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Introduction

» Conventional catalytic N, fixation

» Haber-Bosch process

cat. FG3O4/K20/A|203
N, + 3H, > 2 NH,
200-500 atm, 500-600 °C

 Nitrogenase

nitrogenase
ambient conditions

N2 + 8e + 8 H+ /? 2 NH3 + H2

16 MgATP + 16 H,O 16 MgADP + 16 Pi
S O COO~| * Three types of nitrogenane have been found.
/S\ Fe FE_78 /O - FeMo-nitrogenase
S—F 25 i
/ es, Fe-C.--Fe SMo=0O * - FeV-nitrogenase
Cys \ / \ / \ ( - FeFe-nitrogenase
=\ COO-
FeMn -CO HIS/’&/NH

Nishibayashi, Y. Dalton Trans., 2018, 47, 11290. .
Chalkley, M. J., Drover, M. W., Peters, J. C. Chem. Rev. 2020, 120, 5582.



Introduction

* History of developement of N, fixation catalysts

H. _H ®
N —| + O N —lr_j
[ i 11 \Z
Ph2 N Ph2 . 'Pr N
‘. 'Pr ) (iPI')g | ;
E M j N iPr (Pr), e Fe——F(Pr)
- ~ HIPT. N Q ; |
Phy X Phy M - S Dip B
M = Mo, W; X = Cl, Br }’N-f"'}"‘N '
Chatt, 1972 N Peters, 2013
Protonation of N, ligand Fe-based
Schrock, 2003 No-to-NH; catalyst
Mo-based

Bortels, 1930
Mo required for BNF
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Figure 2. Timeline (1930 to present) of selected advances in nitrogen fixation catalysis by synthetically well-defined complexes.

Chalkley, M. J., Drover, M. W., Peters, J. C. Chem. Rev. 2020, 120, 5582.
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Introduction

* Protonation of Mo- and W-N, complexes

N
1]
N
Me,PhP, | _wPPhMe;, H,S0,
> 2NH; + M(VI)
/ \
Me,PhP | 3N MeOH up to 1.98 eq
Me,PhP
M = Mo, W
_ ", _
2 HX N H2S04
L » | MesPhPs, ||| wPPhMe,
M
MezPhP/l\
X

Chatt, J., Pearman, A. J., Richards, R. L. Nature 1975, 253, 39.

Chatt, J., Dilwroth, J. R., Richards, R. L. Chem. Rev. 1978, 78, 589.
Nishibayashi, Y. Dalton Trans., 2018, 47, 11290.

Chalkley, M. J., Drover, M. W., Peters, J. C. Chem. Rev. 2020, 120, 5582.



Developement of Mo Catalysts



Mo Catalysts

* In 2003 Schrock group reported a Mo catalyst for N, reduction to ammonia.

Mo cat.
N, + Cp%Cr + [LutH]BAr, »  NHj
1 at 36 48 heptane 7.6
atm 9 9 23-25°C, 7 h 0 €4

63%
[LutH]* = 2,6-lutidinium

Arf = 3,5-(CF3),CgH3
» Slow addition of reductant and proton source is critical for high efficiency.

- Cp*,Cr was added over 6 h. (added over 25 s — 24% yield)

- Concentration of [LutH]BAr", would be low due to low solubility.

HIPT\ O * Triamidoamine ligand [HITPN3N]35
- prevents formation of undesirable bimetaric species
HIPT. /N 'Vio N O [ArN3N]Mo-N=N-Mo[ArN3N]
<\7N iPr iPr - protects coordination site of intermidiates
- increases solubility

Mo cat.  [HITPN3N]MoN,

Yandulov, D. V., Schrock, R. R. Science 2003, 301, 76.



Mo Catalysts

» Synthesis of Mo complexes

®
N ZnCl, EtsNH oHooHBAaf,  H K
M.°2 - [MoN,]Mg(THF);Cl > > KJ@ o
' I F
VNN = 1990 cm™ Bu,NC| Mo Mo BAr" 4
S A M. '\N
N THF MgCI(THF);
Il ® recrystalized .
I\IT BuysN CI from pentane |,
o N
VNN = 1855 cm”™! NH, Mlo
)Ny TMSN;
® HBAr", H
M3 gr® INH > N ® S
4 o 1 BA F
M Mo "4
R = Arf or Ph Mo = [HIPTN;N]Mo*

Yandulov, D. V., Schrock, R. R. J. Am. Chem. Soc. 2002, 124, 6252.
Yandulov, D. V., Schrock, R. R., Rheingold, A. L., Ceccarelli, C., Davis, W. M. Inorg. Chem. 2003, 42, 796,
Yandulov, D. V., Schrock, R. R. Inorg. Chem. 2005, 44, 1103.



Mo Catalysts

« MoN, to MoN=NH [LutHIBArF, (1 eq) H

N, Cp,Co (2 eq) N’
1 > ll\ll

|
Mo

Mo benzene

guantitative
Yandulov, D. V., Schrock, R. R. J. Am. Chem. Soc. 2002, 124, 6252.

Scheme 1. Three Possible Mechanisms for Addition of a Proton and Table 3. Electrochemical Properties of Catalytic Mo Intermediates and
an Flectron to MoN,; To Yield Mo—N=NH Metallocene Reductants?
@ NH couple E*(THF) E*(PhF)

N
ll N Il ,
N +H N MoN, 0 —0.42 (I,,)? —0.66
| > MoN,"~ —1.81 —2.01
Mo +H' Mo MoN=NH*" ~0°
\ N, Ar Mo=NNH, ™" 147 (L f —1.56 qr*
| @, Mo=NH"" —1.25qr —1.38qr
Mo-=—N-— H Mo(NH;)*™° —1.51 —1.63
N I CoCpy ™ ~1.33 ~133
Q \ N,O CrCp* 0 —1.47 ~1.63
+e | @ /Ar CoCp*yth0 —1.84 —2.01
Q | 9 Formal potentials (£, V) measured by cyclie voltammetry in 0.4 M
+e” NH +e~ [BuyN][PFs] in THF at 1.6 mm Pt disk, or 0.1 M [BusN][BAr’y] in PhF at
Il 3.0 mm glassy carbon disk at 22 °C and referenced to FeCp,™. # Anodic
[ peak potential of irreversible oxidation at scan rate of 500 mV/s. < Onset

C | ® /Ar of multiple irreversible oxidation waves. ¢ Cathodic peak potential of
= Mo=—N— H ureversible reduction at scan rate of 50 mV/s. ® qr = quasireversible.

>

Y Ly « Path A is unlikely.

NO B -H* NH - MoN, + [LutH]" — No evidence of Ng protonation
+H* N - failure of electrochemical oxdation of MON=NH
Mo Mo * The authors proposed path B is the most likely.

Yandulov, D. V., Schrock, R. R. Inorg. Chem. 2005, 44, 1103. ?



Mo Catalysts

 Reduction of Mo=NNH,"
Table 4. The Results of Chemical Reductions of Mo=NNH, "

efficiency.
entry reductant MoN=NH Mo=N Mo(NH;)* Mo(NH;) %P
1 2 CoCp, 0.83 0 0.17 85
2 1.2 CrCp*, 0.88 0.06 0.06 42
3 2 CrCp*, 0.78 0.14 0.08 68
4 4 CrCp*,© 0.63 0.37 0 74
5 2 CoCp*,9 0.55 0.45 0 90

@ Determined by integration of 'H NMR spectra in CgDg after 10—30
min of mixing the reagents. These spectra also showed complete conversion
of Mo=NNH,". > Mo=NNH," consumed in reactions 4 and 5 (Scheme
2) out of the total amount. ¢ Carried out in the presence of 4 equiv of BPhs.
4 This reaction also yields ~7% of MoN, and 0.39 equiv of NH;.

Scheme 2. Sequence of Reactions Proposed To Take Place upon
Reduction of [Mo=NNH;]|[BA1'4]?

Mo=NNH," + ¢ — "Mo=NNH," 1)
Mo=NNH," + "Mo=NNH," — Mo-N=NH + "Mo=NNH;" (2)  « The result can be attributed to disproportionation
"Mo=NNH;" + ¢ — Mo=N + NH; (3) and reduction (eq1-3) and competing reduction
. of acidic proton (eq 6).
2 Mo=NNH," + 2e —> Mo-N=NH + Mo=N + NH; (4)

5Mo=NNH," + 4e — 4 Mo-N=NH + Mo(NH:)' + NH; (5)
Mo=NNH," + ¢ — Mo-N=NH+ 0.5 H, (6)

a ¢ = redundant.

Yandulov, D. V., Schrock, R. R. Inorg. Chem. 2005, 44, 1103. 10



Mo Catalysts

« Reduction of Mo=NH?*

® Cp*,Cr(~0.6 eq)
Mo=NH > "Mo=NH
C6De

Scheme 3. Sequence of Reactions Proposed To Take Place upon
Reduction of [Mo=NH][BAT1'4]

Mo(NH)" + ¢ — "Mo(NH)"

Mo(NH)™ + "Mo(NH)" — Mo=N + "Mo(NH,)™
"Mo(NH,)™" + "Mo(NH)" —= "Mo(NH,)" + Mo(NH)"
Mo(NH)" + "Mo(NH,)" — Mo=N + Mo(NH;)"

3Mo(NH)" + 2e — 2 Mo=N + Mo(NH;)"

(7
®)
©)
(10)
(11

» Mo=N + Mo—NH;

decay

 Stoichiometry of resulting mixture was eq 11.

- The eq 11 is thought to be sum of eq 7-10.

Yandulov, D. V., Schrock, R. R. Inorg. Chem. 2005, 44, 1103.



Mo Catalysts

* Ligand excange of NH3 to N,

N
HIPT<  NHj P Il
>N\ | _HIPT k=25x102M"es™ HIPTS N
Mo—N > N HIPT
HIPT-L -] + Ny g roNRs s TMo—NT

3 —_
\_—-N\) v _1. 1 ~~ 7’ |
Q/ K'=0.25 M"es- </,N

Kegq = [MON][NH3)/[MONHs][N,] ~0.1

 Displacement of NH3 by N, can occur relatively quickly.

 But the conversion rate is slowed by the reverse reaction if NH3 isn't efficientry removed.

Weare, W. W., Dai, X., Byrnes, M. J., Chin, J. M., Schrock, R. R., Muller, P.
Proc. Natl. Acad. Sci. U.S.A 2006, 103, 17099.



Mo Catalysts

* Proposed cycle

observed in situ,
not isolated

+e i proposed
NH | .
+{H" e} \ ,l, FONAHT?
Sl 4
MO \ ...................
NH; 47O, 62% yield vl | @
ﬁ‘:(:p*zo' \ o
. : Y
N +6 H: [2,6-LutH][BAF,] A e 2
N \ \-NH,
o Ly
_NH3 {\ M°= Ar\ I|I
+N, N Ar E;MQ—N Mo
NH; 2 A
Y N +H*
Mo
\ i
M
_ nH, @ °
+e + /
-0.67 V/NHE
0.6 f Mo \ N e . bi?: +e_
2 a 5
Mo —— NH:IG) —
+ o . : -
+H Mo
e -‘.-___..___. +H ?
+e ?

Figure 11. A sequence of elementary steps comprising catalytic reduction

of dinitrogen to ammonia by Mo. Proposed steps are shown with dashed
arrows.

Yandulov, D. V., Schrock, R. R. Science 2003, 301, 76. .
Yandulov, D. V., Schrock, R. R. Inorg. Chem. 2005, 44, 1103.



Mo Catalysts

* In 2017 Schrock group reported Mo pyridine-based diamido ligand complex catalysts.

N2 + Cp*2CO
1 atm 94 eq

Scheme 1. Syntheses of [Ar,N; |Mo(N)(X) Complexes

Ar
/

N
N
— i 1 eq HCI
S N—Mo -
N o CH,Cl,
I \
a Ar
Ar
/
N
N
=\ \m Li0CgF;
N — Mo
£ / \O-CGFS B
TIRN
Ar
Mo cat. = 1a

Wickramasinghe, L. A., Ogawa, T.,

[Ph,NH,]OTf Mo cat NH

+

2NF2 Et,0 3

108 eq 78°C.5h 7.9 eq
44%
\—,N_N“E'o * Only 1a has catalyst activity
e complex 1b : No NH

l 1c, 1d : 1.3 eq NH5 was obtaind.
G

q:/“"\mf » The reaction mechanism is unknown.
le \

Schrock, R. R., Muller, P. J. Am. Chem. Soc. 2017, 139, 9132.



Mo Catalysts

* In 2011 Nishibayashi group reported a Mo PNP-pincer complex catalyst.

N> + Cpo,Co + [LutH]OTf
1 atm 72 eq 96 eq

216 eq 288 eq

vn = 1936 cm™ (IR)

h N
N P—

P |
Z N ME—N=N—ME—N
p” | Y
v AN
N

VN = 1890 cm™! (Raman)

Mo cat.
P= PtBUz

Mo cat.
ol NH3 + H2
oluene
it 20 h 11.8 eq 37%
49%
23.2 eq

» Compared to Schrock's report,
the yield was low, but TON improved.

* Only free PNP ligand was observed
from the mixture after the reaction.

Arashiba, K., Miyake, Y., Nishibayashi, Y. Nat. Chem. 2011, 3, 120.



Mo Catalysts

» Reductant and proton source effect

Mo cat.

N, + reductant + proton source
1 atm 72 eq 96 eq

Table 3 | Reduction of dinitrogen with reductant and
[LutH]OTf in the presence of 2a.

toluene
rt, 20 h

» NH;

Table 4 | Reduction of dinitrogen with CoCp, and proton

source in the presence of 2a.

Ny , 6reductant 6 [LutH]OTf 2a (0.010 mmol) N2 6 CoCp2 + 6 HX 2a (0.010 mmol) 2NH,
— > —_—
(1atm) = (0.72mmol) = (0.96 mmol) Toluenert, 20h 2NHS3 (tatm) = (0.72mmol) ~ (0.96 mmol)  qyene, rt, 20 h
Run Reductant Eyjp (V)™ NH; (mol. H, (mol. Run HX (proton pK,* NH; (mol. H, (mol.
equiv./2a)" equiv./2a)" source) equiv./2a)’ equiv./2a)’
1 COCp2 =115 1.8 13.4 1 [LutH]OTf 14.4 1.8 13.4
2 — 1.0 0.2 2 — 0 0
3 CrCp*, —-135 12.2 42 3 [LutHIBAr', 14.4 2.7 19.0
4 CGC2 —0.88 0 0 4 [LutH]CI 14.4 0.7 0.1
5 [2-PicH]OTf 13.9 91 16.6
To a suspension of 2a and [LutH]OTf (0.96 mmol) in toluene (2.5 ml) was added a solution of 6 [PyH]OTf 12.6 39 20.4
reductant (0.72 mmol) in toluene (2.5 ml) via a syringe pump at room temperature over a period 7 HOTF 26 17 11

of 5h, followed by stirring at room temperature for another 15h under 1atm dinitrogen.
“Electrochemical data (£ ) of reductant in MeCN vs. Ag/Ag" in 01 M AgNO, (ref. 37). TMol.
equiv. based on 2a. *In the absence of reductant.

» Counter anion of lutidinium salt is important.

Arashiba, K., Miyake, Y., Nishibayashi, Y. Nat. Chem. 2011, 3, 120.

To a suspension of 2a and proton source (0.96 mmol) in toluene (2.5 ml) was added a solution of
CoCp, (0.72 mmol) in toluene (2.5 ml) via a syringe pump at room temperature over a period of 5 h,
followed by stirring at room temperature for another 15 h under 1atm dinitrogen. *pK, values of
proton source in MeCN (see refs 38 and 39). "Mol. equiv. based on 2a. ¥In the absence of

proton source.

16



Mo Catalysts

» Protonation of the Mo complex

H BF4'O Etz (4 eq)

pyridine

THF, rt, 24 h

NH, \ BF,
N [LutH]OTf (24 eq)

/ |[7P > NH;
N— Mo—Py toluene, rt, 20 h
7|
P
F 20%
47%

r

Arashiba, K., Miyake, Y., Nishibayashi, Y. Nat. Chem. 2011, 3, 120.



Mo Catalysts

» Reactivity of Mo complexes

Mo cat.
N2 + Cp2C0 + [LUtH]OTf ol r NH3
oluene
1 atm 72 eq 96 eq i, 20 h
1 2 3 4 5

_\ OTf H _\ oTf
|
N T N

N
7P 7P 7P 7P
7 7 ‘N—/l\/iob—CI 7 'N—/Mo\ @Mo\ 7 |N—/I\/icl>/—Py
Cl Cl
P Cl P P P Cl
NH; (mol equiv/ Mo atom) 5.9 1.2 6.6 71 1.2

catalyst 1, 3, 4: catalytic activity

catalyst 2, 5: inhibition by second CI and Py coordination

Tanaka, H., Arashiba, K., Kuriyama, S., Sasada, A., Nakajima, K.,
Yoshizawa, K., Nishibayashi, Y. Nat. Commun. 2014, 5, 3737.



Mo Catalysts

* DFT study for the first protonation step

a tBu,
N R
N N, 1.287 zBue‘ SN N
“H+ P\ —=N—" ~
N NZ=
1.363;( Mo \P/’ Nesy
N
= @/\/|stu2 {Bu,
|
A {Bu, N
N 1.460 P m
N N I N TS (PY)
N =N N
N 219 Mo N 1By b
N N T~ N P
tBu, \ N= \ Nas, S N AN
PN s N, 2245 Il Nsg / /
s ST ol v |
B 2 -
A =T\ Sy \
1.038 y—Mo
|\ TS (BR) N N p
— N TS(BR) 407 7 I PIBu, tBu,
TS(PY) | 301 | m
| \ Il-Lut (PY) g
\ -
N N 1.384 28.3 N\ )
“Hy 1.224 fBu, \ N, 5821 tBu,
p | I-Lut (PY)
N N AN \ N. / AN
tBuzm SN _— N %N\ N
0 ‘H+1.034 Mo =
P N—" NN
\IV{IO/N? \>N‘t\“N 1Bus \ =" \\N%
— N/ ’\ IE P\Mo/ P/’ =N
A __L-PiBu, 2 VAV
i lI-Lut(BR) /) N
M TS (TE) \ ;_ \
1S (TE) | 12.0 ll-Lut (BR)
8.4
6.5 _
\
= I-LUi(TE) 951 965
fE"D”z “Hs 1.058 1Bu,
= =
SN N 1-LutH TS I-Lut tBu, N SN N

N
i s \ P, __N— 0\
N= NZ=
Mo~ \p/ Nsspy _ N/\/Mg/ \P/ Nsspy

| ) tBu, . ! PtBuU, tBu,
N

N m II-Lut(TE)

Tanaka, H., Arashiba, K., Kuriyama, S., Sasada, A., Nakajima, K.,
Yoshizawa, K., Nishibayashi, Y. Nat. Commun. 2014, 5, 3737.



Mo Catalysts

* DFT study for the first protonation step

* Protonation at terminal N,

a H H H
N N + N + N
N A N N N ffﬂ N A
|*P | N N + -P ‘ N N _ —P ‘ N S~ OTf |—P | N \__
— / / HY — / / — / / —_ / /
L N-Mo-N=N-Mo—N_~ p—>= _N-Mo-N=N-Mo—N —» ¢ __N-Mo-N=N-Mo—N —» ¢ _N-Mo-N=N-Mo—N
/| /[y /] /Ly TN, / /oy /| /N
PN NP PN NP P NP Port Np
NN 6.5 NN 2.7 N ~15.6 N
p-plgy, 1 (8.4) I (4.4) i v

* Ligand exchange to OTf group is important for the first protonation.

Tanaka, H., Arashiba, K., Kuriyama, S., Sasada, A., Nakajima, K.,
Yoshizawa, K., Nishibayashi, Y. Nat. Commun. 2014, 5, 3737.



Mo Catalysts

» Separation of dinuclear Mo complexes
H
b H\II\I/H T+
| N
e PN F
H* — |H; . ‘/ — e — m/ —
Path A~ ¢ /N—/w}o—N:N—Mo—N\ parer /N Mo N=N- |\n p
H H -16 POTt NP 1564 P b
'?' (1.9) N
Pt VII
HY e~ H P |, N " N
\Y —= N NﬁoNprI'o N / . 44 P
H H H ' ~_N-Mb-N=N
p
—7.4-754 ot I\i/':" P o WH < o
(NB) / m
v N N Vil
Path B — P e P e H}P
— ¢ _N-Mo  —— ¢ N-MO —= " _N-Mo__
=V <N / \__ —NHg / TOTY
P OTf P OTf P
2.1 2.2 165.4
IX (2.4) X X
Table 2 | Bond dissociation energies.
Bond BDE (Kcal mol™)*
1 v v vt il
B SN N
— |?P o p ,ij l Po B \ —
{ ON-Mo—N=N-Mo—N_ ) Qﬁﬂﬂo N= N N
/| /Y \ 2 VII d Xl
P P an were
N AP o P cat1 + [LutH]OTf
N detected by MS
1 IV(L—NNH) tquene, rt
V(L = NNHy) 2 eq
VI (L = NNH5")
VIL(L=N)
Mo-N,, 24,9 19.2 2.1 13.7 4.4
Mo=N, 24.9 300 269 = 36.4
bond et . o ST Tanaka, H., Arashiba, K., Kuriyama, S., Sasada, A., Nakajima, K.,
anzﬂv".ISSOCIa 10N energlies between an 0 atom an e priaging Nz higand in 1, . ¥, YOSh|ZaWa’ K_, NISthayaShl, Y Nat_ Commun 2014’ 5’ 3737
TOptimization of reduced VI results in formation of VIl and NHs. 21
iThe N-NH; bond in [Mo(OTf)(N2)(NNHs)] is spontaneously cleaved.




Mo Catalysts

* Protonation and reduction of Xl via XllI|

¢ NH, NH
- H— u— - P - P
H e H+ H+ . /
XI—>—> _N- MO @ﬂo N=N o o /N/Nlo N=N — o ¢ /N—/NTO—NEN
4 P o P OTf P
1.7 -85.6 Xl -4.6 X1l —-16.2 =100.9 X1V 0.3 -1047 X%Tf
(2.4) (4.6) (NB) (10.7)

* Ligand exchange of NH; to N, and regeneration of the dinuclear complex

d NH3 NH3
XV — > NMONNV”I —NIONNM NNIoNNM N\ N
P PN
-55.9 -19.2 N ”"f 147
XVl xvu ) XVl (5.3)

N2 XVIl was

detected by MS.

cat.1 + Cp,Co + [LutH]OTf
24 eq 32 eq toluene, rt

Tanaka, H., Arashiba, K., Kuriyama, S., Sasada, A., Nakajima, K.,

Yoshizawa, K., Nishibayashi, Y. Nat. Commun. 2014, 5, 3737. 2



Mo Catalysts

» Synargy of two Mo cores

Table 3 | Differences in the NPA atomic charge (Aq). b

Agq (XXI-VIID*

i N

: N
g ;P

: QN( Q@no—wzm
: P N P'N
EunitA H
""""""""" Vil

i N
! N 1
' — ‘/ _ 7P
! Q@"O‘N_N (“N-Mo—N=N
o &
E unit A H
"""""""""" XXI
 Unit B supports the protonation step by donating
e e Jps 0.34 e” electron to unit A after protonation.
NNtermmaI NNaxia\ +0.17
NNbr'\dging . NNequatoriaI +0.09
Pincer +0.24 +0.17 Pincer +0.29
Total +0.66 +034  Total +1.00

Tanaka, H., Arashiba, K., Kuriyama, S., Sasada, A., Nakajima, K.,
NPA, natural population analysis. Yoshizawa, K., Nishibayashi, Y. Nat. Commun. 2014, 5, 3737.

*Differences in the NPA atomic charge (Ag) between dinitrogen and protonated complexes
obtained for dinuclear (1 and II) and mononuclear (VIIl and XXI) molybdenum complexes. 23




Mo Catalysts

 4-substituted PNP-pincer ligands

Table 2. Molybdenum-Catalyzed Reduction of Molecular
Dinitrogen into Ammonia under Ambient Conditions”

() < | OTf  cat.
N> + 6 Co + G/Q —> 2 NHj3

-~
(1 atm) < N toluene
H rt, 20 h
(216 equiv) (288 equiv)
run  cat. R NH;’ (equiv) NH;" (%) H, (equiv) H," (%)
1 la H 23 31 46 43
2 1b  Ph 21 30 46 43
3 1c MeSi 23 32 44 40
4 1d ‘Bu 28 39 45 41
5 le Me 31 44 36 33
6 1f  MeO 34 47 36 33

“To a mixture of the catalyst (1: 0.010 mmol) and [LutH]OTf (288
equiv to the catalyst) as proton source in toluene (1.0 mL) was added
a solution of CoCp, (216 equiv to the catalyst) as a reductant in
toluene (4.0 mL) at room temperature over a period of 1 h, followed
by stirring at room temperature for another 19 h under an atmospheric
pressure of dinitrogen. ®Mol equiv to the catalyst. “Yield based on
CoCp,.

cat.

* Electron-donating group increases catalyst activity
by acceleration of the first protonation step.

Kuriyama, S., Arashiba, K., Nakajima, K., Tanaka, H., Kamaru, N., Yoshizawa, K., Nishibayashi, Y. J. Am. Chem. Soc. 2014, 136, 9719.

24



Mo Catalysts

 PPP and PCP pincer complexes are more effective N, fixation catalysts.

cat. F
N, + Cp',Co + [ColH]JOTf —~ >  NH; cat. \ BAr4
oluene N
1 atm 540 eq 720 eq it 20 h 63 eq o \/_” —p
0,
35% SB—MS
7
[ColH]" = 2,4,6-trimethylpyridinium P
Arashiba, K., Kinoshita, E., Kuriyama, S., Eizawa, A., Nakajima, K., Tanaka, H.,
Yoshizawa, K., Nishibayashi, Y. J. Am. Chem. Soc. 2015, 137, 5666.
cat.
N2 + Cp*zCr + [LUtH]OTf ? NH3
toluene
1 atm 1440 eq 1920 eq t. 20 h R=H:200eq, 42%
’ R = Me : 230 eq, 48%
cat. N
||| P N
/—|7P | N’//:N R
)—Mo —N=N /I\/io
N N pP—v R
11 N
N

Eizawa, A., Arashiba, K., Tanaka, H., Kuriyama, S., Matsuo, Y., Nakajima, K.,
Yoshizawa, K., Nishibayashi, Y. Nat. Commun. 2017, 8, 14874.



Mo Catalysts

 Nishibayashi reported another reaction pathway by a Mo-iodine PNP-pincer complex catalyst.

cat.
N, + Cp,Co + [ColH]OTf >  NH;
1 at 2160 2880 toluene 415
atm eq eq rt, 20 h eq
59%

I
|—P Cp*,Co (2 eq) ” —p
7 N L S 1
— N /MO ! toluene, rt, 2 h 7 _N—Mg
P’ | N, (1 at 7 N
I 2 ( a m) l P |
_ | _
cat. direct cleavage of N=N

Arashiba, K., Eizawa, A., Tanaka, H., Nakajima, K., Yoshizawa, K., Nishibayashi, Y. Bull. Chem. Soc. Jpn. 2017, 90, 1111.



Mo Catalysts

* Proposed mechanism
(b) B,

t
B\ N b N /| y P2
2 _’prBuz fBuz | \ I\/
1.204 | ‘Bu; 1a X M
1,199 N\ WENT §"' \
1.199 ? Mol BuP— N SN~ /
v K A N2, 2 € Mo} Mo-pgy, P
N \ K\a 34.5 N I ) \
/ :—. ll'
a\ g -‘l \ N— § N— t
f \ ::.‘ 21.8 _N Nllfp BU2 _N hul/F’ BU2
| | — Mo =—\o
‘ L4 }' 'Y ::- /?".‘ \ Z / """--I \ = "-~..|
B y/ | P'Bu, P’Bu2 2a
\ NH
9.0 , R
3.7 —” >¥ | PFBUZ
0.0 _ |\ NH q N 3 H+ 3e”
RG (B) "". | g0 4
@ Mo | F"Bug
@ closed-shell singlet
@1 open=shell singlet
or triplet |
@c o ) | -27.6
@ spin inversion —
PC

(2a + 2a)

— ;7B _
QE,:""H . Mo(l)—N=N—-Mo(l) would promote

_ , , direct N=N cleavage with spin inversion.
Figure 6. (a) A plausible reaction pathway. (b) Free energy
profile calculated at 298.15 K (AGagg, kecal/mol) for direct
cleavage of nitrogen—nitrogen triple bond of the bridging
dinitrogen ligand in B yielding two molecules of 2a,
together with optimized structures of B (reactant complex,
RC), transition state (TS), and 2a. Energies and bond

distances are given in keal/mol and A.
Arashiba, K., Eizawa, A., Tanaka, H., Nakajima, K., Yoshizawa, K., Nishibayashi, Y. Bull. Chem. Soc. Jpn. 2017, 90, 1111.
27



Mo Catalysts

* In 2019 highly efficient Sml,/ROH condition was reported.

N2 + Sm|2
1 atm 14400 eq

cat.
Cl

CZ’)—I\/IO/ Cl

N

Cl

cat.
ROH o NH, ( + H, )
14400 eq THF, rt, 4 h
ROH NH3 H,
HO_~ 3650 = 250 eq/Mo 1600 + 150 eq/Mo
OH o o
76 + 6% 22 + 2%
4350 + 150 eg/Mo 150 + 100 eq/Mo
H,O

91 +£4%

2+1%

Ashida, Y., Arashiba, K., Nakajima, K., Nishibayashi, Y. Nature 2019, 568, 536.



Mo Catalysts

» Stoichiometric reactions

T— P'Bu,
/

fa: X =1
ib: X =Br
1c: X=Cl

N f,
||PBu
~ _N—Mo +
"
A / H‘"‘l
P
Bu,

4

N N
2 |-PfBu2

(1 atm) — l/

> N—Mo
sml, THF e A

5 equiv. AT, 5 min P'Bu,

4
T76%® (from 1a)
74%2 (from 1b)
Eug ~ 85%% ({from 1c)
= 'xM!r :
N\ NZ bs
t -~ t
BUQP"--.MO___“P BUE
| 'Bu,
! |
Ar
1 atm
sml, + HOGH,CH,0H _ fam NH,
THF

3 equiv. 3 equiv. RT,1h =>080%

Fig. 2 | Stoichiometric reactions of ammonia formation in reaction
system B. a, Stoichiometric reduction of molybdenum trihalide complexes
(1a—c) to a molybdenum nitride complex (4) under 1 atm of N,.

b, Stoichiometric formation of ammonia from 4. *Yield based on NMR.
Sml,(THF); was used as the source of SmlI;.

* The authors proposed that the reaction
proceeds via direct N=N cleavage pathway.

Ashida, Y., Arashiba, K., Nakajima, K., Nishibayashi, Y. Nature 2019, 568, 536. 29



Developement of Fe Catalysts



Fe Catalysts

* In 2013 Peters group reported the first Fe complex catalyst for N, fixation.

Fe cat.
N, + HBArf2Et,0 + KCgq = »  NHj;3
1 atm 46 eq 50 eq _7;320(3 7.0 eq

44%

Variations on standard conditions using [(TPB)FeNz][Na(12-crown-4)5]

[Na(1 2_Crown_4)2] Entry Variation NH3 equiv./Fet
10 HOTf as acid 04
11 [Lutidinium][BArF4] as acid <0.1
. 12 HCl as acid <0.1
PrZPI Fe 13 Cp*,Co as reductant 06
14 Cp*,Cr as reductant <0.2
15 K metal as reductant 04

» -78 °C reaction condition

© « N,H, was not observed.

Fe cat. [(TPB)Fe(N,)]
( ) ( 2)  Combination of HBArF4-2Et20 and KCg was effective.

Anderson, J. S., Rittle, J., Peters, J. C. Nature 2013, 501, 84.



Fe Catalysts

» Conversion of Fe-NH, intermidiate

®
NH, NH, \ N,
HBAr, I : KCg, Ny

| .wPiPr PiPr | PP
PrPi—Feley 2 >  Pr,pi—FelL 2 > Pr,Pi—Fety 2
2 I \' iPr2 2 I \' iPr2 ] NH3 2 I \l ,'pr2
Bu” I\ Bu” 1\ | N Bu” AN
< 18 T
S =3/2 S =3/2

Anderson, J. S., Moret, M.-E., Peters, J. C. J. Am. Chem. Soc. 2013,135, 534.
 Protonation of Fe-N,” complex

®
© ’}“"2 \
|2 \ i

| PP, HBAr",+2Et,0 (10 eq)

. \ ‘.‘\\Piprz
ProPi—Fe' U~ » ProPi—Fe' U~
’ | SPiPr 2-MeTHF, -136°C ~  ° . PP,
Bu” X—B@ N
S J W
S=1/2 S=1/2

Anderson, J. S., Cutsail lll, G. E., Rittle, J., Connor, B. A., Gunderson, W. A., Zhang, L.,
Hoffman, B. M., Peters, J. C. J. Am. Chem. Soc. 2015, 137, 7803.



Fe Catalysts

» Generation of Fe(lV) nitride complex

©
N>
=Y KCq
ProPi—Feln 2 -
| iPry DME
B2 Z )
L
e
I
TfOH (excess) \Pi
> PrPi—Fele 2

iPr2

2-MeTHF, 91-137 K :
BuZ I3

20
2 \

PrzPl—Fle\

Thompson, N. B., Green, M. T., Peters, J. C. J. Am. Chem. Soc. 2017,139, 15312.



Fe Catalysts

* Proposed cycle

¥, k -~
. H o "
9\ H \‘,\\‘ !-I’,’I NHME“HHHM / H 2 H*

[Fe]=N_ e |® e ®

W Fel=N —H [Fej=n = [Fel=N

H

Figure 45. A proposed N,RR cycle for Peters’ (P,*)Fe platform. Characterized compounds are shown in green and unobserved complexes in gray.
LT oo , , , o , s , , ‘ s 109,112-114,176,182
Solid arrows indicate a distal mechanism of nitrogen fixation, while dashed arrows indicate hybrid mechanisms of nitrogen fixation. g e

Note that steps are shown as discrete e” and H” transfer steps, though concerted PCET steps may also be operative.

Castillo, T. J. D., Thompson, N. B., Peters, J. C. J. Am. Chem. Soc. 2016, 138, 5341
Chalkley, M. J., Drover, M. W., Peters, J. C. Chem. Rev. 2020, 120, 5582



Fe Catalysts

» Peters group reported another reaction condition via PCET mechanism.

. + F 1=
. i [BAIF,]
ipr,p—Fe: T Fr2 ¢

| "F'lEErz
B--J 'y g -\‘\\
/
@ P;BFe*
N, + e + H* > NHj
Et,0,-78 °C
e H* AAH; % yield
(E? vs Fc'') (pK, in THF) (kcal/mol) NH,
Cp*,Co [PhNH,][OTf]
(-1.96 V) (7.6) 39 38
Cp*,Co [Ph,NH, ][OTf]
(-1.96 V) (3.2) 77 2
KCy HBAT, g
(=£-3.0V) (=0) 2 156 45

Figure 1. Summary of conditions used for catalytic N,-to-NH;
conversion by P;"Fe’ highlighting the estimated enthalpic driving
force (AAH,)."*™"
« Combination of milder reductant and acid efficiently promoted N, reduction.
* MAssbauer spectrum at 5 min under this condition showed
(TPB)FeN, (53%), (TPB)Fe (18%), and unknown Fe(ll) species (22%).

 Off-path state borohydrido-hydrido species was not observed.

Chalkley, M. J., Castillo, T. J. D., Matson, B. D., Roddy, J. P., Peters, J. C. ACS Cent. Sci. 2017, 3, 217. 35



Fe Catalysts

» Based on pKa, protonation of (TPB)Fe-N=N is difficult.

Table 2. Calculated pK, Values and BDEs of Selected
Species”

species pK, BDE?

Ph,NH,* 14°

PhNH," 6.8

lutidinium 14.5
endo-Cp*Co(17*-CsMeH)* 16.8 31
exo-Cp*Co(n*-C;MesH)* 16.8 31
endo-Cp*Cr(n*-C;MeH)* 17.3 37
exo-Cp*Cr(n*-CsMegH)* 12.1 30
P;PFe—N=NH"* -3.7

P*Fe—N=NH 387 35
P,°Fe=N—-NH," 144 51
P,®Fe=N—-NH, 47
[HIPTN;N|Mo—N=NH 51

“Calculations were performed using the M06-L** functional with a
def2-TZVP basis set on Fe and Mo and a def2-SVP basis set on all
other atoms™ (see the Supporting Information). ’In keal/mol. PK,
values were calculated in Et,O and reported relative to (Et,O),H".

Chalkley, M. J., Castillo, T. J. D., Matson, B. D., Roddy, J. P., Peters, J. C. ACS Cent. Sci. 2017, 3, 217. 36

« ET-PT or PT-ET pathway
P,°FeN, + ¢~ — P,°FeN,”

P,°FeN,” + H* — P,"Fe-N=NH
P,°FeN, + HY — P,"Fe—N=NH"

P,"Fe=N=NH" + ¢~ — P,"Fe—N=NH

(2a)
(2b)
(3a)

(3b)



Fe Catalysts

* The authors suggest metallocene-mediated PCET pathway.

« Protonation of Cp*,Co by Ph,NH," and PhNH;" is possible.

A H*
Cp*2Co —> [Cp*Co(n*-CsMesH)]*
Acid A
Ph,NH,*  -21 keal/mol
PhNH;" -13 kcal/mol

DFT Structure

* PCET process is thermodynamically favored.
P,"FeN, + Cp*Co(n*-C;MeH)"
— P,"Fe=N=NH + Cp* Co* (

[
S

* (TPB)Fe=N=NH : BDE(N-H) = 35 kcal/mol

« Cp*Co(n4-CsMesH)" : BDE(C-H) = 31 kcal/mol

Chalkley, M. J., Castillo, T. J. D., Matson, B. D., Roddy, J. P., Peters, J. C. ACS Cent. Sci. 2017, 3, 217. 37



Fe Catalysts

 Peters group reported catalytic N, reduction by (CAAC),Fe complex.

Table 1: Catalytic reduction of N, to NH,.”

cat.

N, + KCg + HBArf, 2 Et,0 Et0 NH;
Run Catalyst T[°C] Equiv NH; per Fe
1 [(CAAQ),Fe] -113 3.040.7
2 [(CAAQ),Fe] —95 3.3+£1.1
3 [(CAACQ),Fe] ~78 0.9 +0.3%
4 [(CAACQ),Fe] —50 0.3 +0.20
5 [(CAAC),Fe] 23 0.4 £0.20
6 [(CAAC),Fe][BAr,] —95 3.441.0
7 [(CAAC),FeN,][K(18-c-6)] —95 2.6+0.6
8 CAACH —95 <0.1
9 none —95 <0.1

[a] Catalytic conditions: catalyst (0.002 mmol), KCg (0.1 mmol),
HBAr",-2 Et,0 (0.1 mmol), Et,0, 45 min. Yields are an average of 8
independent runs and were determined by the indophenol method (See
the Supporting Information). [b] Average of 4 runs. [c] 0.004 mmol of
CAAC used.

* Temperature dependence was observed.

* UV/Vis spectra of (CAAC),Fe under N,

A)

300

(CAAC),Fe

Buscagan, T. M., Oyala, P. H., Peters, J. C. Angew. Chem. Int. Ed. 2017, 56, 6921.

—20°C
—0°C
-20°C
-40°C
-60°C
-80°C
-90°C
—=100°C
—-110°C
—=-120°C

38



Fe Catalysts

* Nishibayashi group reported a Fe PNP-pincer complex for N, fixation catalyst.

Fe cat.
N, + HBArf,s2Et,0 +  KCgq - > NH;  + NH,NH,
1 atm 184 eq 200 eq 78 otéo1 h 14.3 eq 1.8 eq
PtBUZ
A |
N-Fe-N=N « KCg/HBAr", at -78 °C reaction condition
I was employed that Peters reported.
PtBUZ

* NH,NH, was observed as a minor product.
VN = 1964 cm”

Fe cat.

Kuriyama, S., Arashiba, K., Nakajima, K., Matsuo, Y., Tanaka, H., Ishii, K.,
Yoshizawa, K., Nishibayashi, Y. Nat. Commun. 2016, 7, 12181.



Fe Catalysts

» Protonation of Fe(l) complex occured at pyrrole ring.

BAr"
; PBu, ¢
PBu, \
- \ _ [HfOEtz)leArF4_ H N—Fe—N=N
-~/ Fle N=N 0.1, 10 min
P'Bu,
P'Bu,
1, vy = 1,964 cm™ 5, vy = 2,034 cm™

Figure 6 | Reactivity of iron-dinitrogen complex 1. Protonation of 1 with
[H(OEt,),1BArf 4 occurred at the pyrrole ring to give 5.

* The complex 5 showed lower reactivity.

5
N, + HBArf,+2Et,0 + KCsg s » NH; + NH,NH,
1 atm 38 eq 40 eq 78 oté 1h 2.6 eq <0.1 eq

» Maybe this process is one of deactivation pathways.

Kuriyama, S., Arashiba, K., Nakajima, K., Matsuo, Y., Tanaka, H., Ishii, K.,

Yoshizawa, K., Nishibayashi, Y. Nat. Commun. 2016, 7, 12181. 40



Fe Catalysts

* DFT study
b 471 7.3 68
TSIII
II-2Et,0

+
ol 1-H*(OEty),
u

_ \ ? PiBu,
N—Fe—Nx == |
= | N—H - N—Fe—N=N
P'Bu, |

P'Bu,

N
F\"B”e_l * Electrostatic potential map

H //N—Fe—NEN a

H J —-0.055 -0.150
P'Bu,

I
1 I1-2E1,0

[+ +13.2

FifBUQ _I + V-H+(OEL), —| +
- N—Fe —N PBu, . .
~ I N=H A\ \ __, [1:Protonation of pyrrole ring

P'Bu, By LN re—N= . . .

K (ELO)) Ve ~ H ! is highly exergonic.

N—Fe —N=N 2
vi = I - [K(E,0),]
-21.0 PBu, Vil .
ey - [K(ELO), V : Protonation of N, can proceed
Vv

with low activation energy,
and this process is highly exergonic.

VII-2Et,0

Kuriyama, S., Arashiba, K., Nakajima, K., Matsuo, Y., Tanaka, H., Ishii, K.,

Yoshizawa, K., Nishibayashi, Y. Nat. Commun. 2016, 7, 12181. .



Fe Catalysts

» Methyl substituent at pyrrole ring increases catalyst activity.

N, + HBArf,2Et,0 +  KCq
1 atm 184 eq 200 eq
PtBU2
Me \
—
— N-Fe-N=N NH 99 7
Me 3 [ eq
PtBU2

NH2NH2 1.7 eq

VN = 1959 ecm™

Fe cat.
>  NH;
Et,O
-78 °C, 1 h
PtBUZ
Ph \
—
N-Fe-N=N
~
Ph
PtBUZ

VN = 1969 cm™

+  NH,NH,

NH3 4.7 eq

NH,NH, 1.2 eq

Sekiguchi, Y., Kuriyama, S., Eizawa, A., Arashiba, K., Nakajima, K., Nishibayashi, Y. Chem. Commun., 2017, 53, 12040.



Fe Catalysts

 Ashley reported catalytic N, reduction by simple Fe(depe),(N,) complex.

Fe cat.
N> + Cp"Co + [PhyNH,]OTf » NHoNH, + NH3

1 atm 270 eq 360 eq _78%(23?(’)% o 245eq 0.95 eq

Et,P. Fle-N=N » The catalytic reduction afforded N,H,4 in high selectivity.
BLPT by )
K/ 2 * The reaction mechanism is unknown.

Fe cat. Fe(depe)y(N,)

Hill, P. J., Doyle, L. R., Crawford, A. D., Myers, W. K., Ashley, A. E. J. Am. Chem. Soc. 2016, 138, 13521.



Summary

« Catalytic N, fixation has been studied due to both industrial and biological interests.

Mo and Fe catalysts have been mainly studied, and recently some other metal
catalysts also have been reported.

» Reaction mechanism of catalytic N, reduction has been extensively investigated.
But uncertainties of the mechanism still remain in some catalysts.



