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From Homonuclear Metal String Complexes
to Heteronuclear Metal String Complexes

|l. Homonuclear Metal String Complexes

*Synthesis and structure of newly designed ligands

and unique metal string complexes

*Multinuclear metal-metal multiple bonds

*Single molecular conductance & |-V characteristics

*‘New generation of the metal string complexes

Naphthyridyl amino ligands ; asymmetrical ligands ; chiral ligands.

ll. Heteronuclear Metal String Complexes

*Heterotrinuclear metal string complexes
Ma-Mg-M, 5 Mpy-My-Mg 5 MAo-Mg-Mg
*Heteropentanuclear metal string complexes
NDR effect on NiRu,Ni, metal string
NiPtCo-CoPd & Mo=MoNiMo=Mo metal strings

lll. Conclusion
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Chemical Bonding
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1) Multi-layered Bonding
2) Multinuclear Metal-Metal Multiple Bonding



Oligo-(a-Pyridyl) Oligo-(a-Pyridyl)amino

n=0 bipyridine n=0 dipyridylamine
- dpaH (N3)
n=1 terpyridine n=1 tripyridyldiamine

tpdaH, (N5)
tetrapyridyltriamine
teptraHs (N7)
n=3 pentapyridyltetramine
n=4 sexipyridine PepteaH, (N9)
n=4 (N11);n=5 (N13) ...... n=7 (N17)
...... n=11 (N25)

n=2 quaterpyridine n=2

n=3 quinquepyridine

Comparisons of Complexation
¥ 5 member chelating vs 4 or 6 member chelating ring

¥ anionic radical vs  anion by deprotonation
¥ all syn-form vs all anti- or all syn-form
(chelate) (chelate) (bridge)

Ol Q fi /@
O)— W@ i

all anti (bridge)
(chelate)




Oligo-(a-Pyridyl)-amino ligands
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metal string complexes of quadruple helix

M = Ni, Co, Cr, Ru, Rh and Cu.

n=0~3
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self-recognition
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HN-A

metal complex of single helix
M= Cu



Metal String Complexes
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Metal-Metal Bonding for Second-Row Transition Metal
[Rus(dpa)X,] & [Rhs(dpa) X,]

ceefeclo 42 ——— -7.313eV
W 2 2 — -10.223 eV
o=@ om 4 -10.508 eV
— §torn —- -10.799 eV
— n(3) —H- -11.895 eV
H n(n) -4 11927ev
—  Som —+H- -11.973 eV
BB 0 - sioae
e o —- A13.118 eV
X
M—M—bt!—’z M—M—M
2.25 2.25 1.50 1.50
M(Il), de

Cl—(H3N)4Ru—Ru(NH2)4-—Ru(NH3)4-—Cl

M), d2

@R\ C(16) C(15) By,
I N(S) (i

~ NS

N- N N 4

2.108(6) |2.066 (61 |

Cl—Ru2—-Ru1—Ru2—Cl

2.596(2) 2.2537(5)



2.108(6) |2.066 (6)| |

# n Cl Ru2—Ru1—Ru2—Cl

Rug(dpa),2* Rus(dpa),Cl, Axial 1 2.596(2) 2.2537(5)
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wR N" N7 SN/ 4

ook ()+ WL“ 2.105(4)| 2.041(4)| 2.120(4)|

‘o %%w%% == 2.053(5) 2.3738(5) 2.3794(5) 2.061(5)
S o &

Rus(dpa),** Ruy(dpa)CN Axial CN Chem. Eur. J., 2007, 13, 1442-1451




[Rh;(dpa),Cl,]

Ct1gA) Cl3A)
(R (@

X =
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N N N 4

2.080(1) 2.010(1) |

Cl—Rh2—-Rh1—Rh2A-CI

2.586(1) 2.3920(5)
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-10.223 eV
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-10.799 eV
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-11.973 eV

-13.104 eV

-13.118 eV

M(ll), d2



[Rh;(dpa),Cl,](BF,)

FI3)

N~ N N 4
2.088(4) [2.010(4] 2.079(4)

Cl—Rh1—Rh2—Rh3—Cl
2.412(1) 2.3592(5) 2.3663(5) 2.411(1)
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Comparison of Dinuclear and Trinuclear M-M bonds

Complex Configuration Bond Order M-M Bond Length
[Mo,(OAc),] 02m4d? 4 2.093(1)
[Ru,(OAc),Cl] 02174525 1112 2.5 2.267(1)
[Ru,(OACc),(THF),] 02114525212 2.0 2.261(3)
[Rhiggs)ﬁfgz)ﬂ oPTHERE oS 1.5 2.316(2)
[Rh,(OAc),(OH,),] 024525 21 1.0 2.3855(5)
[Cr''y(dpa),Cl,] o?1r* (825,°1,7) 3/2 2.339(2), 2.381(2)
[Co''5(dpa),X,] @ o?1r* (825,°1,*0%0,,2)m™ 1.5/2 2.290(3) ~ 2.344(3)
[Ni'5(dpa),X,] ® 0214 (525,211, 4520, 2)TT 402 0 2.380(2) ~ 2.447(7)
[Ru'y(dpa),Cl] 21T (525, 211 4525, 2) 3/2 2.2537(5)
[Ru'y(dpa),(CN),] 0214 (525,217, 45°2) 1’2 2/2 2.3738(5)
[RhIM (dpa),ClL](BF,) 0214 (525, 2114820, 2)11'2 2/2 2.3626(5)
[Rh';(dpa),Cl,] 0?14 (6%5,°1,,*6"%0,,%)1™° 1.5/2 2.3920(5)

a: X=CI, NCS-, N5, CH;CN b: X=CI, NCS-, N;;, CH;CN, CN-



Metal String Complexes of Nickel System

Trinickel Metal String [Ni;(dpa),(NCS),]

X 7
) [
N~ N N
2.089(7) [1.875(8)| |
R1=10.050 [/>200(/)] SCN—Ni2—Ni1T—Ni2ZA—NCS

wR2 = 0.091 [/ > 201(/)] 1.988(6) 2.4285(9)
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Magnetism of Trinickel Metal Strings

X—Ni—Ni—Ni
S=1 S=0 S=1
X = Cl, NCS, N5, C,H,CN

X



Tetranickel Metal String [Ni4(phdpda)4] (\/L J\/\/L

“heat N| N| N| N|

/| /|

/ | 7
RREED NN

C(31)

(HCCO

::.\,f;; i‘ =) _ <)
L)
N7 NTSNTN :

1.922(4)|1 916(3\) 1 91343)1 928&4)
N|1 Ni2 Ni3 Ni4
3267(7), 2. 3011{7) 2. 32#;1(7)

©/ U U J. Am. Chem. Soc., 1999, 121, 250-251







Pentanickel Metal String [Ni(tpda),Cl.]
CN) N /@l“ @ o @ /@ @
H H

[ Mass Spectrum ]
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Cltn

~

N~ N~ °N” °N” °N7 /4

2.111(9)‘ 1.90(1)‘ 1.904(8)‘ ‘

Cl—Ni1 Ni2 Ni3 Ni  Ni—Cl

2.346(3) 2.385(2) 2.305(1)
Angew. Chem. Int. Ed, 1997, 36, 56-59










Magnetism of Pentanickel Metal Strings
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Qualltatlve MO DiagranvofddneasPentgnuclear Metal Complexes
__Co2,Co4-N av. 1.90(1)
~ “Co3-N av. 1.93(1)

o*(5) -10.513eV

o*4) -11.031eV

] ' L £l %
QRO | OGD l?
R () 1256307 Y .
N(21) N22) &
o) -12.848ev Cie2)
Ay )
>4y
. —H-—H— §33626V
S leso7ev
) -18715ev  —H——H—
AA NN NS —_l

e 9.07(1) 2.281(3) 2.236(3) 2.233(3) 2.277(3) 2.06(1)

SCN----M(NH 3)4----M(NH 2) 4----M(NH 3)4----M(NH2) 4----M(NH 3) 4----NC$S
Angew. Chem. Int. Ed, 1997, 36, 56-59



Nonanickel Metal String [Niy(pepta),Cl,]

'. i~ 4 ) '.
7 N /\ %
' l : %
v Il o 1 N23) Kﬁ*‘/‘ ‘\25) i ’
) - - Loy
NET)
G --»ms» o P
@RUL_NOgm =} 'am:. ,* X nics) AN(9) _CI)g
N[19 ,,..—-‘ N(?U} N(6) Y] N{'IE] :

A3

l
N ~N 7

N N N N N N N N N
2.11(2) l1.92(2) l1.92(2) l1.92(2) l 1.93(2)l 1.92(2)l 1.92(2)l 1.91(2)l 2.11(21
ClI—Ni1 Ni2 Ni3 Ni4 Ni5 Ni6 Ni7 Ni8 Ni9—Cl
2.340(5) 2.391(3) 2.297(3) 2.253(3) 2.237(3)2.243(3)2.255(3)2.286(3) 2.380(3)

4

R1=0.12 [I > 20(/)]

wR2 = 0.351 [/ > 20(/)] J. Mag. Mag. Mater., 2000, 209, 80-83
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I-V Characteristics by Theoretical Approach

N
N\

) Linear Multimetal Complex

Au X M M M X Au

Diagram of the linear multinuclear complexes ML,X, . M = Co, Ni,
Cr; L= ps-dpa; X=NCS.

(2) Non-equilibrium Green’s function

Coherent transport model

J. Phys. Chem. C, 2008, 1712, 10538




I-V Characteristics—theory v.s. experiment
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exp.
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-0.5 0 0.5

Applied Bias in V



Ligands*100 Ligands*20

. Ligands™10
Ni

J. Phys. Chem. C. 2010, 114, 3641.



EMACs are indeed the smallest electrical wires!

Charges transport across central metal string, while
the internal current is insulated from outside by the
surrounding tr-conjugated functional group!

Metal string a=—=p Conductor
Ligands P |nsulator



Measurements of Single Molecular Conductance
Angew. Chem. Int. Ed. 2006, 45, 5814—5818

single-molecule resistance (MQ)
M Ni Co Cr
delocalized |localized
M3 3.3 1.9 0.9 1.2
Ms 24.0 10.0 3.2 11.3
M7 130 --- 6.9 43.4
B (per metal)| 0.85 0.69 0.50 0.69
B (per A) 0.39 | 0.33 0.21 0.30
(@ Q). (@),
SCN-Cr—=Cr=Cr=Cr—Cr—NCS SCN-Cr=Cr Cr=Cr Cr—NCS
delocalized localized
R ~exp(—pd)

B: tunneling decay const method: STM break junction
d: gap of molecular junctions solution: toluene



List of tunneling decay constants of
molecular wires

compounds B (A1) R/length reference

Nano Lett.

. o 0.1 9.1 MQ 2008, 8. 1237.

\ \ 4 ] L=2.3nm

O HHIS BHES O
Bu

/R Chem. Commun.

HSSH 0.13 :9=82 I\Z’I?m 2007, 3074.
Bu

Carotenoid Polyenes

w 0.22 485 MQ JACS
. ¢ 2005, 127, 1384.
v M L=2.5nm
HZNONHZ
72.2 MQ Nat
HN— )~ ) NH, 04 L=14nm 2006, 442, 904.



oo Angew. Chem. Int. Ed. 2015, 54, 15734—15738
Angewandste

Communications

. International Edition: DOI: 10.1002/anie.201508199
@ T4 10T T T 188 Very Important Paper

German Edition: DOI: 10.1002/ange.201508199

Energy-Level Alignment for Single-Molecule Conductance of
Extended Metal-Atom Chains

Molecular Switch _ _
gated by electrochemical potential

Ebii:]b =k

II’:_'.-.'lc;

tip™

bipotentiostat

Ebias: 50 mV
solution: propylene carbonate



Measurements of Single Molecular Conductance
under Electrochemical Control

vacuum level T--—

4.65Vv LUMO 4.65 V
f el
Erer = EAg/AgCI [e_e ‘ Ebias 50 mV Ewk
Euik L v ~0.75 V
gold ' EEE 3 >
workin i Id electrochemical
HOMO 90

electrode i | S§TM _sweep toward

tip positive potential
Nis EMAC

Ni50/+
5 uA < alignment between
o)+ electrode Fermi
DMFc & molecule MOs

= resonance tunneling
= stronger current

Ebias 50 mV

0.0 04 0.8
Ewk (Volt vs. Eng/agar)



New generation of metal string complexes

How to design the new generation of metal string
complexes with enhanced metal-metal interactions
or novel properties ??

[Niy(napy),(X),1(BPh,)
(napy = 1,8-naphthyridine; X = ClI, Br, |)

- —+

< AN AN >
| ~ ~
N 4

N

X lili Iili X
dy2.y2 T T
d,2 T T T

fully delocalized, class lll compound

Inorg. Chem., 1974, 19, 1985
Inorg. Chem., 1978, 17, 2760
Chem. Eur. J., 2002, 8, 3660



Introducing the MV dinickel units incorporate
into metal framework

MV Ni, e MV Niy wwww MV Nip

Design of ligand systems

= = = N Z2
LG = (L L QO
N” N7 N7 ONT N N N7 N7 N7 ON
H H H H
tripyridyldiamine (H,tpda) Habpyany

CLL LI
N | X | p7
N N H N N

bisnaphthyridylamine (Hbna)



2-electrons reduced MV pentanickel metal string
[Nis(bna) ,CL,]**

[Nis(bna),Cl,)*

mm

p % 135 - & 017 9
- 3 161 2. 061 1.94? 3 2 1
Cl—Ni Ni i N| Nl

i
2.363 2325 2.339 \ \ \

2488 2314 2A00 5081 1.167 1.425

w—  Crystal
B3LYP (BS 1)

CIt1A)

[Nig(bna),Cl,]**

(X1 C)
SN \Nl

N
2. 095 1 928 1.867
& 123 % 962 1.902( 3 2 1
Cl— Ni Ni Ni Ni Ni Cl

2.308 2408 2301 % AN \

Chem. Eur. J., 2007, 13, 8667 2.356 2487 2357 516  0.022 1.631




Mechanism (delocalization)

351
201
dy2.,2.4 A | | T s
-yt N
do|A AL A v+ * >
22| YOV | T Ty =
- > £
: , , , : 04 J=—34.03 cm™’
CI—Ni'"—Ni'—Ni"-Ni'"—Ni'—cI ™"
N '}—' 0.5
NV ¢
0.0 @&
l J (Sp = Sg = 3/2) o 50 100 150 200 250 300
T (K)

de,e 083 0.82 0.01
@° The B-spin electron will partially

jﬁ ﬂt T delocalized between two Ni
atoms through the sigma

% 1—; H pathway
d, 060 0.35 0.06

partially delocalized




Conductance measurement of MV metal

T

m’}'}gﬁg%)ﬂeé,'}'&ﬁ) =

5.3 106 159

_ Carbohydrates as Synthetic Tool:ei: mmmmmmmmm sty L\‘ L Cunductance (10-4(3 ]
@WILEY'VCH D o worammcLE °

T.‘\. EEENT e C15EN 09dzen55as Va5 o 31 por - mr?':ﬁ% mmmmmmmmmmmmm |||‘Wmm
@ The conductivity Dna; (N %N@é%ﬁﬁﬁ% e

% higher than that of [Nis(tpda),(NCS),]



Tetrakis-tetranaphthyridyl-tri-amido Ni,, system

_ ] 8+
@fi m
s =
X—NI | | | | i | | | | |
- S= 1 0 0 0 0 0 0 0 0 0 1 -
_ +2e” - 6+
XN
/ /
X—NI i | | i
— S= 3/2 0 0 0 0 0 0 0 3/2 -
-2e || +2€°

XY Y Y
NN TN TN

- S= 3/2 0 1/2 0 1/2 0 3/2 -

Z-Z



4-electrons reduced MV undecanickel metal string
The longest [Ni,(tentra) ,Cl,]**

FlQAl
Fi4) thl F“A}
/P
£ F2) P(2A) P(;z: ZPA)
A KF(S F(7AﬁC§ F12A) S F(SA) J FUIA)
- B Ft12! m
v W, d :

N N
bf}15-f89(11)’§\ |1.94 |1.98 [1.98 [1.93 [2.03 | 2.12(1)
s aa Nig——Nis——Niz;——Ni3——Ni,——Ni;——Cl
V = 34639(6) A Z=8 2278 2227 2312 2348 2.329(3) 2.395(5)

R1=0.1112 [I > 200(/)]
WR2 = 0.2556 [/ > 201(/)]






’1 A Journal of the Gesellschaft Deutscher Chemiker
Angewandte
i International Edition Ch em ’ e

CNDCh www.angewandte.org

$WILEY-VCH

Angew. Chem. 2011, 50, 2045
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Counts per trace

o

Conductance (G,)

[
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10y
104

104

[y
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10°%

5.76 x 10~ G,

(224 MQ)

4 3 2 4

Conductance (log[G/Gg)

Conductance (G,)

0o 1 2 3
Tip displacement (nm)
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STM images of [Ni;1(bnatpya)s(NCS),]**

14+

image size: 20 nm x 20 n

conitions: --------
UHV-STM at 77 K  E};a 1.0 Volt
W tip on Au(111) Itunneling 110 PA




Disproportionation in metal string:
[Ni,(phdptrany),CI]*

7
10.0
6 |
: £ 79 IVCT
- ‘_U
' =S 5.0
5 4 =
i o
VE 3 ~ 25
o
T 2 0.01— . y . v
w 1000 1250 1500 1750 2000
1 wavelength (nm)

o

— )
500 750 1000 1250 1500 1750 2000
Wavelength (nm)

(\I\EQQQ

|2 145|2 024 |1 902 |1 909 |1 899 |1 912}1.923.

Cl—Ni1- -Ni2 Ni3 Ni4 Ni5--Ni6--Ni7
2.405 2.327 2.314 2.287 2.255 2.253 2.305

E reduced oxidized
0y2.y2 ? T
AL A A
dz2 H H K Ii H I/\é-
-~ B ——
delocalized delocalized

two different MV units,
charge disproportionate !!

Chem. Comm., 2010, 46, 5018




A Linear Mixed-Valence [Ni,]°* in Anthyridine Tri-nickel Complex
[Ni;(dbay),(Cl),]I; (dbay=dibenzanthyridine)

Spin density of [Nij]°*

The X-Band EPR Spectra
(well resolved N hyperfine splitting)

Py

Spm];couplllng SChfme Bond lengths (A) : X-Ray vs DFT | M s
C|_N|1 """" NI2 """" NI3_C| Ry |
\N/\N/\N/

-y l T T ‘ | 2.090(6) 4| |
2108 | 2.077 |2.110 Ll
2 4 | 2.108 | 2077 |
dZ ‘l’ ‘l—T‘ CI |1 |2 N|3 Cl A geﬁ=2.232
Sy S

2342 2412 2388 2.356

J(5,=1,84=3/2)

_5 L L L 1 1 L 1 1
280 290 300 310 320 330 340 350 360 370
I S o B B S

—



The synthesis & structure of Nis((-)camnpda),

4 0
N H/

H,(-)camnpda (1S,4R)

6

7 N
Ni(OAc),-4H,0 + m
N Vi
N N H

Nis((-)camnpda),

Crystal system
Space group
a =
b =

C =

Monoclinic
C2

253713 (5) A
16.7880 (3) A
26.3214 (5) A
90°

106.2702 (8)"
90°

0.0778

0.2079

reflux Nig((-

J)camnpda),

2,2-trans

56



The synthesis & structure of Nis((+)camnpda),

6 4
H,(+)camnpda (1S,4R)

Jcamnpda),

Nis((+)camnpda),

Crystal system Monoclinic
Space group C2
a = 253007 (5) A
b = 16.7887(3) A
c = 264932(5) A
a = 90°
B = 106.3005 (13)°
Y = 90"
R, = 0.0795
wR, = 02134 2,2-trans

57



Chirality Control of The Quadruple Helixes of The Metal Strings
Chem. Asian J. 2014, 9, 3111-3115
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-60000
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Wavelength (nm)



Heteronuclear Metal String Complexes

(HMSCs)
0

X 0.
- NN

Tuning the Physical & Chemical Properties of EMACs

Metal strings Hetero metal strings

Pure metals Metal alloy
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Syntheses and Characterizations of HMSCs

Synthetic stratgies
(1) Self-Assembly of Metal-Chains
(Theromodynamic Control)
(2) Sequential Addition of Different Metal lons /
Stepwise formation of Metal-Chain (Kinetic Control)
(3) Separation

(Column Chromatography / Chemical Treatments)
Characterizations

(1) Single Crystal Structure Analyses
(X-ray or Neutron)

(2) Mass Spectroscopy

(3) NMR Spectroscopy

(4) Magnetic properties (SQUID)



TH NMR Identification of Arrangement of Metal lons

Hj Hj
T
TN
Cl Co—Ni Co Cl

H, H, H,
" | r
R | | Ll

I I
95 20 a5 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 ppm

HY N T N Hs
cl éo Ni rLi cl H,




The First Heterotrinuclear Metal String Complex:
[CoPdCo(dpa),Cl,]

QL 9ue
CI—CoCo—CI ‘ CI—CoCo—CI

spin-crossover strong antiferromagnetic

35 1.5x10°

-1.4x10°

-1.3x10°

Hogr /g
%, T/ cm’Kmol

%y | cm’mol™

-1.2x107

F1.1x107

—r 71—~ 1.0x10>
150 200 0 50 100 150 200 250 300

T/K T/K

994, 2377 Angew. Chem. Int. Ed. 2007, 46, 3533

Cotton, et al., Inorg. Chem. 2001, 40, 1256




Manipulation of Magnetic Interaction by Substituting the
Central d® Atom and terminal metal ions (from d° to d'9)

N/\/\
N N

3d 4d

PT2+

®E



[CuMCu(dpa),Cl,] (M = Pd & Pt)

[Cu3(dpa)4Clg]+ CU:Pd(dpﬂth Cngt(dpﬂ).\\C]z
2J=34c¢m’ 2J=745cm’ 2)=0.77 cm™

The exchange interaction between two terminal Cu(ll) ions could be fine-tuned by
replacing the central diamagnetic d® metal ions. (Cu'!, Pd", Pt")

The difference of the Jvalues is attributed to the energy gap between two b,
symmetry orbitals and the variances of the spin density at the central crossing

point metal ion.
Inorg. Chem., 2007, 46, 9602




Mediating the Electron Delocalization and Antiferromagnetic Coupling of MV
Diiron Sites in [FeMFe(dpa),Cl,]* (M = Ni, Pd, Pt) Complexes

1.000/
0.998;
0.996;

0.9941
1.000{ %

0.999-

0.998-

Relative transmission (%)

XmT (cm3 K mol?)

1.000{ &

q o + ]
Cl !

0.999 )
0.998 mmmmm HS-Fe! ¢

— HS_FeIII @
0.997- e Vv

4 0 2 4 0 50 100 150 200 250 300

Velocity (mms™) Temperature (K)

Electron Delocalization Antiferromagnetic Coupling

in collaboration with Prof. F. Meyer group Chem. Euro. J., 2018, 11649-11666



Heterotrimetallic Complexes : [MPdM’(dpa),Cl,]
M /M’ = Ni, Co, Fe, Mn, Cd, Cu (M = M’)

Substitution sequence: Ni2* > Co?* > Fe?* > Mn2* > Cd?* > Cu?*
Irving-Williams series : Zn?* < Cu?*> Ni?* > Co?* > Fe?* > Mn?*
Mg > Mg > M,
(El IQ) (Q Q) <Q 0)
CI '—c|  — c|—' '—CI — Cl—’ '—CI
M, Pd M, @®v, M. Pd M € M Mc Pd Mg

Regioselective replacement

TIPF,
_TICI
A=H,0 or PF4~

Unsymmetrical axials
Solved crystallographic disorder



,mT/emuKnmﬁ

[CuPdCu(dpa),Cl,]
LiCl l Ni(OAc),
[NiPdCu(dpa),Cl,] Yield: 33%

l CoCl,

[NiPdCo(dpa),Cl,] Yield:67%

0 100 200 300
1 A A

1.6-‘ | P | P 3

1540 T N T 4

1440 Cl—Ni Pd  Cu—=cCl 102
1 0

139 o Ni/Cu J=22.26

24 : ; 1

L2 Ferromagnetic coupling

1.1

10' . | Ioooo?oooopoooo 00
0 100 200 300

Temperature

[NiPdCu(dpa),CI(H,0)I(PF)




Manipulation of Heterotrinucler Metal String with

MMM’ (M=Ru, Rh, W, Mo)

Ve

CI—NlII Nl" N|"—CI

oVe)

CI—Cu" Cu" Cu"—CI

ove)

CI—RuII Ru" Ru"

Cl

Ve

CI—Ru" Ru"'———Cu —Cl

oVe)

CI—Ru" Ru'"---Nl —Cl

Euro. J. Inorg. Chem., 2008, 1767




[Ru,(dpa),Cl,] as tetra-dentate chelating ligand

[RuRuM(dpa),Cl,]°/1+

RusfdpaliCl] <,

'BuOK

Ru,(OAc),Cl + Hdpa ,—|>[Ru3(dpa)4CI2]
Lic Chem. Eur. J. 2007, 13, 1442.
CuCl,  tBuoK
Ruy(OAc)sCl + Hdpa + . ——> [Ru;M(dpa),Cl,] (M: limited to Cu, Ni)
Ni(OAc), tLicl Eur. J. Inorg. Chem. 2008, 1767.
Ru;(OAc)Cl + Cos(dpa),Cl, —> [RuZCo(dpa)4CI2]M> [Ru,(dpa).Cl]

Ruy(dpa).Cl + M**/Ir*/Rh* _td, [Ru,M(dpa)sCl,]* (M: presented above)



-?ﬁ‘;f,‘ggctions Cover Picture

Metal Crane
-.-

Dalton Trans. 2018,
47,1422-1434,




[Rh,(dpa),] is also as Metal Crane

Rh,(OAc), + Li*dpa™ » Rh,(dpa),

RR(OAG) + Hdpa S0 [Rhi(dpa),Cy]

Rh,(dpa), + M?* / Ir* | Rh* —— [RhRhM(dpa),Cl,]
(M : Mn, Fe, Co, Ni, Cu, Zn, Ru, Rh, Pd, Pt, Cd, Ir)

Rh,(dpa), + CuCl/ AgNO;—— [CuRhRhCu(dpa),Cl,] / [AgRhRhAg(dpa),(NO,),



AN A~ S

- "-m/ A--r’v" = | CHCl,

[RuRuPd(dpa),CI|(PFs), INE
It
- | \ |

s

CcH clz \ “ | H ‘

19 % 17 16 %5 # % 2 1 10 9 § 7 6 5 4 3 2 1pmw
'H NMR of [RhRhlir(dpa),Cl,]

[RhRhir(dpa),Cl,]



[AgRhRhAg(dpa),(NO;),]



Facile synthesis of heterotrimetallic metal-string complex
[NiCoRh(dpa),Cl,]| through direct metal replacement

s¥e
e QLD s ((AD)

naphthalene
Cl—=Co Co—Rh—Cl

(Hdpa) CoCoRh(dpa),Cl, (1)

Nl(OAc)2 naphthalene

(D), | = (Q )

Ni Co—Rh—CI CI—Nl Co—Rh—CI
[N|CoRh(dpa)4CI](PF6) (3) NiCoRh(dpa),Cl, (2)

FcPF;/CHZCIz
Q)

B Cl——Ni (Ilo—Rh-—CI ]
[NiCoRh(dpa),CL,I(PF,) (4)

Scheme 1 Synthesis of compounds 1,2, 3 and 4. e 10 ke T4 T Mo Vi T)




Stepwise formation of M,-Mg-M_Type of HMSC

[NiCoRh(dpa),CI1(PF)

633485 9

Izl
£ -
.
] .
70 ;
"
80 - “
P
58 *
. |
aB [ J
M L,
[OBSCMACarTaartaac
2@
9@1.06
b 934.72_ A
| S16.84 l
2 ,’” h ; funn, ' " UL o J‘JH'A G
gun 91e g2 EEL) 940 95@

r c' [ o8
] (] L] [
F 70
F Qi
H6 Hz l7s
| |
Ha W~ N~ H,

Ni  Go—Rh-Cl
Co—R
= s=0°"sZo0

—<| o
T
105 100

"H-"H 2D COSY spectrum of [NiCoRh(dpa)4CI](PFs) (3) in acetone-ds.

T T
5 ppm

ci

Monoclinic, C2/c Z =4
R1=0.0518, wR2 = 0.1364,
Co—Ni = 2.3259(10)
Co—-Rh=2.3371(8)

Co-N,, =1.923(4)

Rh-N_, = 2.091(4)

Ni—=N,, =1.921(4)
Rh—Cl1= 2.5767(16)
Ni-F1= 2.712



Asymmetric Ligand Backbone of HMSC
(4,0)-[Cu,M(npa),Cl]* (M =Pd & Pt)

A d
% ae‘g&i. 6.00 eV (Pt)

M
CU/C“ Chem. Comm.,2009, 577



Symmetric & Asymmetric HMSC
of Napthyridonate ligand

(2,2) [Ruy(npo),Cl,]" (2,2) [Mo,Fe(npo),(NCS),] (4,0) [Mo,Fe(npo),(NCS),]

Mo———Mo Fe Mo Mo Fe
2.3238(4) 2.3287(4) 2.151(7)  2.653(9) (disordered) 2.0994(5) 2.8534(8)

They exhibit high conductance amount trinuclear strings

Chem. Comm.,2017, 53, 8886-8889




Charge Distribution Among Various Ligands

+ of resonance forms probability negative charge on nitrogen

@ @ 2X2 418 1/2
N N N
. ©
N N N
o
OUWOEE 21 114
N N N
S

N-1/4 N2 "N° /44

+2

-1
X

_><'1—|\/|+2 MZ ME—X
R\ /E@\ /R @@N/R
N _N N -1/6  -2/6 -3/6



Pentanuclear HMSCs

weQ o« Qe
\

Challenges:
&% Lack of suitable reaction precursors

@ Poor reactivity of 2"d-row transition metals

:ﬂ:- Homo-nuclear EMACs as reaction concomitants



Characterization of [Ru,M;(tpda),(NCS),] HMSCs: Crystal

Structure Analysis

[NiRu,Ni,(tpda),(NCS),]

0
61

C(28) Ci38) C€3)

| o o
N N N N N 4
|2.08 | |2.o3 | |2.09

SCN—Ni—M;—Ru—M,—Ni—NCS
M1 = M2 = 50% Ru + 50% Ni

[Ru,Co,(tpda),(NCS),]

N~ N N N N /4
11.97 |

SCN—M1—M2—Co—M3—M4—NCS

M1 =M2 =66% Ru + 33% Co
M3 = M4 =66% Co + 33% Ru



Single Molecular Conductance of HMSCs

Resistance Conductance Resistance | Conductance
(MQ) (x10-3G,) (MQ) (x10-3G,)

1.110.2 11.5+2.1 3.3+0.7 3.9+0.8

Ru, 1.010.2 11.7 £2.1 Ru, 4.2+0.9 3.1+0.7
Ru,Co, 5.8%1.3 2.310.3

Ru,Ni 1.510.3 8.6+1.7 NiRu,Ni, 6.3+1.0 2.0+0.3
Co, 2.0+0.3 6.5+0.9 Co. 10.512.1 1.210.2

Ni, 3.410.5 3.810.6 Ni 23.314.1 0.6+0.1



NDR Effect of [NiRUzNiz(tpda)4(NCS)2]
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CHEMISTRY
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i Europe DOI: 10.1002/chem.201400067 Communication

I Metal Chains

The First Heteropentanuclear Extended Metal-Atom Chain:
[Ni+—Ru25+—Ni2+—Ni’+(tripyridyldiamido)4(NCS)2]
Min-Jie Huang,” Shao-An Hua,” Ming-Dung Fu,” Gin-Chen Huang,” Caixia Yin,® Chih-

Hung Ko, Ching-Kuo Kuo,” Chia-Hung Hsu,” Gene-Hsiang Lee,”” Kuan-Yi Ho,"” Chia-
Hsin Wang,? Yaw-Wen Yang, I-Chia Chen,* Shie-Ming Peng,*®® and Chun-hsien Chen*®

Chem. Eur. J. 2014, 20, 4526 — 4531



%, {emu mol”)

Pentanuclear Hetero-metallic Metal String
[Mo,NiMo,(tpda),(NCS),]

9 o

Mo

5=0 5=1 5=0 X-ray Near-Edge Absorption

Mo Ni Mo Mo

Magnetic Measurement

4.0

0.25 O An

- L35 Nis(dpa)4Cly

0.20 | 3.0 M

A L2s MnNiMn(dpa)4Cl,
0.15 - © " " "
_ NiZ 20 & (high spin square planar Ni(ll)) *,/\W_/;
(o] - a
o0d S=1 ;s = NiPdNi(dpa),Cly
% Her = 2.88 B.M. at 300K
0.05 | (CL)}\ + 1.0
‘«%, Mo,NiMoy(tdpa), (NCS),
oy,
000 U-UCLXXL,I'JC(ZUT(ZLXlfIZL‘(rUZI;r;(XHCIZKIUIX}"XI?OO(ZK)J;KIJ;U o8 —___J\'\__—_/R_'
T T T T T T L A B B e e S R R
0 50 100 150 200 250 300 840 845 850 855 860 865 870 875 880

T(K) Energ (eV)

V shape of the ligands, Meso metal string



Mo-Mo Delta Bond Orbital Influence

2" 2
o

(S=0)
Low spin state without
the interaction!

I . Chem Comm. 2016, 12380-12382




Pentanuclear Hetero-trimetallic and Hetero-tetrametallic
Metal String : [CoPtCo,Pd(tpda),Cl,] and [NiPtCo,Pd(tpda),Cl,]

o, — (2 0 s (3L 5L

Co(OAc),

CI—CO Pt Co—Co—Co—CI CI—Co Pt Co—Co Pd -----
Yield :27% Yield :35%

o, ((1 11 O) .
CI—N| Pt Co—Co Pd ..... - ‘_ - *Co. 3 o &P Pd ©®
Yield :82% . , : O
1958 X M=%Pt+% Co

|
| ’ _[NiPtCo,Pd(tpda),Cl,] Mm I
‘ ‘| g " . \J — - - B

' \ .H ‘H s'o 7'5 7|o 6|5 6|0 5'5 5|o 4'5 4|o 3|5 3'0 2'5 lppn"l | 13 2 11 é ‘ppml

I uM e
skt A e f [CoPtCo,Pd(tpda),Cl,] |

Slmulatlon Mass A jﬂ_

I [ | I I 1
[CoPtCo,Pd(tpda),Cl,] 80 75 70 65 60 55 50 45 40 35 30 25 ppm B o121 5  ppm



Conclusions

Eur|IC

European Journal of
Inorganic Chemistry

Cover Picture / Microreview
Chun-hsien Chen, Shie-Ming Peng et al.
From Homonuclear to Heteronuclear Metal String Complexes

WILEY-VCH www.eurjic.org

0.5

Applied Bias in V v VM Applied Bias in V



HIRF
£

i)
(il

{28

|4t 4E £

p:|

[ = N

=<4

il EEHR, Bl—#

ViU

H 5K

J_sz.
& EiR

AN
=

e

Conductanc

Metal Stﬂ”




Acknowledgement

NSC ( National Science Council, Taiwan )
NTU ( National Taiwan University )

MOE ( Ministry of Education, Taiwan )

AS (Academia Sinica )

Coworkers :

NTU (National Taiwan University):

Prof. M.K. Leung (£ 3 {#)---- Synthesis of Ligands

Prof. P.T. Chou (& #%%)------ Fluoresence Spectroscopy

Prof. C.Y. Mou (EH&)------- Molecular Simulation
Prof. B.Y. Jin (& & #i)--------- Theoretical Studies on Conductivity

Prof. C.H. Chen (FR{£E8)----- Conductivity Measurements

NCHU (National Chung Hsing University):
Prof. C.Y. Yeh (EfEF)------- Electrochemistry

Université Louis Pasteur, Strasbourg, France :
Prof. M. Bénard and M.-M. Rohmer---- DFT Calculations



o it
T ] i
S R
1AW




PHOTOGRAFH BY WWW.LOUISCH.COM ALLRIGEH

Firework of Dragon at New Year Eve,

2011

\\\\ . \
\\ \\
\\\
; , :: :.
w., I:.,,.ww.www:. 13 1

w,,f,,,/./,/, / // //

»
L8 84

...
C
2

_.o"'

s

S

e







Al

sz,

ZeAm | .

e



[l (i
[T [




New Chemistry Building, NTU

SRIEER 152

[Ni11(tentra)sCl2]**

tetrakis-tetranaphthyridyltriamido
dichloro undecanickel ion
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