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B Background
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Background

—Significance of N, Fixation

‘N’ Element Presents in:

B Organic: R-NH,, R-NO,...
B |norganic: NH;, HNO;...
B Life: Protein, Nucleic Acid...

N,

Abundant in Air

Difficulties in N, Fiaxtion:

Nonpolar Molecular

Bond Dissociation Energy: 944 kJ/mol
lonization Potential: 15.6 eV
HOMO-LUMO Gap: 10.82 eV

Most Organisms Lack the Ability to Metabolize N,

Haber-Bosch Process

The greatest invention of
the 20" century

2 +

3 H,

cat. Fe3O4/K2O/AI203

> 2 NH3
200-500 atm, 500-600 °C

von Laue, M. Naturwissenschaften, 1934, 22, 97; Boudart, M. Top. Catal. 1994, 1, 405.

Biological Nitrogen Fixation

Mo nitrogenase

N, + 8 H" + 8e

(1 atm)
16 MgeATP + 16 H,0O

/ rt\:

2NH3 + H2

16 MgeADP + 16 H3PO,

/S—Fe s,, IF97C \\\s.. [ r— (
ors \ [ F‘\ _
-~ _ e\S COO0

(FeMo-co)

Einsle, O. et al. Science 2011, 334, 940; Seefeldt, L. C. et al. Chem. Rev. 2014, 114, 4041.




Background——Significance of Multimetallic Cooperation

Coordination Mode of N, in Haber-Bosch Process

Surface structure sensitivity of iron-catalyzed ammonia synthesis
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Christoffersen, E. et al. Isr. J. Chem. 1998, 38, 279.
Coordination Mode of N, in FeMo-co
N
: N\
(0]
NS OAYS Y, /N \S/F/ N/
S—Fe-'S\,\: FeLC—:Fe ,’:\,S"'MO-O “ L} S \,\’ Fe7C :::Slu Mo-o
/Cys e e AN Y / \ ( 3-4e /H" Cys \ H\ (
L-T€ Fe\S N— COO~ Fe N_ COO0~

Iron-Molybdenum cofactor
(FeMo-co)

Spatzal, T. et al. Science 2014, 345, 1620.



Background

General Dinitrogen Coordination Mode

Activation Modes of N, fixation through Transition Metals

end-on activation mode side-on activation mode
!
Qo Q_p Q 0 %
MO~ N=N uO-Qll0

Obvd 0 d O A

Coordination Modes of N, with Metals

( \
Terminal end-on End-on bridging Side-on bridging Side-on/end-on
bridging
L M-N=N : L,M—N=N—-ML,, N L,,M\\ ML,
i LM | Smi, _N
[LM(n'-Ny)] SN N
nVIAM =2 L,M=N==N=ML,
[ [LM(pn"m"-NoML,] [LoM(p-n*m?-No)ML,] [LoM(p-n?m"-Nz)ML, ]}

Murray, J. L. et al. Chem. Rev. 2020, 120, 5517.




Background Multimetallic Cooperation in Dinitrogen Fixation

End-on Bridging

/BuU NArBu /BuU
t N, N £ NArBu N
SBU e Mo—N=N-Mo > Mo=N
2 , -35°C ‘BuArN® / N 28 °C ‘BuArN® /
/M O\ B uArN B u/ ‘BuArN
'‘BUArN NArBu
[Mo(NAr‘Bu);N]

Side-on Bridging

| |
\\\“CI Na-Hg \ ““““““/N "““““ Y @ ’/ H2 n\\“‘H‘\‘“ A ,II"’III

zZr: —» Zr: % o (Cp™),Zr / :Zr(Cp™),
&Cﬂ (1 atm) &N// _\ 25 °C \ N//
H
[ZF(CP™ )l (=121 3-N3) [Zr(Cp™)2HIp(u-n%m?-NaHy)

Chirik, P. J. et al. Nature 2004, 427, 527.

Side-on/end-on Bridging

SiMes B SiMes 7] SiMes
\@/ eGam HH//T:iﬁH T o) H/T:i\H H/T:i\"'
25 °C
MeaSie AHZS.TAZSM% cp” T|{<E> Ti\cp‘ cp” T',{E; T|i\Cp' CP'/T|i<$>T|i\Cp'
B _ H
[(TiCp")3H3(N2)] [(TICp")3H(N)(NH)]

Hou, Z. M. et al. Science 2013, 340, 1549.
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Triscopper Complexes Supported by Tris(B-diketimine) Cyclophane Ligand

Murray’s Work:

N{_I_é;t/ 1) BnK (3.15 equiv.) | N/-SLEC/
/ H \ 2) (CuOTf),(CgHg) (1.55 equiv.) _ / \ N /N \
—N )
Fadl Ind
HaL

N,, THF/PhMe J—
~83%

Cuz(N2)L

N, coordination mode:
p-ntnnt

Length of N-N bond:
1.0956(1) A

(Free N,: 1.0976 A)

N, coordination mode:
p-ntntnt

Length of N-N bond:
1.0854(1) A

higher (left, 75%) lower (right, 25%) occupancy positions of N7

Murray, L. J. et al. J. Am. Chem. Soc. 2014, 136, 13502.



Triscopper Complexes Supported by Tris(B-diketimine) Cyclophane Ligand

DFT Calculations:

“poed-ece

S ’ 1&
F, ¢ / & /\ &
Me H H
/—QMG /—%H /—QH H
Me H H H
N N N
\ N \ N \ N
/e %/ /—Ne(u:/§ ( /—NSN:/§
—N Me \ —N H \ —N H \
7 N\ N\ 7 N\ N\ H ‘d N\ ~
— — H —
Cug(N,)LMe Cug(N,)LPH Cug(N,)LH
N-N Length 1.125 A 1.167 A 1.168 A
N, Stretchin
2 g 2094.3 cm! 1951.5cm?? 1937.2 cm?

frequencies

The solution structure likely adopts more activated configuration(s) than the solid-state one.

9
Murray, L. J. et al. J. Am. Chem. Soc. 2014, 136, 13502.



Trisiron Complexes Supported by Tris(B-diketimine) Cyclophane Ligand

Murray’s Work:

Br\ xs HCI
N,, 6 KCg
Fe—Br NH;
/Fe C7H8 rt 30%
FesBrsL
N xs HCI

Hy
3NaNH,, THF, rt _EoN
aNH, r / '\ _N—Fe —— > NH,

30%

Fes(NH,);L

The presence of NH group but not OH group is demonstrated by °N labeled experiment
and elemental analysis.

Murray, L. J. et al. Angew. Chem. Int. Ed. 2015, 54, 1499. 0



Triscobalt Complexes Supported by Tris(B-diketimine) Cyclophane Ligand

Murray’s Work:
/ /
N Br h N
\ ~ScoN

\
/ Co—Br/C ) / 0/
Br—Co o
C03Br3LEt CO3N2LEt
| 3 KCg, THF, .~ N,, CgHg, 70 °C T
rt, Ar /

I

N, Stretching frequency of CosN,LE: 1717 cm (vs 2094.3 cm-1 of CugN,LMe)

Unlike Cu;N,LE, CosN,LE! is stable under vacuum or Ar without N, dissociation.

Murray, L. J. et al. J. Am. Chem. Soc. 2021, 143, 5649. 11



Diiron Complexes Supported by 3PDI, Ligand

Tomson’s Work:

oT
PhsR Cl__ PPh; | (0T PheP =N PPhs
F Fe Fe” ~ Fe
¢ \ 2 KCgq € \
—_——
NTNAN THF, NTNAN
0 o 1atm N2 N0 O
Bu ‘Bu
[Fe,CI(PPh3),L][OTH] Fe,(N,)(PPhs),L

Tomson, N. C. et al. J. Am. Chem. Soc. 2020, 142, 8142.

N-N Length:
1.139(4) A

N, Stretching frequency:
1959 cm?

12



Diiron Complexes Supported by Sulfur Bridged Ligand

| Na(12-crwon-4),

P'Pr,

( S o) N
’ . S~re” L N\ 8 o CO0™
Peters’ Work: / ‘FeKSyFe/ \ /
\\\ / ',,, ”
S—Fen1S, FemClmFé QI [
/7 ’ / \ o (0]
Cys \ "Fe \ / \
~ - % N—= COO~
S X NH
His
L (FeMo-co) )
Ci 1) MeMgCl
T' cl | (2.0 equiv.), cl cl PPN Nz Nz
e THF | | 1. Na/Hg (xs),
i ~Fe—s °spi °C 1 N Fe\s—-Fe
Pr2P H H P Prz -78°C tort ipr P'Fle\s_—Fle~PiP 2 THF 'Pr P” ~
. . 2 . . ra
Si Si Si Si S| Si
2) PPNCI, THF 2 12-crown-4
(2 equiv.)
Fe,ClsH,L [Fe,ClL,L]PPN [Fes(N5),L][Na(12-crwon-4),]
Fe'Fe!
F
N Nz | BAr4 N> N
P F FCBArT, / I:I FGPFg
PryP” TS e~P’Prz (1 equiv.) ProP” TS |e*P'Pr2 (1 equiv.)
(j@ (j@ )
[Fea(N2)oLI[BArF,] Fea(N2)oL
Fe'lFe Fe'lFe!

Peters, J. C. et al. J. Am. Chem. Soc. 2015, 137, 23, 7310.

13



Diiron Complexes Supported by Sulfur Bridged Ligand

Fezc|3H2L

1) Na/Hg
(xs)
THF

Nz N

1) Na/Hg | H
Fe“S"’“’*P'Pr CO, (1atm)  ipr,p~

(xs) ’Pr P~
—_— Si —_ Si
benzene @ benzene @

Fez(Nz 2H L
Fe'lFe!

N2 2 |Na(12-crwon-4)2

Fe~‘<_;———Fe~

(2 equiv.)

Pr, P’ P'Pr,
i .
g ij -
2) 12-crwon-4 =

[Fes(N,),HL][Na(12-crwon-4),]
Fe'Fe'

02‘\0

-

Fez(HCOZ)L
FellFe'

Peters, J. C. et al. J. Am. Chem. Soc. 2015, 137, 23, 7310.

Fe\s—Fe,P

jea

'Pr,

14



Diiron Complexes Supported by Carbon Bridged Ligand

Agapie’s Work:
( S [e)
S\ e/ \ e/S O COO—
SNETTN SR

S—Fés,, Fem—C=F

€ S1'MO =~

N

/ /A / \ 2N
Cys T
\S/Fe\ /Fels/ \N=\ <COO_
S XN\ NH
His
9 (FeMo-co) )
H
Br Br 7N\
/ \ Fezx:-—Fe
. F Feo,; PP | ¢ \ P
PPt CcH, ~PiPr, » MeMgar PryP P/ C \P PPr
FeoBroL Fe,HL
H,/N,
A

ca. 0.5 atm H,
ca. 0.5 atm N,

H,/N,

. e 3
'PraP” | CH; | TPPr,
er\ t P

FepoH4(N2) L

Ho/N,

> B

NMR Detected

Agapie, T. et al. J. Am. Chem. Soc. 2020, 142, 10059.

NMR Detected

15



Diiron Complexes Supported by Carbon Bridged Ligand

Br B H H - 8
Ve | | b
'ProP”’|  CHy | ~PPr, 2 nBuLi i .Fe N=N- Fe~ i S w3/ T
P P S — PrZP CH3 P PPr, /Wm
N, Q ‘/l:\ D o
@ NP @
Fe,Br,L A i cs"‘/cz\
‘\/ c4“\:_‘/
2 MeMgBr H,
A -78°C
H N> H H{
7\
Fexo-—=Fe ', H2/Na Noo |/
PP | G2 \ PiPr — iprzp/';e%(m " pipr,
P P - P p
hV, -H2
-78°C
FezHL A
/N 7 0A ;N
Fez---- Fe — Fe Fe—H 3 Fe Fe—H
N—"
\C/ \C/ path a \c/
Ar Ar Ar
Int Int a
o bond
path b lmetathesis H-mIZ;lf;tion l N
N
N, 2
77 "/il-l i N rd H\l‘:e""H
Fe\',-" _Fe—H > CHAr
c” A
Ar
Int b

Acgapie. T. et al. J. Am. Chem. Soc. 2020. 142. 10059.
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Dicobalt Complexes Supported by Two-in-One Pincer Ligand

2+
Meyer’s Work: 7\ O I \ZTfO'
7 N a N \ [K(crypt)] \ _N=N__
\ / KH (10 equw) \ / | ’BuzP—C‘o C|o-—P'Bu2
=N\ N= crypt (4 equiv.) HOTTf (2 equiv.)
i \ /NC—DN\ / / Q —_—> 12 Nu N|
iBu,pP—Co Co—P®Bu, N,, THF ’BuzP—Co Co—PfBu2 N,, THF, -40 °C 'f N
/ e \ \ / iBu,P—Co Co—PBu
¢ oonL © N, N, / N=N" \ 2
027 [Coz(N2)2LIK(crypt)] N O} Nx
g/ \_
KN(SiMe 3 equiv.
TR ek (5 eau) cryot [(CoxN,)L)JIOTH,

Ny, THF, -40 °C1 THF, rt

y N | py N \fc 7 ®
\ | KCg (2 equiv.) \ | <\ O NE

~——

2N or KBEt3H (2 equl.) J~N O NN\ i \ NN/ e
\ N=N / \ __N=N__ Bu,P—Co Co—P'Bu,
iBu,p—Co~ \/ \Co—-P'Buz N2, THF  Bu,p—Co Co—P'Bu, AN /
N N / \
N(SiMe;), Cl 2 2 CF,
[Co,CIINTMS,)LIK [Coa(N2)>LIK Co,(OTf)L

N-N Length:
1.124(3) A; 1.125(3) A

N-N Length:
1.140(5) A; 1.142(6) A

; ) -::‘é“\f» m./“t
N, Stretching frequency: % Raman absorption:
«°* 2032 cm%; 2009 cm'? 2000 cmL

Meyer, F. et al. Angew. Chem. Int. Ed. 2021, 60, 14480. 17



Dicobalt Complexes Supported by Two-in-One Pincer Ligand

cat.
N, + 6KGCq + 6 TMSCI ——» NTMS;
(1 atm) (2000 equiv.) (2000 equiv.)
N(TMS),/
. N(TMS), Catalyst . Y N
Entry Catalyst Conditions (mmol) (N(TMS),/ Yield 4 \ A /N/
Co atom) , \ _N=N__
Bu,p—Co /Co—-P‘Buz
-40°C 2 h; / S\
1 E 22 h 1.04 208 (104) 31.2 ' oL O
A
-40°C 2 h;
2 D 22 h 1.17 234 (117) 35.1
-40°C 2 h;
3 C 22 h 1.14 228 (114) 34.2
4 B -40°C 2 h; 1.20 240 (120) 36.0 2N QI NN
’BuzP-—C\o \K; (:lo—P Bu,
- 0 . .
5 B 9? 2C2: ﬁ h; 1.10 219 (109.5) 32.9 N(SiMes), ClI
r [Co,CINTMS)LIK
c
6 B rt 24 h 0.75 150 (75) 22.4
-40°C 2 h;
7 A 22 h 0.95 190 (95) 28.5
74 \ [ N
i - 0 . ~ —
8 St o 0.58 58 (58) 17.4 v QT
2 iBu,p—Co~ \?o—P'Buz
2.0 equiv. 0—.=0
9 rt 24 h 0.1 10 (10 3.0 S,
CoCl, (10) d \CF3
Coy(OTHL
-40°C 2 h; 2
10 none 22 h 0 0 (0) 0 E

Meyer, F. et al. Angew. Chem. Int. Ed. 2021, 60, 14480.

[K(crypt)]
2 \ [ AN

7 N NCD N7

. \ =N
iBuP—Co~ \C{)—-P‘Buz
N N>

[Coz(Nz)zLB][K(CryPt)]

/\ /\ \K+

N N
74 \ N=N N
B ~ ~N 4
‘Bu,p—Co Co—P'Bu,

/

N, N,

[Cox(Np)oLIK
D



Dititanium Complexes Supported by 3C-Bridged Ligand

Shi’s Work:

[Ti] + N3=N [TiI=—=N* + C——H » C N

& £

Nitridyl

[riy* N_N
ﬁ Q Ve ii\\ﬂ
NN CI Na-Hg (2.1 equiv.) / [

Ti
| ci Ny, THF, 7 d ,
N N

112
ﬁg ,//[Tl] }\N Q;\
Na-Hg (2.1 equiv.) N Ti
I > '2/\T'2 <S |
< j Ti Ny, THF, 7 d [T']\ /'[ L N

r‘ cl N/ 7/

W Ay

N N cl Na-Hg (2.1 equiv; N

\ N
N/ [TiP=N=I[Ti]® N
i N,, THF, 7 d \
| \CI z O-ngy /
N N
\

\
Bn Bn

. [TI]3 J/

Shi, Z.-J. et al. J. Am. Chem. Soc. 2023, 145, 6773.



Dititanium Complexes Supported by 3C-Bridged Ligand

NN

T|CI2 CI2T| N,, THF, 2weeks ) NaOH

17% (NMR yield)
ﬁ 2 ;:i- Na-Hg (5.0 equiv.) ) HCI
N >
N, N
\\ITiC|2 Ho LTI Ny, THF, 2 weeks YNaOH

10% (isolated yield)
not observed

'\ ; N; N) Na-Hg (5.0 equiv.) ) HCI \ ; ; /
r o ' o
\\TiCIz CI2Ti// N,, THF, 2 weeks ) NaOH
/ \
N N N N

\/\I!i/\/ NH2
trace

W W . Y W

Shi, Z.-J. et al. J. Am. Chem. Soc. 2023, 145, 6773.



Dititanium Complexes Supported by 3C-Bridged Ligand

WV N

N N

T|C|2 C|2T| N,, THF, 2weeks
/oy
NS

T.ﬁﬁgm{kcal.lmol MOB-Lidef2-TZVP-SMD{THF }/M06-L16-31G(d}-LANLZDZ

S

—Ry i
H !—
_‘Aﬁ\ —|e
INT13 & ‘4 _‘6
¥ t\n!\x' T N T'I‘lN TI n L Nm” C ﬁ:‘,\:
N T - ‘? e-\\ P L =Tl .-4..
\ ’ N Tl Tinp ‘-j‘? M INTT1
E ¥} o
-
/ S
INT1 INT3 INTS INTT
Side-on Ny complex Mitridy! complex
(unactivated form) faciivaied form)
1 C=H activaiion 1 Ny activation 1 HAT 1 C=N bond farmation 1 Isomerization 1
I ] 1 ] 1 1

Shi, Z.-J. et al. J. Am. Chem. Soc. 2023, 145, 6773. 21
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Summary

/— /_\
N Phafl  N=n._PPhs
/J o\ N(M N Fe”  Fé

M/

NL/F?/ } I~ - =
\ ‘Bu ‘Bu \N2 ,

M=Cu, Co

Murray, L. J. et al. J. Am. Chem. Soc. Tomson, N. C. et al. J. Am. Chem. Soc. Meyer, F. et al. Angew. Chem. Int. Ed.
2014, 136, 13502; 2020, 142, 8142. 2021, 60, 14480.
J. Am. Chem. Soc. 2021, 143, 5649.

N, N2 T H
|
’Pr P‘ S"'F‘*‘P Pr, ’PrzP‘Fe NN Fe‘P'Prz
CH3
@ P@
Peters, J. C. et al. J. Am. Chem. Soc. Agapie, T. et al. J. Am. Chem. Soc. Xie, S.-J. etal. J. Am. Chem. Soc.

2015, 137, 23, 7310. 2020, 142, 10059. 2023, 145, 6773.



Summary

Catalytic Dinitrogen Transformation Performance

cat.
N, + 6KCg + 6[H(Et,0),]JBAff;, —— >  NH;3
(1 atm) (50 equiv.) (50 equiv.) “78°C  oquiv. / Fe
cat.: N N_I_[Na(12-c:rown-4)2]+ N _| [Na(12-crown-4),]*
2 2 N

Fe\S-—'F‘k Prp==Fe—P'Pr,

[iaea ) e

1.8 equiv. 3.8 equiv.
cat.
N, + 6 KCsg + 6 TMSCI ————— > NTMS;
(1atm) (2000 equiv.) (2000 equiv.) equiv. / Co
\ . <} l
cat.: N K

ProP C\N

\ / N—Co
tBuzP——Cc\)/ \(]Io—P'Buz @p Pr,

N, N,

200 equiv.

117 equiv.
Murray, J. L. et al. Chem. Rev. 2020, 120, 5517.



Outlook

B Hard to Transform B New Ligands
® Low Yield B New Metal Centers
B |Low Catalytic Performance B Heterometallic Complexes

25



e N
S O
Sere” s Fe7s\ o olele)
N .
/ N\ 7~ N ,”I, / 04
S—Fe1s, Fe=—C==Fe  {S1:Mo~=(
/ ‘ / ) \ (
Cys \ /Fe Fe“‘\ / N COO~
\S S =\
A/NH
His
(FeMo-co)




Thank You for Listening!
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Murray, L. J. et al. Angew. Chem. Int. Ed. 2015, 54, 1499.
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| | CH;MgBr | | Deprotonation a-H elimination H
3vig / \\
Fe Fe » Fe Fe —_— Fe\ /Fe — > {2 Fe
N\—/
CH.Ar CH.Ar -2 CH, C N7
Er Ar
Et Et
/ \
H,C, CH,
- CHy H,C o H H H H
BulLi | | f-H elimination | | N, association
> Fe Fe —> Fe Fe ——————> Fe—N=N—Fe
CH,Ar =2 CH2CHCH,CHg CHaAr CHaAr

Agapie, T. et al. 3. Am. Chem. Soc. 2020, 142, 10059.
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