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cat. Fe;0,4
N2 + 3 H2 ' 2 NH3
200-400 atm, 400-600 °C

energy-consuming process under drastic reaction conditions

EREEHER- FOS T —EOHEE L FEBLDOBEE

. _ nitrogenase
N,+8H" +8e + 16 MgATP

3» 2 NH; + H, + 16 MgADP + 16 P
1 atm, room temp.

under mild reaction conditions

-

g X=N,0,orC S CO,
L S\ 7~ \ /,S
/ Fe\ RV
S(Cys)—Fe js F /Fe S=——Mo—_ o) R R

x&Fe S 0

_active site of nitrogenase

D. C. Rees, et al. Science 1992, 257, 1677; Nature 1992, 260, 553; Science 2002, 297, 1696. 2
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N ]2+
N

H3N\R' ~NH; the first example of

HsN~ |u\NH3 transition metal-dinitrogen complex
NH;

A.D. Allen, Chem. Commun. 1965, 621.

H2$04/MeOH

> 2 NH; + M(VI)

ﬁ / 20°C,20h up to 198%
P_ ! _P TOMAERGIZEBTUOEZTERK

M/
P” | “Ns
PN (N ERfETsH A
M=MoandW\ H 'ﬁ' * )I-T H
P = PMe,Ph 2 > no NH; | \ /
. _ [M]+ H, — [M] + N,
no formation of ammonia )

Chatt J. et al. Nature 1975, 253. 39. 3
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1 atm nucleophilicity
M _
N, > [M—N:N
room

M-N=N |—M'| — NH;
1 atm M’ H . H y ammonia
H, > | M| N-H bond formation
room H
temperature

KFH R KEGE A Bronstead acidity
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—p X
P’l'.. I
6 P’RIU_CI
—P
H,
\ (1 atm)\*T
1] H
N H—H X 2 H
1 atm
P\VIV/P + 6( ) (_lzNH3+6(P /P)+ W (VD) + N,
P~ “Ns 55 °C . P~ species
p °N CI 24h ~55% CI (?)
oo H ”.‘H:
ESEN 2N KSR 1A yield of NH; was based on W atom
pK,=4.4

the first example of formation of ammonia from dinitrogen and dihydrogen
under mild reaction conditions

VR
P= PM62Ph P P = thPCHzCHzCHzPPhQ X = PFG, BF4, OTf

Y. Nishibayashi, S. Iwai, M. Hidai, Science 1998, 279, 540. 5
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v-cyclodextrin

< hv

(visible light or Hg lamp)

Na,S,0, or H,SO
N, 292Y4 29Uy » NH;
(1 atm) 60°C,1h
] up to 33% yield (visible light)
bicapped Cgo°24H,0 (1) up tp 45% yield (Hg lamp)

the first example of formation of ammonia from dinitrogen
in the absence of metals.

Nishibayashi, Y .; Saito, M.; Uemura, S.; Takekuma, S.; Takekuma, H.; Yoshida, Z.
Nature 2004, 428, 279.
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N N,
[I\III] + 6 H* ——— 2 NH3 + [M(VI)] ---.6__?___,

N2 + 6e
b = s
cat. [M]
N, + 6H* +6e > 2 NH;
N
RS AL N
|
M
[M] 6 H*
6e 2 NH,

N, [M(VI)]



_~_|BAr",
L, e

N, + 6 JCr, + 6 Me N~ "Me - 2 NHj

dam AP~ W
= T k& (Fak) g O™ €MP- 7.6 equiv / cat.

Sl

4 . )

cat.

the first example of
catalytic reaction

CF3

HIPT
Arf =

CF3

D. V. Yandulov and R. R. Schrock, Science 2003, 301, 76. 8
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-~ |OTf
@ N | cat.
N, + 6 Co +6 Me™"N""Me - 2 NH;
(1 atm) |l| toluene
- k& (FopyE eeMemp. 30 equiv / cat.
1= T 20 h
cat.
another successful example N

of catalytic reaction

OTf = 0S(0),CF4 P=PBu,

K. Arashiba, Y. Miyake, Y. Nishibayashi, Nature Chemistry, 2011, 3, 120. 9
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CI i /,N
N IVI|3PCI + N, + Na-Hg “_N IngPN—N IVT/N/N N
— - — > — —-N=N-Mo—
< /| (1 a’fm) (6 equiv) THF Qﬁ/l /| y 7
P ¢ room temp. PN NP
12 h N N
P = PIBu, _
63% vyield

31P{TH} NMR (THF-dg): & 94.6 (s).
"H NMR (THF-dg): 6 7.07 (t, J = 7.3 Hz, ArH, 1H),
6.93 (d, J = 7.3 Hz, ArH, 2H),
3.37 (br, CH,PBuj,, 4H),
1.28 (pseudo t, CH,P!Bus,, 36H).
IR (KBr, cm=1): 1936 (vyn). Raman (THF, cm™): 1890 (vnn).

cf. N, (gas): 2331 cm™

10



ISN{1H} NMR Spectrum of dinitrogen complex under 15N2

8 —16.5 (d)
N N 1
N, ey Jyn = 6.1 Hz
@n 6—N:N-9n6—3\3 ?—29.0 (dt)
N NP ( ) JInn =6.1Hz
NN SUnp = 2.4 Hz
Ng
(W iy No.

20 10 0 -10 -20 -30 0
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N
—" i N
N P—=
—N Ml_/PN-N Nll/N N
p— o_ : - o——
\ Vi 7l o/
PN NP
N N

Mo-N_  2.022(3) A
' 2.040(2)
Mo-u-N  2.028(3)
N,Ng  1.085(4))
N,-Ng' 1.116(4)

p-N—-p-N* 1.139(5)

cf. N, (gas): 1.098 A
12



<
(1 atm) @
=TT H

(COsz)

(0.72 mmol) (0.96 mmol)

+ 6 Me

K\/lL_IOTf

N~ Me

H
K= (TOL) IR
([LutH]OTf)

(catalyst N

E S B e

catalyst
(0.010 mmol)

~ 2 NH;3

toluene
room temp.  (0.12 mmol)

20 h

12 equiv / cat.
50% yield
(based on CoCp,)

H>
(0.13 mmol)

37%

_ (based on CoCp,) |

13
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_~_|OTf  catalyst
= 0 (0.010 mmol)
N, + 6 Co +6 Me""N”""Me - 2 NHj;
1 atm) @ v toluene
mxg  k®E(TOR)R  [0OMtemp.
(CoCp,)  (LUHIOT) 20h
CoCps [LutH]OTf NH3 [ catalyst ]
: N
(mmol) (mmol) (equiv / cat.) N qp—N
=P | N =
0.72 0.96 12 @g-N;N-Mg_N\ )
1.44 1.92 20 PN NP
N N p-ppy,
2.16 2.88 23 N J

14
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- |OTf  catalyst
=
N J\/\/IL 0.010 mmol) ¢y

"N, + 6 Co +6 Me™“N"Me 2 1SNH,CI
(1 atm) 4@5 H toluene Et,O
Exg  KE(TARMR - room temp. 10 equiv / cat.

SN{'H} NMR (DMSO-dj):

_ 0.96 mmol
(0.72 mmol) (0.96 mmol) 5—352 (s, 15NH,CI)

15N{H} NMR (DMSO-d):
15N, | 5-68 (s)

1SNH,* [6-352 (s)

1 I 1 1 I | 1
0 -50 -100 -150 -200 -250 -300 -350 ppm
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= < |OTf catalyst
\ = 0 (0.010 mmol)

N2 +6 M + 6 Me N Me J 2NH3
(1 atm) > H toluene
ETH K= (Fak)ijR  room temp.
([LutH]OTf) 20 h

(0.72 mmol) (0.96 mmol)

< < =X

Cr Co Cr

&> D g@;
Eq;2 (V)
vs. Ag/Ag* in MeCN -0.88 -1.15 -1.35
NH3

(equiv / cat.) 0 12 12 16
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A~ IX catalyst

> . 3R (0.010 mmol)
N2 + 6 Co + 6 N ol > 2 NH3
! oluene
(1 atm) @ H ... room temp.
B THl K=z (TORY) IR 20 h
(COsz)
(0.72 mmol) (0.96 mmol)

NH;
(equiv / cat.)
X
f\/[l X=0Tf 12 F ik
WVl A
H X=BArf, 3 CF3

17
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X catalyst

< . 3R (0.010 mmol)
N + 6 Co + 6 °N ene 2 NH;
=S | u
(1 atm) > H room temp.
(COsz)

(0.72 mmol) (0.96 mmol)

_ | OTf _[OTf _~]OTf Me Me [OTf
QM Me@ 0 fj

PK,
inoeny 144 13.9  12.6 13.9 2.6
NHs 49 9 4 1 2

(equiv / cat.) 18
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_|OTf  catalyst
~
\ = J:\/IL (0.010 mmol)

N, + 6 Co +6 Me>N""Me ~ 2 NH,
(1 atm) @ v toluene |
g k= Ok room temp. (equiv / cat.)
(CoOp,)  ([LutHOT 20 h

(0 72 mmol) (0.96 mmol)

@ONNMOED NMoNNMj}
///

’ |

P= Fﬂ’Bu2 O

N N
i N 1l

Ve N p P N P

P— | “Ma~

q_l\lllo PMe,Ph P:MIO<N=N CP’N!O\P] 0
) N
P N‘ 0 2 P 0 N P/ \P= dRpe

N P = PMe,Ph



REB2RT I TUEKZERAL=1E

z FERR

N NH2_|BF4
N Hp— N
Lp |/N" _ 4 equiv IH;P _
~_N-Mo-N=N-Mo—N + HBF,-OEt ~ N-Mo— >
N r\i// P room temp. P F
" t 24h 47%
P=PB 0
12 (after addition
of pyridine)
NH, 1BF4 ERSUREEH
rll 24 equiv

_ |||;P ___ /_|OTf
{ _N-Mo—N_ ) + | )

Me™SN""Me toluene
F H room temp. 20%

ERFSOREEE 20N 3
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[Mo]-N=N-[Mo] <

2 H” 2e H2
[Mo] [Mo]—(H),2 —~—"~ [Mo]

}ir"
EREEA

[Mo]—NH; [Mo]=N-NH, EFSSReat
TOEZT
7N H*
3H"
3 e
[Mo]=N [Mo]=N-NH;"

= hUREE W ERSS Lk

N,

NH; & [Mo] = Mo(PNP)L,

22



B

cat.
N2 + 6 e_ + 6 H+ > 2 NH3
1 atm) room temp.
(12 ExHl  KR(TBR)R up to 30 equiv / cat.

cat.

P = P!Buj

K. Arashiba, Y. Miyake, Y. Nishibayashi, Nature Chemistry, 2011, 3, 12023



FOEZTHEDERIZFAITT

FUE=_THE|

FUOEZTFHE: + " FPUOEZT7ZIXRIILT—BEELTHWSHE
Cl{iEZEM SNI{LEADREERS

BEED T R ILX—EAEDRIRE A |

{ERRHEOFA - - - ZERIERFOHH

KEDOFIR - - - - - REMICIEER FRERAEHFICHE
FUEZTFDFIA

KEFTEAELTER - - - SEETRIER FEERES

(7oE= 7#6£$tm$bx«®\%&rfl*w# ZzEY H9)
“HRIERFEFHOBIRREE - - - BFHEEMASDER

T UE_THEER~DEHE

IERERBEZEZRAWVWSIRILT—ZHER JOELATHS
N—IN— Ry A KZEBREAREKFZARADNLDTVEZTER)IC
KHhHAHREZREEEZOHRENIDE ”




HRICERT AEMERICEDTVEZTER

A FEo M RSICE BTV EST AR
cat. M

N2 + 6 H20 + hv > 2 NH3
(1 atm) KETOR) R room feme.
atm R m N
\II \)l/ —
= JT A LI

EREE ORI RIGICEDTVEZT AR

t. M
N + 6H,0 + 6 e o9 > 2 NHj3

room temp.
(1 atm) XkFETOrV)R BRETT

\. J

@

FUOEZTEKREFBALLTCHRATA 7oE_7#L 125 H

mill
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