�5,6-dihydrouracil...�

)��H�PHPEHUHG�U�Q�V 5-aminoimidazole-4-carboxamide�(AICA),�5-formamidoimidazol-4-

carboxamide�(fAICA),�hydantoin,�and�glycocyanidine...

�P�QR�DF�GV�DQG�UHODWHG�

FRPSRXQGV

2-aminobutanoic�acid,�2-methylalanine,�β-alanine,�β-amino�isobutyric�acid�

(β-AIBA),�alanine,�aspartic�acid,�glycine,�glyoxylamine,�hydroxyproline,�

leucine,�N-formylalanine,�N-formylglycine,�N-methylglycine,�

phenylalanine,�valine,�and�tert-leucine...

&DUER[�O�F�DF�GV 2,3-dihydroxypropanoic,�2,4-dihydroxybutanoic,�3,4-dihydroxybutanoic,�

α-ketoglutaric,�acetic,�ethanimidic,�fumaric,�glycolic,�glyoxylic,�hexanoic,�

lactic,�maleic,�malic,�malonic,�nonanoic,�octanoic,�oxalic,�oxaloacetic,�

parabanic,�pimelic,�propanoic,�pyruvic,�and�succinic�acids...

2WKHUV urea,�guanidine,�guanidine�acetic�acid,�dihydroxy�acetone,�

diaminomalonitrile�(DAMN),�carbodiimine,�and�isocyanate...
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7KH� DGG�W�RQ� RI� D� FDWDO�VW� �V� QHFHVVDU��

IRU� WKH� V�QWKHV�V� RI� QXFOHREDVHV� ZKHQ� KHDW�Q��

neat� FM� in� the� temperature� range� of� 130� −�

200� °C� without� irradiation� because� otherwise�

RQO�� SXU�QH� �V� IRUPHG���� 9DU�RXV� VXEVWDQFHV�

KD�H� EHHQ� XVHG� WR� FDWDO�]H� WKHVH� UHDFW�RQV�

including�calcium�carbonate,21,68�phosphates,66,68�

borate�minerals,��� zeolite,� alumina� and� silica,���

clays,21,64,77� titanium� dioxide,57,72,77� �URQ� VXOIXU�

and� iron-copper� sulfur,��� �URQ� R[�GH� DQG� �URQ�

oxide�hydroxides,���zirconium�minerals,���PHWDO�

octacyanomolybdates,���cosmic�dust�analogues,���

DQG�PHWHRU�WHV�71,75,77� �Q� WKH�SUHVHQFH�RI�&DPSR�

del�Cielo�meteorite,� a� large�number� of� organic�

FRPSRXQGV�ZHUH�V�QWKHV�]HG�IURP�)0�H�HQ��Q�

G�OXWH�VROXW�RQ��)0�ZDWHU� ���������������

On� the� other� hand,� irradiation� with� soft�

89� O��KW� ����� QP�� GXU�Q�� WKH� KHDW�Q�� SURFHVV�

ZDV� SUR�HQ� WR� IDF�O�WDWH� WKH� SURGXFW�RQ� RI�

QXFOHREDVHV� H�HQ� Z�WKRXW� DGG�Q�� D� FDWDO�VW����

1XFOHREDVHV� FDQ� DOVR� EH� IRUPHG� IURP� )0�

XQGHU�K��K�HQHU���PHWHRU�W�F��PSDFW�FRQG�W�RQV��

�UUDG�DW�RQ�RI��FH�RU�O�TX�G�)0�Z�WK�K��K�SRZHU�

laser� beam� yielded�purine,� glycine�and� all��ve�

SU�PDU�� QXFOHREDVHV���� 7KH� H[WUHPHO�� K��K�

WHPSHUDWXUH�RI������.��Q�WKH�ODVHU�VSDUN�FUHDWHV�

KRW� GHQVH� SODVPD� FRQWD�Q�Q�� K��KO�� UHDFW��H�

UDG�FDOV� VXFK� DV� ●1+
�
,� ●NH,� and� ●CN,� which�

ZHUH�VX��HVWHG�WR�EH��Q�RO�HG��Q�WKH�IRUPDW�RQ�RI�

QXFOHREDVHV��)UHH�UDG�FDOV�ZHUH�DOVR�SUH��RXVO��

UHSRUWHG� �Q� WKH� UHDFW�RQ�P�[WXUH� RI� WKH�0�OOHU�

8UH��V� H[SHU�PHQW��� )UHH� UDG�FDO� PHFKDQ�VPV�

ZHUH� WKHUHIRUH� VX��HVWHG� IRU� WKH� IRUPDW�RQ� RI�

nucleobases�from�FM,�which�constitute�the�main�

VXEMHFW�RI�WKH�SUHVHQW�UH��HZ�

Obviously,� despite� the� highly� diverse�

transformation� network� from� FM,� many� links�

DUH�VW�OO�P�VV�Q��RQ�WKH�SDWK�OHDG�Q��IURP�)0�WR�

the�formation�of�the��rst�molecules�of�life.�One�

VWHS� IXUWKHU� WRZDUG� IRUPDW�RQ� RI� �QIRUPDW�RQ�

PROHFXOHV� IURP� )0� ZDV� WKH� IRUPDW�RQ� RI�

DF�FOR�QXFOHRV�GHV� ZKHQ� KHDW�Q�� QHDW� )0� �Q�

WKH�SUHVHQW�RI�7�2
�
�XQGHU�VXQO��KW��UUDG�DW�RQ����

7KHVH� DF�FOR�QXFOHRV�GHV� ZHUH� VX��HVWHG� WR�

UHDFW� Z�WK� SKRVSKDWH�U�FK� VXUIDFHV� �SRVV�EOH�

source�of�phosphate�in�nucleotides),�followed�by�

�IRUPDP�GH�PHG�DWHG� WUDQVSKRVSKRU�ODW�RQ�����

Such� a� scheme� indeed� sounds� hypothetical,�

FRQV�GHU�Q�� WKH� FRQFHQWUDW�RQ� RI� )0� QHHGHG�

IRU� WKH� IRUPDW�RQ� RI� DF�FOR�QXFOHRV�GHV� DQG�

their� polymerization.� However,� this� scheme�

SURSRVHG�SRVV�EOH�VROXW�RQV�IRU�WKH�IRUPDW�RQ�RI�

QXFOHRW�GHV� DQG� WKH� VWDE�O�W�� RI� WKH� RO��RPHUV�

SRO�PHUV�IRUPHG�IURP�WKHVH�QXFOHRW�GHV�������

�V�ORQ��DV�WKH�DQVZHU�IRU�WKH�TXHVW�RQ�RI�

life's� origin� has� not� been� found� yet,� intriguing�

K�SRWKHVHV� WKDW�FRXOG� H[SOD�Q� WKH�GH�HORSPHQW�

IURP�SUHE�RW�F�WR�E�RW�F�SHU�RGV��Q�WKH�K�VWRU��RI�

O�IH�RQ�(DUWK�Z�OO�FRQW�QXRXVO��EH�SURSRVHG��%RWK�

H[SHU�PHQWDO� DQG� WKHRUHW�FDO� UHVHDUFKHV� �Q� WKH�

prebiotic� chemistry,� that�were/are�based�on� the�

results� of� an�evaluation� of� the�hypotheses,�and�

then�propose�some�new�ones,�would�ultimately�

EU�Q��XV�FORVHU�DQG�FORVHU�WR�WKH�WUXH�DQVZHU������

Let� us� mention� that� Titan� is� the� largest�

PRRQ� RI� 6DWXUQ� Z�WK� D� WK�FN� DWPRVSKHUH�

FRQWD�Q�Q�� D� FRQV�GHUDEOH� DPRXQW� RI� FRPSOH[�

RU�DQ�F� FRPSRXQGV�� )RUPDW�RQ� DQG� IDWH� RI�

WKHVH�RU�DQ�FV�Z�WK�Q� WKH�DWPRVSKHUH�RU�RQ�WKH�

VXUIDFH�RI�7�WDQ�IROORZ�TX�WH�FRPSOH[�SURFHVVHV��

3KRWRFKHP�FDO� UHDFW�RQV��� DQG� �DV� SKDVH�

UHDFW�RQV��QGXFHG�E��K��K�HQHU���VRODU�UDG�DW�RQ�

�Q�7�WDQ�V�DWPRVSKHUH���ZHUH�SRVWXODWHG� WR� OHDG�

to� formation� of� organic� compounds,� including�

QXFOHREDVHV��7KHUH� �V� �Q�IDFW��URZ�Q��H��GHQFH�

WKDW� QXFOHREDVHV� FDQ� EH� IRUPHG� RQ� 7�WDQ�V�

VXUIDFH�������)RUPDW�RQ�RI�DGHQ�QH�ZDV� UHSRUWHG�

ZKHQ�7�WDQ�DHURVRO� DQDOR�XHV�ZHUH� H[SRVHG� WR�

VRIW�;�UD���UUDG�DW�RQ�DQG�VHFRQGDU��HOHFWURQV����

1XFOHREDVHV� �QFOXG�Q�� DGHQ�QH� DQG� �XDQ�QH�

PD�� EH� IRUPHG� �Q� 7�WDQ�V� DWPRVSKHUH����7KHVH�

V�PXODW�RQ� H[SHU�PHQWV� XVHG� D� FRXSOHG� UDG�R�

IUHTXHQF��G�VFKDU�H�WR��Q�W�DWH�WKH�UHDFW�RQV�RI�D�

P�[WXUH�RI��DVHV��&+
�
,�N

�
,�and�CO).�

%RWK�DTXHRXV�DQG�QRQ�DTXHRXV�V�QWKHVHV�

RI� WKH� QXFOHREDVHV� ZHUH� FRQV�GHUHG�� 7KH� QRQ�

DTXHRXV� VFHQDU�R� ZDV� SUHIHUUHG� EHFDXVH� WKH�

QXFOHRW�GHV� IRUPHG� �Q� VXEVHTXHQW� VWHSV� DUH�

QRW� VWDEOH� �Q� DTXHRXV� PHG�D���� %HFDXVH� RI�

such� an� instability,� a� recent� study� considered�

PHFKDQ�VPV� IRU� WKH� QRQ�DTXHRXV� VFHQDU�R�

IRUPDW�RQ� RI� QXFOHREDVHV� IURP�)0�RQ�(DUWK����
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(�HQ�PRUH��PSRUWDQW��V�WKH�IDFW�WKDW�WK�V�VFHQDU�R�

�V�FRQV�VWHQW�Z�WK�WKH� IRUPDW�RQ�RI�QXFOHREDVHV�

�Q�D�QRQ�DTXHRXV�H[WUD�WHUUHVWU�DO�HQ��URQPHQW��

7KHRUHW�FDO� VWXG�HV� SR�QWHG� RXW� WKDW�

formation� of� nucleobases� is� associated,� with�

K��K� HQHU��� EDUU�HUV���� 7R� ORZHU� WKH� HQHU���

EDUU�HUV� ZDWHU� KDV� EHHQ� �QFOXGHG� DORQ�� WKH�

SDWKZD�V����For�example,� a� study�using�density�

IXQFW�RQDO� WKHRU�� �')7�� VKRZHG� D� SRWHQW�DO�

ZDWHU�FDWDO�]HG�SDWKZD�� IRU�DGHQ�QH�IRUPDW�RQ�

VWDUW�Q�� IURP� )0������� �Q�RO�HPHQW� RI� ZDWHU� �Q�

WKH�UHDFW�RQV�ZDV��Q�GHHG�QHFHVVDU���Q�ORZHU�Q��

WKH� HQHU��� EDUU�HUV���� 7KHVH� VWXG�HV� VX��HVWHG�

VRPH�FRPSHOO�Q��PHFKDQ�VPV�IRU�WKH�IRUPDW�RQ�

of� one� nucleobases.� However,� they� cannot� be�

XVHG� WR� H[SOD�Q� WKH� IRUPDW�RQ� RI� QXFOHREDVHV�

IURP�D�QRQ�DTXHRXV�VFHQDU�R�EHFDXVH�WKHUH��V�QR�

ZDWHU�DV�UHTX�UHG�WR�ORZHU�WKH�HQHU���EDUU�HUV�

The� presence�of�minerals� such�as� pyrite,�

NDRO�Q�WH� HWF�� FRXOG� DOVR� FDWDO�VH� SUHE�RW�F�

UHDFW�RQV�RI�IRUPDP�GH�93,94�Under�radiation,�the�

UHDFW�RQV�FRXOG�EH�DFK�H�HG��Q�H[F�WHG�VWDWHV����

3.�THE�FREE�RADICAL�ROUTES

7KH� SUHE�RW�F� (DUWK� HQ��URQPHQW� P��KW� KD�H�

UHVWU�FWHG� WKH� W�SHV� RI� SRVV�EOH� UHDFW�RQV� WKDW�

FRXOG� KD�H� EHHQ� SUH�DOHQW� RQ� (DUWK�� 0RVW�

probably,� the� lack� of� an� ozone� layer,� an�

oxygen� depleted� atmosphere,� and� the� high�

�ux�of� solar�UV� irradiation� had� impact� on� the�

WUDQVIRUPDW�RQV�� 6XFK� FRQG�W�RQV� SURPRWHG�

HOHFWURQ�WUDQVIHU�SURFHVVHV��QGXF�Q��IUHH�UDG�FDO�

URXWHV��5HFHQW�VWXG�HV��QG�FDWHG��Q�RO�HPHQW�RI�

IUHH� UDG�FDOV� �Q� WKH� SUHE�RW�F� SDWKZD�V�83,96� )RU�

example,� laboratory� experiments� to� simulate�

K��K�HQHU��� �PSDFW� H�HQWV� RQ� (DUWK� Z�WK� DQ�

H[WUD�WHUUHVWU�DO� �F�� ERG�� VKRZHG� SURGXFWV� WKDW�

ZHUH� IRUPHG� IURP� WKH� UHDFW�RQ�RI� IUHH� UDG�FDOV�

Z�WK�)0����Also,�formation�of�organic�molecules�

RQ�7�WDQ�V� DWPRVSKHUH�ZDV� VX��HVWHG� IHDWXU�Q��

IUHH�UDG�FDO�SDWKZD�V�������

)0�UHDFW�RQV�DUH� UHODWHG� WR� WKH� SUHE�RW�F�

+&1� UHDFW�RQV� EHFDXVH� )0� FDQ� EH� FRQV�GHUHG�

DV�WKH�K�GURO�V�V�SURGXFW�RI�+&1��7KH�ODWWHU�KDV�

�Q�IDFW�EHHQ�GHWHFWHG�RQ�7�WDQ����8OWUD��ROHW��89��

photolysis�or�proton�irradiation�of�HCN,�NH
�
�DQG�

ZDWHU� �FH��D�H�)0�DV�D�SURGXFW�����In�principle,�

FM�as�well�as�HCN,�in�either�the�neutral�or�the�

radical� form,� could� both� be� carbon-containing�

EX�OG�Q�� EORFNV� IRU� SUHE�RW�F� V�QWKHV�V� �Q�

�QWHUVWHOODU�PHG�XP�RU�RQ�7�WDQ�V�VXUIDFH�

In�the�search�for�the�origin�of�nucleobases,�

reaction� of� the� ●CN� radical� with� FM� has�

UHFHQWO�� EHHQ� VWXG�HG� WR� �GHQW�I�� QXFOHREDVH�

�QWHUPHG�DWHV� DQG� WR� EHWWHU� XQGHUVWDQG� WKH�

UHDFW���W�� RI� )0���� &RQWUROOHG� UHDFW�RQV� RI�

FM� with� ●CN� led� to� the� identi�cation� of�

��DP�QR���K�GUR[�O�DFHWRQ�WU�OH� DV� D� SRVV�EOH�

SUHFXUVRU� IRU�QXFOHREDVHV����Moreover,� the� role�

of� ●CN� toward� nucleobase� synthesis� has� also�

EHHQ� FRQV�GHUHG� WKURX�K� WKH� IRUPDW�RQ� RI� WKH�

important� intermediates,� diaminomaleonitrile�

�'�01�� DQG� G�DP�QRIXPDURQ�WU�OH� �'�)1�����

3UH��RXV� WKHRUHW�FDO� VWXG�HV�RI�PHFKDQ�VPV� IRU�

WKH�SURGXFW�RQ�RI�QXFOHREDVHV�IURP�)0�UHDFW�RQV�

��HOGHG� SDWKZD�V� Z�WK� UHODW��HO�� K��K� HQHU���

EDUU�HUV�89-91,101�In�the�last�decade,�there�have�been�

a� large� amount� of� studies,� both� experimental�

and� theoretical� alike,� devoted� to� the� formation�

RI� QXFOHREDVHV� IURP� IRUPDP�GH�� 3HUKDSV�PRVW�

DVSHFWV� RI� WKHVH� SUHE�RW�F� SURFHVVHV� KD�H� EHHQ�

H[SORUHG��Q�PXFK�GHWD�O�102-128,135-146�

�Q���HZ�RI�WKH��PSRUWDQW�UROH�RI�IRUPDP�GH�

(FM)�in�prebiotic�chemistry,�we�would�focus�in�

WK�V�UH��HZ�RQ�WKH�IUHH�UDG�FDO�URXWHV�OHDG�Q��WR�

�HQHUDW�RQ�RI�SXU�QH�DQG�S�U�P�G�QH�QXFOHREDVHV�

from�FM,�that�are�also�appropriate�for�a�prebiotic�

V�QWKHV�V�RI�QXFOHREDVHV�RQ�7�WDQ��%HFDXVH�WKH�

RQH�SRW�V�QWKHV�V�IURP�)0�FDQ����H�ERWK�SXU�QHV�

and�pyrimidines,� it� is�reasonable� to� expect�that�

WKHUH�H[�VWV�D�VHW�RI�IUHH�UDG�FDO�URXWHV�WKDW�OHDGV�

WR�ERWK�SXU�QHV�DQG�S�U�P�G�QHV�21,57,64-76�

6FKHPH� �� SR�QWV� RXW� G�IIHUHQW� UHDFW�RQ�

SDWKZD�V� �QFOXG�Q�� IRUPDW�RQ� RI� SXU�QH� DQG�

purine� bases� (adenine,� guanine,� hypoxanthine,�

xanthine,�and�isoguanine)�and�pyrimidine�bases�

(cytosine,�uracil,�and�thymine)�starting�from�)0�

���� DQG� WKH� VPDOO� VSHF�HV�ZK�FK� DUH� SUHVHQW� �Q�

WKH�SUHE�RW�F�DWPRVSKHUHV���Q�SDUW�FXODU�RI�7�WDQ��

such�as�HCN,�●CN,�and�●NH
�
�
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rearrangements,� and� cyclization� steps.� Also,�

WKHVH� W�SHV� RI� UHDFW�RQV� FDQ� WDNH� SODFH� Z�WK�

�QWHUPHG�DWHV�DQG�PD��OHDG�WR�E�SURGXFWV��7KHVH�

side�reactions�tend�to�decrease�the�yield.�Indeed,�

these� products� were� experimentally� identi�ed�

Z�WK� ORZ� ��HOGV�57,73� )XUWKHU� FRPSUHKHQV��H�

studies� of� all� the� possible� reactions,� in� both�

thermodynamic�and�kinetic�aspects,�are�needed�to�

give�a��rm�conclusion�on�whether�the�formation�

RI� QXFOHREDVHV� �V�PRUH� FRPSHW�W��H� WKDQ� RWKHU�

side� reactions.� In� this� context,� we� limited�

RXUVHO�HV�WR�FRQV�GHU��Q�WKH�SUHVHQW�VWXG��VH�HUDO�

SRVV�EOH�PHFKDQ�VW�F� URXWHV� WKDW� FDQ�XOW�PDWHO��

OHDG� WR� QXFOHREDVHV��7KH�PD�Q� D�P� �V� WR�SUR�H�

WKH� SUREDE�O�W�� RI� IUHH� UDG�FDO� PHFKDQ�VPV� IRU�

WKH�U� IRUPDW�RQ�� �W� ORZ� WHPSHUDWXUH� FRQG�W�RQ�

in�Titan�(less�than�100�K),� the�potential�energy�

pro�les�match�very�well�with� the�enthalpy�and�

Gibbs� free� energy� pro�les.� The� differences�

EHFRPH� ODU�HU�ZKHQ� WKH� WHPSHUDWXUH� �QFUHDVHV��

Therefore,� the� effect� of� temperature� on� these�

VX��HVWHG� PHFKDQ�VPV� �V� DOVR� H[DP�QHG� WR�

  

6FKHPH����)UHH�UDG�FDO�SDWKZD�V�OHDG�Q��WR�WKH�IRUPDW�RQ�RI�SXU�QH�DQG�S�U�P�G�QH�QXFOHREDVHV�IURP�)0��

5HODW��HO�� K��K� ��HOGV� RI� ERWK� SXU�QH�

DQG� DGHQ�QH� ZHUH� UHSRUWHG� ZKHQ� )0� ZDV�

�UUDG�DWHG� Z�WK� 89� O��KW� ZK�OH� KHDW�Q�����

Under� prebiotic� conditions,� nucleobases� can�

EH� SURGXFHG� IROORZ�Q�� KHDW�Q�� RI� )0� EXW� WKH�

��HOGV� RI� QXFOHREDVHV� DUH� G�IIHUHQW� IURP� 89�

�UUDG�DW�RQ�KHDW�Q�� FRQG�W�RQV�� 7KHVH� UHDFW�RQV�

O�NHO���Q�RO�HG�IUHH�UDG�FDOV�WKDW�ZHUH�SURGXFHG�

��D� D� WKHUPDOO�� DFW��DWHG� SUHFXUVRU� RU� ��D�

SKRWRH[F�WDW�RQ�RI�UHDFW�RQ��QWHUPHG�DWHV���

�W� VKRXOG� EH� QRWHG� WKDW� WKHVH� VX��HVWHG�

URXWHV� DUH� RQO�� D� VPDOO� SDUW� RI� D� IDU� PRUH�

FRPSO�FDWHG� QHWZRUN� RI� SRVV�EOH� UHDFW�RQ�

pathways� leading� to� nucleobases,� and� side�

UDG�FDO� UHDFW�RQV� ��HOG�Q�� RWKHU� E��SURGXFWV�

FRXOG� WDNH� SODFH� IURP� WKH� UHDFWDQW� P�[WXUH��

7KHUH� DUH� PDMRU� V�P�ODU�W�HV� �Q� WKH� W�SHV� RI�

UHDFW�RQV�OHDG�Q��WR�ERWK�S�U�P�G�QH�DQG�SXU�QH�

bases.�For�example,�some�steps�involved�in�the�

IRUPDW�RQ�RI�ERWK�S�U�P�G�QH�EDVHV�DQG�SXU�QHV�

include� the� hydrogen� abstractions,� hydrogen�
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�DO�GDWH�WKH�U�DSSO�FDE�O�W��IRU�K��K�WHPSHUDWXUH�

FRQG�W�RQV�����������.��

Let� us� brie�y� mention� that� the� energy�

pro�les� associated� with� the� free� radical�

PHFKDQ�VPV� DUH� FRQVWUXFWHG� XV�Q�� GHQV�W��

IXQFW�RQDO� PHWKRGV� �')7�� *HRPHWU�HV� RI�

DOO� WKH� VSHF�HV� �Q�RO�HG� DUH� RSW�P�]HG� XV�Q��

the� hybrid� B3LYP� functional129,130� Z�WK� WKH�

6-311G(d,p)� basis� set.���� 7KH� XQUHVWU�FWHG�

formalism�(UB3LYP)�is�used�for�the�open-shell�

VWUXFWXUHV�� 9�EUDW�RQDO� IUHTXHQF�� DQDO�VHV� DUH�

FDUU�HG�RXW�DW�WKH�VDPH�OH�HO�RI�WKHRU��WR�REWD�Q�

WKH� ]HUR�SR�QW� FRUUHFW�RQ� HQHU��� �=3(�� DQG� WR�

con�rm�the�nature�of�each�stationary�point.�The�

P�Q�PD� KD�H� QR� �PD��QDU�� IUHTXHQF�HV� ZK�OH�

the��rst-order�saddle�points�have�one�imaginary�

IUHTXHQF�����XQ�IRUP�VFDO�Q��IDFWRU�RI��������V�

XVHG� IRU� WKH� =3(� �DOXHV� ZKHQ� FDOFXODW�Q�� WKH�

UHODW��H�HQHU��HV�RI�WKH�VWUXFWXUHV�FRQV�GHUHG���Q�

fact,�the�scaling�factor�has�a�very�small�effect�on�

WKH� UHODW��H�HQHU��HV�RI�G�IIHUHQW�VSHF�HV�RQ�WKH�

potential� energy� pro�les� of� FM� reactions.� The�

G�IIHUHQFH�EHWZHHQ�WKH�GDWD�FDOFXODWHG�Z�WK�DQG�

without�scaling�factor�are�less�than�0.5�kcal/mol,�

which�is�negligible.�Therefore,�the�scaling�factor�

ZDV�QRW�HPSOR�HG�ZKHQ�FDOFXODW�Q��WKH�HQWKDOS��

DQG� *�EEV� IUHH� HQHU��� GDWD� WKDW� �QFOXGHV� WKH�

HQWURS�F�FKDQ�HV�

The� popular�B3LYP� functional� has� been�

HPSOR�HG��Q�VH�HUDO�SUH��RXV�VWXG�HV�WR�H[SORUH�

WKH� SURGXFW�RQ�RI�QXFOHREDVHV�����7KHVH� VWXG�HV�

showed�that�the�difference�between�B3LYP�and�

PRUH� DFFXUDWH� ZD�HIXQFW�RQ� PHWKRGV� VXFK� DV�

WKH� FRXSOHG�FOXVWHU� WKHRU�� &&6'�7�� UHDFW�RQ�

barriers� are� relatively� small,� being� less� than� ±�

3� kcal/mol.� In� addition,� DFT� energy� barriers�

IRU� K�GUR�HQ�DEVWUDFW�RQ� UHDFW�RQV� KD�H� EHHQ�

SUH��RXVO�� UHSRUWHG� WR� EH� �Q� �RRG� D�UHHPHQW�

Z�WK�H[SHU�PHQWDO�UHVXOWV�133,134�3UH��RXV�VWXG�HV�

further� suggest� that� the� B3LYP� functional� can�

EH� DSSURSU�DWH� IRU� WKH� IUHH� UDG�FDO� UHDFW�RQ�

FDOFXODW�RQV�133,134

The� performance� of� the� B3LYP/6-

311G(d,p)� method� for� radical� pathway� is�

�DO�GDWHG��Q�WKH�SUHVHQW�ZRUN�IRU�D�VKRUW�UHDFW�RQ�

FKD�Q�VWDUW�Q��IURP�)0���WR� WKH�UDG�FDO�VSHF�HV�

�� as� plotted� in� Scheme� 3.� As� a� convention,�

WKH� P�Q�PD� �Q�RO��Q�� �Q� WKH� UDG�FDO� UHDFW�RQ�

SDWKZD�V� DUH� QDPHG� DV� �,� �,� �,� etc.,� and� the�

transition�structure�(TS)�connecting�two�minima,�

IRU� H[DPSOH��� DQG��,� is�denoted�as� ts-1,2��7KH�

&&6'�7�� V�Q�OH� SR�QW� FDOFXODW�RQV� DUH� FDUU�HG�

out� using� the� B3LYP/6-311G(d,p)� optimized�

�HRPHWU�HV� RI� WKH� UHOH�DQW� VSHF�HV�� 7ZR� EDV�V�

VHWV�XVHG�IRU�WKH�&&6'�7��FDOFXODW�RQV��QFOXGH�

6-311G(d,p)� and� aug-cc-pVTZ.� When� using� a�

ODU�H� EDV�V� VHW� IRU� &&6'�7�� FRPSXWDW�RQV� WKH�

G�IIHUHQFHV� EHWZHHQ� WZR� VHWV� RI� GDWD� EHFRPH�

smaller� with� the� largest� difference� being� ±� 3�

NFDO�PRO�

 

�
�

6FKHPH����)RUPDW�RQ�RI�WKH�SUHFXUVRU��
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6FKHPH����)RUPDW�RQ�RI�WKH�SUHFXUVRU����

�
Scheme�4.�Formation of the precursor 16 

�����)R�PDWLRQ�RI�WKH�S�HF��VR�V����DQG���

7KH� VX��HVWHG� UHDFW�RQ� PHFKDQ�VPV� OHDG�Q��

WR� WKH� IRUPDW�RQ� RI� SXU�QH� QXFOHREDVHV� FDQ� EH�

��HZHG�DV� VH�HUDO� UHDFW�RQ� FKD�QV�FRQQHFWHG� WR�

HDFK� RWKHU�E�� FRPPRQ�SUHFXUVRUV� �QFOXG�Q���,�

��,� ��� DQG���� (cf.� Scheme� 2).� In� this� section,�

ZH�FRQV�GHU�WKH�IRUPDW�RQ�RI�WKH�WZR�SUHFXUVRUV�

��� DQG� ��� IURP� )0��7KH� FXUUHQW� PHFKDQ�VPV�

SUHG�FW�DQ��P�GD]ROH�GHU��DW��H����DV�D�SUHFXUVRU�

for�purine�nucleobases,�which�is�consistent�with�

SUH��RXV�H[SHU�PHQWDO�REVHU�DW�RQV�����P�GD]ROH�

derivatives� were� readily� converted� to� purines,�

including�adenine,�hypoxanthine,�and�guanine.����

From� this� imidazol� derivative,� the� precursor�

PROHFXOH�����V�IRUPHG�OHDG�Q��WR�WKH�V�QWKHV�V�RI�

purine,�adenine,�guanine,�and�hypoxanthine,�and�

WKH� SUHFXUVRU� PROHFXOH� ��� OHDG�Q�� WR� [DQWK�QH�

DQG��VR�XDQ�QH��FI��6FKHPH�����

7KH�IUHH�UDG�FDO�SDWKZD��IRU�WKH�IRUPDW�RQ�

RI�WKH��P�GD]ROH�SUHFXUVRU����VWDUW�Q��IURP�)0�

is�presented�in�Schemes�3�and�4.�The��rst�step�of�

WKH�PHFKDQ�VP��V�DQ�H[HU�RQ�F�DGG�W�RQ�UHDFW�RQ�

of�●CN�to�FM���WR����H���(cf.�Figure�1).�In�fact,�

this� step� is�based�on� the� reaction�of�●CN�with�

)0� �Q� DQ� H[SHU�PHQWDO� ZRUN� FDUU�HG� RXW� E��

)HUXV� et�al����&RXSO�Q��RI�D�+� UDG�FDO�Z�WK� WKH�

R[��HQ�FHQWHUHG� UDG�FDO� �� OHDGV� WR� ��DP�QR���

hydroxyacetonitrile,��DQ�H[SHU�PHQWDOO��GHWHFWHG�

SUHFXUVRU�IRU�WKH�QXFOHREDVHV���

7R� IRUP����P�QR�DFHWRQ�WU�OH�����D�D�2+�

UDG�FDO� HO�P�QDW�RQ� VWHS� ���→�5-cp),� a�H�atom�

RI� WKH�1+
�
��URXS�RI�R[��HQ�FHQWHUHG� UDG�FDO���

QHHGV� WR�EH� WUDQVIHUUHG� WR� WKH�DGMDFHQW�2�DWRP�

WR� IRUP� Q�WUR�HQ�FHQWHUHG� UDG�FDO� ��� 7K�V� FDQ�

EH� GRQH� ��D� H�WKHU� D� RQH�VWHS� RU� D� PXOW�VWHS�

+�UHDUUDQ�HPHQW� UHDFW�RQ�� 7KH� UHODW��HO�� K��K�

energy� barrier� for� the� 1,3-H� radical� transfer�

amounts�to�25�kcal/mol.�A�similar�1,3-H�radical�

UHDUUDQ�HPHQW� ZDV� SUH��RXVO�� GHVFU�EHG� IRU�

�XDQ�QH�UDG�FDOV��Q�ZK�FK�WKH�SURSRVHG�UHDFW�RQ�

takes�place� through�a��ve-membered� ring�with�

WKH�DVV�VWDQFH�RI�ZDWHU�����

7KH�DGG�W�RQ�DQG�DEVWUDFW�RQ�RI�+�UDG�FDO�

DUH�DVV�VWHG�E��WKH�QHXWUDO�UDG�FDO�SD�U�1+
�
/●NH

�
�

�Q� D� PXOW�VWHS� UHDFW�RQ� WR� UHGXFH� WKH� HQHU���

EDUU�HU���PPRQ�D��1+
�
���V�VHOHFWHG�IRU�DVV�VW�Q��

WKH� UHDUUDQ�HPHQW� EHFDXVH� 1+
�
� KDV� EHHQ�

UHSRUWHG�DV�D�FRQVW�WXHQW�RI�WKH��QWHU�RU�RI�7�WDQ�

WKDW� IHHGV� �WV� DWPRVSKHUH� E�� HS�VRG�F� HIIXV��H�

H�HQWV�����Moreover,�NH
�
�KDV�EHHQ�VX��HVWHG�WR�

play�an�important�role�in�prebiotic�reactions,�as�

it�is�a�decomposition�product�of�FM,�without�or�

Z�WK�WKH�SUHVHQFH�RI�ZDWHU�136,138-139�

7KH�PXOW�VWHS� UHDFW�RQ� WUDQVIRUP�Q���� WR�

��FRQV�VWV�RI�D�QHDUO��EDUU�HU�IUHH�H[HU�RQ�F�VWHS�

���→�3-cp��DQG�D�UHODW��HO�� ORZ�HQHU���EDUU�HU�

HQGHU�RQ�F� VWHS� �3-cp� →� ���� 7KH� +� WUDQVIHU�

EHWZHHQ� WKH� SDUWQHUV�Z�WK�Q� WKH� UDG�FDO�QHXWUDO�
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PROHFXOH�FRPSOH[��V�DQDOR�RXV�WR�WKH�+�WUDQVIHU�

within� an� ion� molecule� complex,� which� has�

EHHQ� SUH��RXVO�� GHVFU�EHG� EHFDXVH� URWDW�RQ�

PR�HPHQW� RI� WKH� SDUWQHUV� �Q� WKH� FRPSOH[� �V�

DOORZHG�����7KH� ORZ� EDUU�HU� RI� ��� NFDO�PRO� IRU�

WKH� ODWWHU� VWHS� �V� FRQV�VWHQW� Z�WK� UHFHQW� UHSRUW�

RI� +� DEVWUDFW�RQ� IURP� XUDF�O� E�� 2+� UDG�FDO�

WKDW� SURFHHGV� Z�WK� D� ORZ� EDUU�HU� RI� DERXW� ���

NFDO�PRO����� 7KH� R�HUDOO� HQHU��� EDUU�HU� RI� WKH�

UHDFW�RQ� FKD�Q� ��→� 3-cp�→� �� �V� RQO�� �� NFDO�

mol,�much�smaller�than�the�barrier�of�the�1,3-H�

UHDUUDQ�HPHQW���→����7KH�2+�ORVV�RI���OHDG�Q��

WR� ���P�QR�DFHWRQ�WU�OH� �� KDV� UHODW��H� K��K�

HQHU��� EDUU�HU� RI� ��� NFDO�PRO�� 7KH� UHDFW�RQ� �V�

HQGHU�RQ�F�E��DQ�DPRXQW�RI����NFDO�PRO��

�Q� H[HU�RQ�F� DGG�W�RQ� RI�+� UDG�FDO� WR���

OHDGV�WR���Z�WK�D�VPDOO�HQHU���EDUU�HU�RI���NFDO�

PRO��FI��)��XUH������GG�W�RQ�RI�D�+�UDG�FDO�WR�D�

QHXWUDO�PROHFXOH�KDV�EHHQ�SUH��RXVO��GHVFU�EHG�

�Q�SKRWRO�W�F�UHDFW�RQV������GG�W�RQ�RI�)0�WR�WKH�

UDG�FDO���OHDGV�WR�WKH�DGGXFW���Z�WK�D�UDWKHU�ORZ�

HQHU��� EDUU�HU� RI� ��� NFDO�PRO�� 7KH� PXOW�VWHS�

+�UHDUUDQ�HPHQW�UHDFW�RQ���→�8-cp�→���D�D�Q�

VKRZV� D� ORZ� HQHU��� EDUU�HU� RI� �� kcal/mol,� as�

FRPSDUHG�WR�WKH�HQHU���EDUU�HU�RI����NFDO�PRO�RI�

WKH�RQH�VWHS�UHDFW�RQ���→����

)LJ��H����Potential�energy�pro�le�for�the�formation�of�the�precursor����5HODW��H�HQHU��HV����HQ��Q�NFDO�PRO�DUH�

computed�using�total�energies�obtained�from�geometry�optimizations�with�ZPE�corrections�at�the�(U)B3LYP/6-

311G(d,p)�level.

)LJ��H����Potential�energy�pro�le�for�the�formation�of�the�precursor�����5HODW��H�HQHU��HV����HQ��Q�NFDO�PRO�DUH�

computed�using�total�energies�obtained�from�geometry�optimizations�with�ZPE�corrections�at�the�(U)B3LYP/6-

311G(d,p)�level.



�� ����1��Q��Q���U��������UQ������6���Q���������������������

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

�������������������

�����������������

�Q� �QWUDPROHFXODU� IUHH� UDG�FDO� DWWDFN� RQ�

WKH�WU�SOH�ERQG�RI�WKH�&1��URXS��Q������HV�U�VH�WR�

a��ve-membered�ring�in�����FI��6FKHPH������7K�V�

W�SH�RI�UDG�FDO�DWWDFN�DW�WKH�WU�SOH�ERQG�RI�WKH�&1�

�URXS�OHDG�Q��WR�D�F�FO�F�VWUXFWXUH�Z�WK�DQ�H[R�

F�FO�F�& 1�ERQG�ZDV�DOUHDG��UHSRUWHG�����6XFK�

D�F�FO�]DW�RQ�UHDFW�RQ�IURP���WR�����V�DVVRF�DWHG�

with� a� low� energy� barrier� of� 15� kcal/mol,� and�

it� is� exergonic�with� a� change� in�energy�of�‒12�

NFDO�PRO��FI��)��XUH�����7KH�F�FO�]DW�RQ�RI��� WR�

���is�a�signi�cant�improvement�over�previously�

reported� pathways� in� forming� �ve-membered�

rings�prebiotically.�Cyclization�leading�to�a��ve-

PHPEHUHG� U�Q�� �Q�RO��Q�� G�IIHUHQW� SDWKZD�V�

ZDV� UHFHQWO�� GHVFU�EHG� DV� WKH� UDWH�GHWHUP�Q�Q��

VWHS�Z�WK�DQ�HQHU���EDUU�HU�RI����NFDO�PRO��Q�WKH�

SUHVHQFH� RI� ZDWHU���� Accordingly,� involvement�

RI�IUHH�UDG�FDOV�ORRNV�UHDO�VW�F�IRU�IRUPDW�RQ�RI�D�

�ve-membered�ring.

��PXOW�VWHS�+�UHDUUDQ�HPHQW�RI����OHDGV�WR�

���Z�WK�WKH�UDG�FDO�FHQWHUHG�RQ�WKH�Q�WUR�HQ�DWRP�

of� the� �ve-membered� ring.� Based� on� previous�

studies� of� radical� reactions� at� C=N� bond,����

the� role� of�C=N�bond� is� emphasized.�The��rst�

VWHS�RI�WK�V�PXOW�VWHS�UHDFW�RQ� �V�WKH�WUDQVIHU�RI�

H�radical�to�C=N●�with�an�energy�barrier�of�9�

kcal/mol,�and�the�resulting�C=NH�is�targeted�for�

WKH� IRUPDW�RQ� RI� WKH� V�[�PHPEHUHG� U�Q�� RI� WKH�

QXFOHREDVHV���Q�HQGHU�RQ�F�2+�UDG�FDO�UHPR�DO�

RI�������HV����Z�WK�DQ�HQHU���EDUU�HU�RI����NFDO�

PRO�DQG�D�UHDFW�RQ�HQHU���RI����NFDO�PRO��

In� general,� the� reaction� pathway� leading�

WR�WKH�IRUPDW�RQ�RI����IURP�)0�VKRZV�WKDW�WKHVH�

reactions� proceed� through� signi�cantly� lower�

HQHU��� EDUU�HUV� WKDQ� SUH��RXVO�� UHSRUWHG�������

7KH� QHXWUDO� VSHF�HV���� �V� UHDFW��H� WRZDUGV� IUHH�

UDG�FDOV� DQG� �W� FRQVW�WXWHV�D�SUHE�RW�F�SUHFXUVRU�

IRU�SXU�QH�QXFOHREDVHV��

7KH�URXWH�WR�SXU�QH�QXFOHREDVHV��Q�RO�HV�

WKH� FRQVWUXFW�RQ� RI� D� V�[�PHPEHUHG� U�Q��� 7KH�

�rst� steS�RI� WKH� IRUPDW�RQ� RI� WKH� SUHFXUVRU� ���

�V� WKH� DFW��DW�RQ� RI� WKH� QHXWUDO� SUHFXUVRU� ��� WR�

�HQHUDWH�D�UHDFW��H�UDG�FDO���,�which�is�stabilized�

E�� UHVRQDQFH�DV� �QG�FDWHG�E��FXU�HG� DUURZV� �Q�

6FKHPH� ����FW��DW�RQ� RI� ��� with� ●CN� in� this�

VWHS� �V� K��KO�� H[HU�RQ�F� DQG� EDUU�HU�IUHH� �FI��

)��XUH�����%RWK� WKH�DGG�W�RQ�RI�IRUPDP�G�QH�WR�

��� OHDG�Q�� WR���� DQG� WKH�DGG�W�RQ�RI�)0� WR����

OHDG�Q��WR����involve�the�radical�attack�of�●NH�

WR�WKH�GRXEOH�ERQGV�DQG�DUH�HQGHU�RQ�F�UHDFW�RQV��

7KHVH� UHDFW�RQV� UHTX�UH� FRQV�GHUDEOH�DFW��DW�RQ�

energies�of�22�and�16�kcal/mol,�respectively.�The�

UDG�FDO�VSHF�HV����KDV�WZR�IXQFW�RQDO��URXSV�WKDW�

FDQ�EH�UHPR�HG�WR�IRUP�WKH�FRUUHFW�IXQFW�RQDO�W��

in�the�desired�nucleobases,�the�OH�(formed�from�

+�DGG�W�RQ� WR� WKH�R[��HQ�FHQWHUHG� UDG�FDO��DQG�

WKH�1+
�
� �URXSV��5HPR�DO� RI� WKH� IRUPHU���HOGV�

SXU�QH� DQG� DGHQ�QH� DQG� UHPR�DO� RI� WKH� ODWWHU�

��HOGV��XDQ�QH�DQG�K�SR[DQWK�QH�

�����)R�PDWLRQ�RI�WKH�S��LQH����DQG�DGHQLQH���

6FKHPH���VKRZV�WKH�SDWKZD�V�WRZDUG�SURGXFW�RQ��

RI� SXU�QH� DQG� DGHQ�QH�� 6�P�ODU� WR� WKH�

UHDUUDQ�HPHQW� RI� �� WR� �,� multistep� H-radical�

UHDUUDQ�HPHQW� IURP�1� WR� 2� RI���� OHDGV� WR� ���

followed�by�the�removal�of�●OH�to�give������Q�

H[HU�RQ�F�DGG�W�RQ� RI�+�UDG�FDO� WR���� ���HV����

Z�WKRXW�DQ�HQHU���EDUU�HU�IROORZHG�E��D�VO��KWO��

H[HU�RQ�F�F�FO�]DW�RQ�IURP����WR�����

7KH� F�FO�]DW�RQ� VWHS� KDV� D� ORZ� HQHU���

barrier� of� 11� kcal/mol� (cf.� Figure� 3).� Again,�

WKHVH� UHVXOWV�RI� ORZ�HQHU���EDUU�HU�F�FO�]DW�RQV�

GHPRQVWUDWH�WKH�DG�DQWD�H�RI�XV�Q��IUHH�UDG�FDO�

PHFKDQ�VPV� �Q� WKH� IRUPDW�RQ� RI� QXFOHREDVHV��

Loss� of� an� H-radical� leads� to� the� neutral�

�QWHUPHG�DWH����Z�WK�DQ�HQHU���UHTX�UHPHQW�RI����

NFDO�PRO��7KH�VHTXHQW�DO�UHDFW�RQV�IURP�QHXWUDO�

VSHF�HV���� WR�QHXWUDO�VSHF�HV����DUH�F�FO�]DW�RQ�

URXWHV�Z�WK�D�VWHSZ�VH�DGG�W�RQ�DQG�HO�P�QDW�RQ�

RI�D�+�UDG�FDO�
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6FKHPH����)RUPDW�RQ�RI�SXU�QH����DQG�DGHQ�QH����

)LJ��H����Potential�energy�pro�le�leading�to�the�formation�of�����5HODW��H�HQHU��HV����HQ��Q�NFDO�PRO�DUH�FRPSXWHG�

using�total�energies�obtained�from�geometry�optimizations�with�ZPE�corrections�at�the�(U)B3LYP/6-311G(d,p)�

OH�HO�
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)LJ��H����Potential�energy�pro�les�leading�to�the�formation�of�purine����DQG�DGHQ�QH�����5HODW��H�HQHU��HV����HQ�

�Q�NFDO�PRO�DUH�FRPSXWHG�XV�Q��WRWDO�HQHU��HV�REWD�QHG�IURP��HRPHWU��RSW�P�]DW�RQV�Z�WK�=3(�FRUUHFW�RQV�DW�WKH�

(U)B3LYP/6-311G(d,p)�level.

QHXWUDO� PROHFXOH� �30-cp� →� ���� Z�WK� D� VPDOO�

HQHU���EDUU�HU�RI���NFDO�PRO��5HDFW�RQ�SDWKZD�V�

�Q�RO��Q�� UDG�FDO�QHXWUDO� PROHFXOH� FRPSOH[HV�

DUH�WKXV�IHDV�EOH�IRU�DE�RW�F�V�QWKHV�V�

7KH�F�FO�]DW�RQ�WR�IRUP�WKH�V�[�PHPEHUHG�

U�Q�� IURP� ��� WR� ���H� ��� UHTX�UHV� ��� NFDO�PRO�

DQG� �V� EDUU�HU�IUHH�� 7K�V� HQHU��� UHTX�UHPHQW� �V�

VW�OO� ORZHU� WKDQ� WKH� SUH��RXVO�� UHSRUWHG� HQHU���

EDUU�HUV� RI� ��� DQG� ��� NFDO�PRO� IRU� D� V�P�ODU�

F�FO�]DW�RQ� VWHS� Z�WK� DQG� Z�WKRXW� ZDWHU� DV� D�

catalyst,�respectively.��

7KH� PHFKDQ�VPV� IRXQG� KHUH� DUH� �Q�

agreement� with� previous� �ndings� that� the� use�

of� free� radicals� signi�cantly� decreases� energy�

EDUU�HUV�RI�WKH�UHDFW�RQV��E��a���NFDO�PRO������7KH�

F�FO�]DW�RQ� VWHSV� �Q� SUH��RXV� VWXG�HV� KDG� K��K�

HQHU���UHTX�UHPHQWV�DQG�ZHUH�SURK�E�W��H�VWHSV�

IRU�QXFOHREDVH� IRUPDW�RQ���Q�HQHU���EDUU�HU�RI�

��� NFDO�PRO� KDV� EHHQ� UHSRUWHG� IRU� SURGXFW�RQ�

RI�D�V�[�PHPEHUHG�U�Q�����7KH�URXWH�FRQV�GHUHG�

E�� WKHVH� DXWKRUV� �Q�RO�HV� DQ� �QWUDPROHFXODU�

F�FORDGG�W�RQ�VWHS�WKDW��V�DSSURSU�DWH�IRU�WKHUPDO�

UHDFW�RQV� ZKHQ� IUHH� UDG�FDOV� DUH� QRW� �Q�RO�HG�

in�the�pathways.�On�the�other�hand,�the�current�

study��ts�well�with� several� scenarios�including�

QRQ�WKHUPDO� DQG� QRQ�HTX�O�EU�XP� FRQG�W�RQV�

Z�WK�SURGXFW�RQ�RI�ODU�H�TXDQW�W�HV�RI�UDG�FDOV�

7KH� UDG�FDO� ��� �V� WKH� SUHFXUVRU� IRU� ERWK�

SXU�QH� DQG� DGHQ�QH��7KH� EDUU�HU�IUHH� VWHS� IURP�

���→���� (cf.� Figure� 3)� shows� that�●CN/HCN�

pair,� similar� to�●NH
�
�1+

�
�pair,� can�be�used� to�

DFW��DWH� QHXWUDO� SUHFXUVRUV� WRZDUG� QXFOHREDVH�

IRUPDW�RQ��7KH�HIIHFW�RI�IUHH�UDG�FDOV�WR�DFW��DWH�

neutral�intermediates�is�identi�ed�throughout�the�

entire�mechanisms.�The�use�of�●CN/HCN�leads�

WR�D�K��KO��H[HU�RQ�F�UHDFW�RQ�IURP����WR�����

Figure�4�shows�the�potential�energy�pro�le�

RI�WKH�WKUHH�VWHS�UHDFW�RQ�FKD�QV�IURP����OHDG�Q��

WR�WKH�IRUPDW�RQ�RI�SXU�QH����DQG�DGHQ�QH�����7KH�

V�QWKHV�V�RI�SXU�QH�IURP����FRQV�VWV�RI�D�UHDFW�RQ�

VWHS�����→�24-cp��Z�WK�D�UHODW��HO��K��K�HQHU���

EDUU�HU� RI� ��� NFDO�PRO� DQG� WZR� ORZHU� HQHU���

barrier�steps.�Meanwhile,�the�energy�barriers�for�

WKH�UHDFW�RQ�VWHSV�IURP����WR�DGHQ�QH�DUH��Q�WKH�

range�of�5�−�19�kcal/mol.

�����0HFKDQLVPV�IR��IR�PDWLRQ�RI�J�DQLQH����

DQG�K�SR�DQWKLQH���

7KH�UHDFW�RQ�SDWKZD�V�OHDG�Q��WR�WKH�V�QWKHV�V�RI�

�XDQ�QH�DQG�K�SR[DQWK�QH�DQG�WKH�FRUUHVSRQG�Q��

potential�energy�pro�les�are�plotted�in�Scheme�6�

and�Figure�5,� respectively.�Loss�of�●NH
�
� IURP�

��� ��HOGV� D� UDG�FDO�QHXWUDO� PROHFXOH� FRPSOH[�

30-cp�that� is�energetically�favorable.�The�●NH
�
�

VXEVHTXHQWO�� DEVWUDFWV� D� +� DWRP� IURP� WKH�
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VPDOOHU�WKDQ�WKH�FRPPRQ�HUURU�RI�WKH�FDOFXODW�RQ�

method.� Finally,� loss� of� a� H� radical� leads� to�

�XDQ�QH����and�loss�of�an�●NH
�
�IURP����OHDGV�WR�

K�SR[DQWK�QH�����7KH�UHDFW��H�VSHF�HV��HQHUDWHG�

IURP�WKHVH�UHDFW�RQV�FDQ��Q�W�DWH�D�QHZ�F�FOH�IRU�

WKH�SURGXFW�RQ�RI�QXFOHREDVHV���W�VKRXOG�EH�QRWHG�

WKDW� SURGXFW�RQ� RI� �XDQ�QH� DQG� K�SR[DQWK�QH�

VKDUHV�RQH�SDWKZD��IURP�WKH�EH��QQ�Q��Z�WK�WKH�

G�IIHUHQFH�DSSHDU�Q��RQO���Q�WKH�ODVW�VWHS�
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6FKHPH����)RUPDW�RQ�RI��XDQ�QH����DQG�K�SR[DQWK�QH����

Loss�of�an�H-radical�from����WR����H�WKH�

QHXWUDO� �QWHUPHG�DWH���� VKRZV� WKDW�WKH� UHDFW�RQ�

pathway� generates� reactive� radicals,� H� radical�

in� this� case,� which� can� further� activate� a� new�

F�FOH�RI�WKH�PHFKDQ�VP��7KH�+�WUDQVIHU�UHDFW�RQ�

Z�WK�Q�WKH�UDG�FDO�QHXWUDO�FRPSOH[��F���OHDG�Q��

WR����KDV�D��HU��ORZ�HQHU���EDUU�HU�RI���NFDO�PRO��

7K�V�UHDFW�RQ�VWHS�FDQ��Q�IDFW�EH�FRQV�GHUHG�DV�D�

EDUU�HU�IUHH�UHDFW�RQ�EHFDXVH�WKH�HQHU���EDUU�HU��V�

)LJ��H����Potential�energy�pro�les�leading�to�the�formation�of�guanine����DQG�K�SR[DQWK�QH�����5HODW��H�HQHU��HV�

���HQ��Q�NFDO�PRO�DUH�FRPSXWHG�XV�Q��WRWDO�HQHU��HV�REWD�QHG�IURP��HRPHWU��RSW�P�]DW�RQV�Z�WK�=3(�FRUUHFW�RQV�
at�the�(U)B3LYP/6-311G(d,p)�level.
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�����0HFKDQLVPV�IR��IR�PDWLRQ�RI��DQWKLQH����

7KH�SUHFXUVRU����RI�[DQWK�QH�DQG��VR�XDQ�QH��V�

IRUPHG� IURP�WKH�UDG�FDO� �P�GD]RO�GHU��DW��H����

�FI��6FKHPH���DQG�)��XUH�����7R�DFFRXQW�IRU�WKH�

number�of�heavy�atoms�(C,�O�and�N)�in�xanthine�

and� isoguanine,� addition� of� two� molecules� of�

)0�WR����is�required.�The��rst�step�is�a�radical�

DGG�W�RQ�RI����WR�)0�WR����H����Z�WK�DQ�HQHU���

barrier� of� 25� kcal/mol,� followed� by� the� low-

EDUU�HU�PXOW�VWHS�+�UHDUUDQ�HPHQW����→�38-cp�

→�����7K�V�+�VK�IW��V�QHFHVVDU��IRU�1�WR�EHFRPH�

SDUW� RI� WKH� KHWHURF�FOH�� �GG�W�RQ� RI� DQRWKHU�

PROHFXOH� RI� )0� WR� ��� ��HOGV� ��� Z�WK� D� ORZHU�

HQHU��� EDUU�HU� RI� ��� NFDO�PRO� DV� FRPSDUHG� WR�

WKDW�RI�WKH����→����DGG�W�RQ�VWHS�

 

Scheme�7. Formation of xanthine 48 6FKHPH����)RUPDW�RQ�RI�[DQWK�QH����

)LJ��H����Potential�energy�pro�le�leading�to�the�formation�of�����5HODW��H�HQHU��HV����HQ��Q�NFDO�PRO�DUH�FRPSXWHG�

using�total�energies�obtained�from�geometry�optimizations�with�ZPE�corrections�at�the�(U)B3LYP/6-311G(d,p)�

OH�HO�
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D� +� UDGical� from� the� H−C−O●� of� ��� WR� IRUP�

����7K�V�UHDFW�RQ�KDV�D�ORZ�HQHU���EDUU�HU�RI����

NFDO�PRO��6HTXHQW�DO�ORVV�RI� WZR�+�DWRPV�IURP�

WKH� K�GUR[�O� �URXS� RI� ��� IRUPV� WKH� UHPD�Q�Q��

FDUERQ�O��URXS��Q�WKH�V�[�PHPEHUHG�U�Q��RI�����

The��rst�H�loss�is�assisted�by�NH
�
�UDG�FDO�DQG��V�

barrier-free,�whereas� the� second�H� loss� has� an�

energy�barrier�of�3�kcal/mol.�The�multistep�1,3-

+�UDG�FDO�UHDUUDQ�HPHQW�IURP�������HV�[DQWK�QH�

���� %RWK� HOHPHQWDU�� VWHSV� �Q� WK�V� SURFHVV� DUH�

EDUU�HU�IUHH�� 7KH� +� DEVWUDFW�RQ� E�� 1+
�
� (46�→�

���FS�� �V�H[HU�RQ�F�DQG�WKH�+�DGG�W�RQ�E��1+
��

(47-cp�→�48)�is�endergonic.

�����0HFKDQLVPV�IR��IR�PDWLRQ�RI�LVRJ�DQLQH���

Because� of� structural� similarity,� a� mechanism�

OHDG�Q��WR�[DQWK�QH��V�H[SHFWHG�WR�DOVR��HQHUDWH�

�VR�XDQ�QH��7KH� ODWWHU� UHTX�UHV�HO�P�QDW�RQ�RI�D�

●OH�from����ZK�OH�[DQWK�QH�UHTX�UHV�HO�P�QDW�RQ�

of� ●NH
�
.�Therefore,� the� starting� of� isoguanine�

PHFKDQ�VPV� �V� D� ORZ�HQHU���EDUU�HU� PXOW�VWHS�

1,3-H�shift�from����WR�IRUP�����FI��6FKHPH�����

��)LJ��H����Potential�energy�pro�le�leading�to�the�formation�of�xanthine�����5HODW��H�HQHU��HV����HQ��Q�NFDO�PRO�DUH�

computed�using�total�energies�obtained�from�geometry�optimizations�with�ZPE�corrections�at�the�(U)B3LYP/6-

311G(d,p)�level.

)��XUH� �� VKRZV� WKH� SRWHQW�DO� HQHU���

pro�le� of� the� formation� of� xanthine� from� ����

Elimination� of� a� ●NH
�
� UDG�FDO� IURP� ��� ���HV�

U�VH� WR� WKH� IRUPDW�RQ� RI� WKH� UDG�FDO�PROHFXOH�

FRPSOH[� 41-cp�� +�GUR�HQ� DEVWUDFW�RQ� E�� WKH�

●NH
�
� UHVXOWV� �Q� ��� Z�WK� D� �HU�� VPDOO� HQHU���

barrier� of� 1� kcal/mol.�Again,� this� reaction� step�

FDQ�EH�FRQV�GHUHG�DV�D�EDUU�HU�IUHH�UHDFW�RQ��7KH�

UDG�FDO� F�FO�]DW�RQ� RI���� WR� ��� UHTX�UHV� D� K��K�

activation� energy� of� 41� kcal/mol,� the� highest�

DFW��DW�RQ�EDUU�HU�Z�WK�Q�WKH�FXUUHQW�PHFKDQ�VP��

7K�V� VWHS� �V� K��KO�� HQGHU�RQ�F� Z�WK� D� UHDFW�RQ�

HQHU���RI����NFDO�PRO�

7KH� UHPD�Q�Q�� VWHSV� WR� [DQWK�QH�

FRQVW�WXWH� WKH� WZR� FDUERQ�O� �URXSV� �Q� WKH� V�[�

PHPEHUHG� U�Q�V�� 0HFKDQ�VPV� OHDG�Q�� WR� WKH�

IRUPDW�RQ� RI� FDUERQ�O� �URXSV� DUH� �PSRUWDQW� �Q�

SUHE�RW�F�FKHP�VWU��GXH�WR�WKH� IDFW�WKDW�D�IDF�OH�

IRUPDW�RQ� RI� FDUERQ�O� �URXS� PD�� OHDG� WR� WKH�

IXQFW�RQDO� �URXS� WUDQVIRUPDW�RQV� UHTX�UHG� IRU�

the�construction�of�complex�molecules.�The��rst�

FDUERQ�O��URXS��V�V�PSO��IRUPHG�E��DEVWUDFW�Q��
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&�FO�]DW�RQ�RI�������HV����Z�WK�DQ�HQHU���EDUU�HU�

RI����NFDO�PRO��7K�V�FKDQQHO�VKRZV�D�UHODW��HO��

ORZHU� EDUU�HU� WKDQ� WKH� SUH��RXVO�� UHSRUWHG� RQH�

for�the�non-catalyzed�cyclization�step.�However,�

D�+�ORVV�IURP���� WR�IRUP����KDV�D�K��K�HQHU���

EDUU�HU�RI����NFDO�PRO�

 

 

Scheme�8. Formation of isoguanine 58 6FKHPH����)RUPDW�RQ�RI��VR�XDQ�QH����

Endergonic� loss� of� ●OH� from� ���

SURGXFHV� WKH� QHXWUDO� �QWHUPHG�DWH� ��� Z�WK� D�

UHDFW�RQ�HQHU���RI����NFDO�PRO��FI��)��XUH�������

WZR�VWHS�UDG�FDO�F�FO�]DW�RQ�UHDFW�RQ�FDQ�WKXV�EH�

proposed.�The��rst�step�of�the�cyclization�is�the�

barrier-free�addition� of�a�●H� to���� WR� ���H�����

)LJ��H����Potential�energy�pro�le�leading�to�the�formation�of�isoguanine�����5HODW��H�HQHU��HV����HQ��Q�NFDO�PRO�
are�computed�using�total�energies�obtained�from�geometry�optimizations�with�ZPE�corrections�at�the�(U)B3LYP/6-
311G(d,p)�level.



����1��Q��Q���U��������UQ������6���Q��������������������� ��

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

�������������������

�����������������

H�HQ�WKRX�K��W�KDV�WKH�VDPH�QDWXUH�DV�WKH�SXU�QH�

U�Q��IRUPDW�RQ�IURP��,�has�a�much�lower�energy�

barrier� (ΔE#� =� 8� cal/mol).� In� both� cases,� the�

FRQ�HUV�RQ� RI� WKH� &1� WU�SOH� WR� GRXEOH� ERQG�

UHOHDVHV� HQHU��� DQG� WKXV� PDNHV� WKH� UHDFW�RQ�

H[HU�RQ�F��7KH�HQHU���UHOHDVH�RI�WKH�UHDFW�RQ���→�

���is�‒14�kcal/mol.�The�potential�energy�pro�les�

DQG� WKH� �Q�RO��Q�� WUDQV�W�RQ� VWUXFWXUHV� RI� WKH�

UHDFW�RQ� SDWKZD�� IURP� WKH� UDG�FDO� �QWHUPHG�DWH�

�� WR�F�WRV�QH���� DUH�SORWWHG� �Q�)��XUHV�����DQG�

6.10.�The� role� of� the�C≡N� as� energy� reservoir�

GXH�WR�WKH�ODU�H�DPRXQW�RI�ERQG�HQHU���UHOHDVHG�

IURP� �WV� SDUW�DO� ERQG� EUHDN�Q�� KDV� SUH��RXVO��

EHHQ�VX��HVWHG����

6�P�ODU� WR� the� xanthine� pathways,� loss�

RI� WZR� K�GUR�HQV� IURP� ��� IRUPV� WKH� HQRO� RI�

isoguanine.�This�channel�involves�●NH
�
�IRU�WKH�

DEVWUDFW�RQ� RI�D�K�GUR�HQ�DWRP� IURP���� WR�����

��+� ORVV� IURP� ��� ��HOGV� ���ZK�FK� �V� WKH� HQRO�

RI� �VR�XDQ�QH� ���� 7KH� HQHU��� EDUU�HU� IRU� WKH�

���→���� step� amounts� to� 28� kcal/mol.�Again,�

similar�to�xanthine,�formation�of�isoguanine����

IURP� WKH� WDXWRPHU�]DW�RQV�RI���� FDQ� WDNH�SODFH�

with� the� presence� of� the� ●NH
�
�1+

�
� SD�U�� 7KH�

R�HUDOO�WDXWRPHU�]DW�RQ�SURFHVV� �V�H[HU�RQ�F�E��

DQ�DPRXQW�RI����NFDO�PRO�

�����)R�PDWLRQ�RI�F�WRVLQH���

Both� the� �ve-membered� ring� of� purines� and�

WKH� V�[�PHPEHUHG� U�Q�� RI� S�U�P�G�QHV� FDQ� EH�

IRUPHG� IURP� WKH� Q�WUR�HQ�FHQWHUHG� UDG�FDO� ���

�FI��6FKHPH�����7KH�SXU�QH�U�Q���V�V�PSO��IRUPHG�

by� intramolecular� radical�attack�of�●NH�group�

on� the� C≡N� triple� bond� as� mentioned� above��

(ΔE#� ����NFDO�PRO��

�W� �V� RE��RXV� IURP� VWUXFWXUH� RI� �� WKDW� DQ�

H[WUD� FDUERQ� DWRP� �V� QHHGHG� WR� FRPSOHWH� WKH�

FKHP�FDO�IUDPH�RI�S�U�P�G�QH�U�Q���7K�V�FDQ�EH�

GRQH� E�� DGG�Q�� DQ�+&1�PROHFXOH� WR� �� ��D� DQ�

intermolecular� free� radical� attack� on� the� C≡N�

ERQG�WR�IRUP�WKH�Q�WUR�HQ�FHQWHUHG�UDG�FDO����DV�

SUHVHQWHG��Q�6FKHPH����

7K�V�SDWKZD���V�FRQV�VWHQW�Z�WK�D�SUH��RXV�

VX��HVW�RQ� WKDW� F�WRV�QH� �V� IRUPHG� IURP� WZR�

FM� and� two� HCN� molecules,� even� not� under�

7�WDQ�FRQG�W�RQ���������1RWH�WKDW�WZR�)0�DQG�RQH�

+&1�PROHFXOHV�KD�H�EHHQ�FRQVXPHG�WR�IRUP����

(cf.�Scheme�3).�This�radical-attack-CN�reaction,�

6FKHPH����)RUPDW�RQ�RI�F�WRV�QH����
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7KH�QH[W�UHDFW�RQ�VWHSV�IURP����WR����DUH�D�

VHU�HV�RI�+�UDG�FDO�DGG�W�RQV�����→���,����→�����

DQG� UHDUUDQ�HPHQWV�����→�65-cp�→������7KHVH�

VWHSV� DUH� QHFHVVDU�� IRU� WKH� VXEVHTXHQW� UHPR�DO�

RI� WKH� 1+
�
� �URXS� ����→� 67-cp����OWKRX�K� WKH�

+�DGG�W�RQ� VWHS� ��� →� ��� �V� HQGHU�RQ�F� E�� DQ�

amount�of�16�kcal/mol,�the�relatively�large�amount�

RI�HQHU���UHOHDVH�IURP�WKH�DGG�W�RQ�RI�DQ�+�DWRP�

WR����DQG�WKH�VXEVHTXHQW�+�UHDUUDQ�HPHQW�PDNHV�

WKH�ZKROH�UHDFW�RQ�FKD�Q�IURP����WR����H[HU�RQ�F�

with�the�net�energy�release�of�‒21�kcal/mol.�These�

UHDFW�RQV� KD�H� UHODW��HO�� ORZ� HQHU��� EDUU�HUV��

(ΔE#�=�5�−�14�kcal/mol,�cf.�Figures�9�and�10).

7KH� VS
�
��P�QR� FDUERQ�FHQWHUHG� UDG�FDO� ���

�V� IRUPHG�IURP����via� the�●NH
�
�1+

�
�DVV�VWHG�+�

UHDUUDQ�HPHQW�� 7K�V� R�HUDOO� +� UHDUUDQ�HPHQW� �V�

VO��KWO��HQGHU�RQ�F�E����NFDO�PRO�Z�WK�D�UHODW��HO��

ORZ�HQHU���EDUU�HU�RI����NFDO�PRO��7KH�QH[W�VWHS�

�V� WKH� �QWUDPROHFXODU� UDG�FDO�F�FO�]DW�RQ�RI���� �Q�

ZK�FK� WKH� K��KO�� UHDFW��H� VS
�
� FDUERQ�FHQWHUHG�

radical�attacks� the�C≡N�bond� forming�the�cyclic�

VSHF�HV���.�Again,�this�reaction�is�exergonic�by�an�

DPRXQW�RI�����NFDO�PRO�XSRQ�D�SDUW�DO�EUHDN�Q��RI�

the�C≡N�bond.�In�addition,� this�ring�closure�step�

has�lower�energy�barrier�(ΔE#����NFDO�PRO��WKDQ�WKH�

purine��ve-membered�ring�formation.

)LJ��H����Potential�energy�pro�le�leading�to�the�formation�of�����5HODW��H�HQHU��HV����HQ��Q�NFDO�PRO�DUH�FRPSXWHG�

using�total�energies�obtained�from�geometry�optimizations�with�ZPE�corrections�at�the�(U)B3LYP/6-311G(d,p)�level.

)LJ��H�����Potential�energy�pro�le�leading�to�the�formation�of�cytosine����5HODW��H�HQHU��HV����HQ��Q�NFDO�PRO�DUH�
computed�using�total�energies�obtained�from�geometry�optimizations�with�ZPE�corrections�at�the�(U)B3LYP/6-
311G(d,p)�level.
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�7KH�UHOHDVH�RI�1+
�
�UDG�FDO�IURP����IRUPV�

WKH��& �&�GRXEOH�ERQG�RI�F�WRV�QH�U�Q��Z�WK�Q�

WKH�FRPSOH[�67-cp��7K�V�UHDFW�RQ�KDV�DQ�HQHU���

EDUU�HU�RI����NFDO�PRO���OO�WKUHH�S�U�P�G�QHV�XVH�

WKH�VDPH�QXPEHU�Q��V�VWHP�ZK�FK��V��QG�FDWHG�

�Q�6FKHPH����7KH�VXEVHTXHQW�+�UHDUUDQ�HPHQW�

�67-cp�→������QFOXGHV�WKUHH�HOHPHQWDU��VWHSV��

WKH� +�� DEVWUDFW�RQ� DW� �1� SRV�W�RQ� RI� 67-cp,�

+�DGG�W�RQ� WR� WKH� H[WHUQDO� 1+� �URXS� DW� �&�

SRV�W�RQ� RI� 68-cp,� and� H-abstraction� at� 2C�

SRV�W�RQ�RI�69-cp��7K�V�UHDUUDQ�HPHQW�UHDFW�RQ�

is� exergonic� by� ‒29� kcal/mol� and� a� relatively�

ORZ� R�HUDOO� HQHU��� EDUU�HU� RI� ��� NFDO�PRO����

�nal� H� loss� from� ��� IRUPV� F�WRV�QH� ���� 7K�V�

UHDFW�RQ��Q�RO�HV�D�K��K�R�HUDOO�HQHU���EDUU�HU�

RI����NFDO�PRO�DQG��V�HQGHU�RQ�F�E�����NFDO�PRO��

Nevertheless,� the�pathway� leading� to� cytosine�

IURP�)0��V�VW�OO�K��KO��H[HU�RQ�F�Z�WK�WKH�QHW�

gain�in�energy�of�‒59�kcal/mol.

�����)R�PDWLRQ�RI���DFLO���

)RUPDW�RQ�RI�XUDF�O�IURP�F�WRV�QH��V�SUHVHQWHG�

�Q�6FKHPH�����7KH�HQRO� WDXWRPHU����RI�XUDF�O�

�V� IRUPHG� IURP�F�WRV�QH�E�� UHSODF�Q��WKH�1+
�
�

VXEVW�WXHQW� E�� 2+� �URXS�� 7K�V� VXEVW�WXHQW�

UHSODFHPHQW�WDNHV�SODFH���D�WZR�VWHSV��QFOXG�Q��

WKH�DGG�W�RQ� RI�2+� UDG�FDO� WR� WKH� �&�SRV�W�RQ�

DQG�WKH�HO�P�QDW�RQ�RI�PRUH�VWDEOH�1+
�
�UDG�FDO��

The�potential�energy�pro�le�and� the� transition�

VWUXFWXUHV� RI� WK�V� URXWH� DUH� SORWWHG� �Q� )��XUH�

��� Z�WK� WKH� UHODW��H� HQHU��� RI� F�WRV�QH� WDNHQ�

IURP� WKH� URXWH� �Q� )��XUH� ���� %RWK� VWHSV� KD�H�

ORZ�HQHU���EDUU�HUV�Z�WK�WKH�VHFRQG�VWHS�EH�Q��

H[HU�RQ�F�E�����NFDO�PRO��7KH�1+
�
� UDG�FDO� �Q�

WKH� UDG�FDO�QHXWUDO� FRPSOH[� 73-cp� IDF�O�WDWHV�

WKH� HQRO�NHWR� WDXWRPHU�]DW�RQ� OHDG�Q�� WR� D�

VO��KWO��PRUH�VWDEOH�NHWR�IRUP����RI�XUDF�O��7KH�

FRPSOH[� RI� XUDF�O� DQG� 1+
�
� UDG�FDO� 75-cp1� �V�

DOVR�SUHVHQWHG�KHUH�EHFDXVH��W��V��Q�RO�HG��Q�WKH�

IRUPDW�RQ�RI�WK�P�QH��G�VFXVVHG��Q�D�IROORZ�Q��

VHFW�RQ��� )RUPDW�RQ� RI� XUDF�O� IURP� )0� DQG�

+&1��Q� WK�V�PD�Q�URXWH� �V� WKHUPRG�QDP�FDOO��

feasible�with� an�overall�gain� in� energy�of�‒81�
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)LJ��H�����Potential�energy�pro�le�leading�to�the�formation�of�uracil�����5HODW��H�HQHU��HV����HQ��Q�NFDO�PRO�DUH�FRPSXWHG�
using�total�energies�obtained�from�geometry�optimizations�with�ZPE�corrections�at�the�(U)B3LYP/6-311G(d,p)�level.

�����)R�PDWLRQ�RI�WK�PLQH���

7K�P�QH�FDQ�EH�IRUPHG�IURP�XUDF�O�E��UHSODF�Q��

WKH�+�DWRP�DW�WKH��&�SRV�W�RQ�E��D�&+
�
��URXS��7K�V�

PHWK�O�VXEVW�WXHQW�FDQ�EH�DGGHG�XV�Q��RQH�FDUERQ�

FRPSRXQGV�D�D�ODEOH��Q�WKH�UHDFW�RQ�P�[WXUH��

�Q� WKH�PHFKDQ�VP���HOG�Q��WK�P�QH�IURP�

WKH�XUDF�O�FRPSOH[�75-cp1�SUHVHQWHG��Q�6FKHPH�

10�and�Figure�12,�H�loss�at�1N�position�of�uracil�

�HQHUDWHV� WKH�Q�WUR�HQ�FHQWHUHG� UDG�FDO�����7KH�

FRQMX�DWHG� IRUP� RI� ��� Z�WK� WKH� UDG�FDO� FHQWHU�

ORFDWHG� DW� WKH� �&� DWRP� �VS
�
�� FDQ� VXEVHTXHQWO��

UHDFW� Z�WK� +
�
& 2� ��HOG�Q�� WKH� R[��HQ�

FHQWHUHG� UDG�FDO� RI� ��K�GUR[�PHWK�OXUDF�O� �����

7KH� QH[W� +�UHDUUDQ�HPHQW� VWHS� ��� →� 78-cp�

→� ��� ���HV� WKH� FDUERQ�FHQWHUHG� UDG�FDO� RI�

��K�GUR[�PHWK�OXUDF�O� ��,� which� is� much�

PRUH� VWDEOH� WKDQ� WKH� R[��HQ�FHQWHUHG� UDG�FDO�

����7KH�IROORZ�Q��2+�ORVV����→�����V�KRZH�HU�

K��KO��HQGHU�RQ�F�Z�WK�DQ�DEVRUEHG�HQHU���RI�

���NFDO�PRO��

7KH� WZR�VWHS� UDG�FDO� K�GUR�HQDW�RQ� WXUQV�

WKH�PHWK�OHQH��URXS��Q�WKH�QHXWUDO�SURGXFW�����QWR�

WKH�PHWK�O��URXS�RI�WK�P�QH�����7KH�ODU�H�DPRXQW�

of�energy�released�from�the��rst�H-addition�step�

��� →� ��� FRPSHQVDWHV� WKH� HQHU��� WDNHQ� �Q� WKH�

previous�steps,�and�thus�makes�this�whole�reaction�

chain�exergonic�by�‒104�kcal/mol.

)LJ��H�����Potential�energy�pro�le�leading�to�the�formation�of�thymine�����5HODW��H�HQHU��HV����HQ��Q�NFDO�PRO�DUH�
computed�using�total�energies�obtained�from�geometry�optimizations�with�ZPE�corrections�at�the�(U)B3LYP/6-
311G(d,p)�level.
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�����(IIHFW�RI�WHPSH�DW��H�RQ�WKH�I�HH��DGLFDO�

PHFKDQLVPV

The� enthalpy� barriers,� enthalpies� of� reactions,�

*�EEV� IUHH� HQHU��� EDUU�HUV� DQG� *�EEV� IUHH�

HQHU��HV�RI� UHDFW�RQV�DW����.�EH�Q�� WKH�VXUIDFH�

temperature� of� Titan,� 298� K� the� commonly�

used� standard�ambient� temperature,�and�483�K�

being� the� boiling� point� of� FM,� are� calculated�

WR� �Q�HVW��DWH� WKH� HIIHFW� RI� WHPSHUDWXUH� RQ�

the� suggested� mechanisms.� Energy,� enthalpy�

and� Gibbs� free� energy� pro�les� of� the� reaction�

SDWKZD�V�OHDG�Q��WR�WKH�IRUPDW�RQ�RI�DGHQ�QH���,�

�XDQ�QH���,�cytosine���,�uracil���,�and�thymine�

��� are� plotted� in� Figures� 13� and� 14� in� black,�

blue,� and� red,� respectively.� The� three� pro�les�

DUH� FORVH� WR�HWKHU� DW� ORZ� WHPSHUDWXUH� EXW� WKH�

G�IIHUHQFHV� �QFUHDVH� DW� K��KHU� WHPSHUDWXUHV�� �W�

�V� RE��RXV� WKDW� WKH� �DU�DW�RQ�RI� WKH�*�EEV� IUHH�

energy�pro�les�is�much�more�profound�than�that�

of�the�enthalpy�pro�les.�

)LJ��H�����Energy,�enthalpy�and�Gibbs�free�energy�pro�les�(kcal/mol,�in�black,�blue,�and�red,�respectively)�of�the�

UHDFW�RQ�SDWKZD�V�OHDG�Q��WR�WKH�IRUPDW�RQ�RI�DGHQ�QH����DQG��XDQ�QH����(UB3LYP/6-311G(d,p)).

7DEOH����2�HUDOO� HQHU���EDUU�HUV�DQG�UHDFW�RQ� HQHU��HV��∆Ε#,�∆Ε�),� enthalpy�barriers� and�enthalpies�of� reaction��

�∆H#,�∆H�),�and�Gibbs�free�energy�barriers�and�Gibbs�free�energies�of�reaction�(∆*#,�∆*����Q�NFDO�PRO�RI�WKH�PD�Q�

URXWHV�OHDG�Q��WR�WKH�IRUPDW�RQ�RI�DGHQ�QH���,�guanine���,�cytosine���,�uracil����DQG�WK�P�QH����IURP�)0�
� � � � � �

�

�
�� �

���.� ����.� ����.�

� �� � �� � �� � �� � �� � �� �

��→ ���� ���� ���� ����� ���� ����� ���� �����

��→ ��� ���� ���� ����� ���� ����� ���� �����

��→ ����

��→ ����

��→ ����

���� ���� ����� ���� ����� ���� �����

� ���� ���� ���� ���� ���� ���� ����

��→ ���� ������ ������ ������ ������ ������ ������ ������

��→ ��� ������ ������ ������ ������ ������ ������ ������

��→ ���� ������ ������ ������ ������ ������ ������ ������

��→ ���� ������ ������ ������ ������ ������ ������ ������

��→ ��� ������� ������� ������ ������� ������ ������� ������

�



�� ����1��Q��Q���U��������UQ������6���Q���������������������

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

�������������������

�����������������

7he� overall� energy,� enthalpy,�Gibbs� free�

energy� barriers� (∆E#,� ∆H#,� and� ∆G#),� and� the�

overall� reaction� energies� (∆E
5
),� enthalpies� of�

reactions� (∆H
5
�� DQG� *�EEV� IUHH� HQHU��HV� RI�

reactions� (∆G
5
�� RI� WKHVH� UHDFW�RQ� SDWKZD�V�

DUH� ���HQ� �Q�7DEOH� ���7KH�GDWD� VKRZ�RE��RXVO��

unfavourable� changes� of� the� overall� ∆G#� DQG�

∆G
5
�XSRQ��QFUHDV�Q��WHPSHUDWXUH���OWKRX�K�WKH�

UHDFW�RQ� PHFKDQ�VPV� EHFRPH� OHVV� H[HU�RQ�F�

as� the� temperature� increase,� the� overall� ∆G
5
�

�DOues� for� the� formation� of� adenine,� guanine,�

cytosine,� uracil� and� thymine� at� 483� K� remain�

negative,� being� ‒29,� ‒15,� ‒29,� ‒52,� and� ‒62�

kcal/mol,� respectively.� Our� calculations� show�

that�the�overall�∆G
5
�FKDQ�H�V��Q�IURP�QH�DW��H�

to�positive�at�the�temperatures�of�~1300,�~800,�

~900,�~1300�and�~1200�K�for�the�formation�of�

adenine,�guanine,�cytosine,�uracil,�and�thymine,�

UHVSHFW��HO��

)LJ��H�����Energy,�enthalpy�and�Gibbs�free�energy�pro�les�(kcal/mol,�in�black,�blue,�and�red,�respectively)�of�the�

UHDFW�RQ�SDWKZD�V�OHDG�Q��WR�WKH�IRUPDW�RQ�RI�F�WRV�QH���,�uracil���,�and�thymine����(UB3LYP/6-311G(d,p)).

4.�CONCLUDING�R(0�5.6

In� this�paper,�we� reviewed� the�results�obtained�

E�� TXDQWXP� FKHP�FDO� FRPSXWDW�RQV� Z�WK� WKH�

D�P� WR� SUREH� WKH� IUHH� UDG�FDO� URXWHV� OHDG�Q�� WR�

IRUPDW�RQ�RI�'1��QXFOHREDVHV�IURP�IRUPDP�GH��

The� mechanisms� identi�ed� here� demonstrate�

WKDW��PSRUWDQW�QXFOHREDVHV�FDQ�EH�IRUPHG�XQGHU�

FRQG�W�RQV� FRQV�VWHQW� Z�WK� WKH� Q�WUR�HQ�U�FK�

atmosphere�such�as�Titan,�regardless�of�whether�

ZDWHU��V�SUHVHQW�RU�DEVHQW��

Laboratory�simulation�experiments�of�the�

H[WUD�WHUUHVWU�DO�FRQG�W�RQV�DUH�QRW�WU���DO�WR�VHWXS�

EHFDXVH�RI�WKH�O�P�WHG�NQRZOHG�H�RI�WKH�XQVHHQ�

environment.� However,� increasing� synthetic�

DQG� VSHFWUDO� H��GHQFH� IRU� RU�DQ�F� FRPSRXQGV�

KD�H�EHHQ� IRXQG� �Q� WKH�RU�DQ�F�KD]H�RI�7�WDQ�V�

DWPRVSKHUH�� )RUPDW�RQ� RI� FRPSOH[� PROHFXOHV�

XQGHU� VXFK� HQ��URQPHQWV� FDQ� EH� H[SHFWHG� WR�

SURFHHG��Q�SDUW�WKURX�K�IUHH�UDG�FDO�SDWKZD�V�

7KH� IUHH� UDG�FDOV� FRQVW�WXWH� SURP�V�Q��

URXWHV� IRU� WKH� QRQWKHUPDO� FRQVWUXFW�RQ� RI�

E�RPROHFXOHV�� 7KH�� IXUWKHU� SURPRWH� RXU�

XQGHUVWDQG�Q�� �Q� WKH� SUHE�RW�F� V�QWKHV�V� RI�

KHWHURF�FO�F� RU�DQ�F� FRPSRXQGV�� �OO� RI� WKH�

VX��HVWHG� PHFKDQ�VPV� �Q� WKH� SUHVHQW� ZRUN�

HPSOR�HG� V�PSOH� UDG�FDO� UHDFW�RQV� VXFK� DV�

H-shifts,�●H/●OH/●NH
�
�radical�losses,�and�most�

importantly�intramolecular�radical�1,n-cyclization.�

7KH� DG�DQWD�HV� RI� IUHH� UDG�FDO� PHFKDQ�VPV�

DUH� WKH� �QKHUHQWO�� ORZ� HQHU��� EDUU�HUV� WKDW� DUH�

REVHU�HG� �Q�PRVW� UHDFW�RQ� VWHSV� DQG� WKH�K��KO��

H[HU�RQ�F� QDWXUH� RI� WKH�ZKROH� UHDFW�RQ� FKD�QV��

7KH�FKDQQHOV� OHDG� WR�PRUH� WKDQ�RQH�SURGXFW�DW�

the�end,�which�brings�in�the�concept�of�diversity�

�Q�E�RPROHFXOHV�IRUPHG�IURP�D�V�Q�OH�SUHE�RW�F�

route.� In� addition,� the� mechanisms� discovered�

KHUH� FDQ� EH� XVHG� WR� H[SOD�Q� WKH� QRQ�WHUUHVWU�DO�

origin� of� xanthine,� as� previously� suggested.����
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