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Table 1 Classical oxidation states of rare earth metals

Fit &R W73 ERaS
Bt 3 3
A 3 3
i 3 3
il 4 43

i 5 3
'8 6 3
il 7 3
(2 8 32
# 9 3.2
2L 10 3
a 11 3
¥ 12 3
Bk 13 3
H 14 3
i 15 3
5 16 3,2
# 17 3
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Sm™ 543, Tm™ . Dy Nd&* Rz, i HAb# -4 )8
IV R R A N B, R R4 R MM
PrAEIR A . X WA SR L &m0k

B 1 Cp;M(M=Sc, Y, La, Ce, Pr, Nd, Sm, Gd, Dy, Er, Yb)H]
B B 5 FeClL R B AE 5 8k Cp,Fe (M4 RCE )
Figure 1 Synthesis of Cp;M (M=Sc, Y, La, Ce, Pr, Nd, Sm, Gd, Dy,
Er, Yb) and reaction with FeCl, to form ferrocene (color online).
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Table 2 Radii of trivalent rare earth ions [59] and the M*"**and M**

reduction potentials of them [33,46,60]

T 4E SMBETEE A)PM™ vs. NHE? (V)? M**" vs. NHE (V)

4B =METEE (A) M vs. NHE (V) M*™" vs. NHE (V)

B 0.74 NA? NA
74 0.90 -3.1 NA
ki 1.03 -3.1 NA
fifi 1.02 -32 +1.7
% 0.99 -2.7 +3.2
B 0.98 -2.6 +5.0
% 0.96 -1.55 NA
i 0.95 -0.35 NA

L 0.94 -3.9 NA
o 0.92 -3.7 3.1
¥ 0.91 -2.5 +5.2
£ 0.90 -2.9 NA
! 0.89 -3.1 NA
% 0.88 -23 NA
£ 0.87 -1.15 NA
i} 0.86 -2.7 NA

a) ANEAL I =M 5 T 108 7242, b) NHE, F5ES H i (normal hydrogen electrode); ¢) & TEu®"*'. Yb*"*', Sm*" #1Ce* " &5
B LA, HoAth v 35 02 AR A 3 2 B A B HE AT 05 d) NAR R B/ A CHE
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Figure 2 Synthesis of the first molecular Tb*" complex, Tb(OSi(O'Bu)s), (Th™") (color online).
N/K Bu, Bu,
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LtBU‘ ‘\INvtBu By ‘\IN-tBu

Bl 3 [Tb(NP(1,2-bis-'Bu-diamidoethane)(NE,)),] (Tb"™)frI4 (% 2% bt % )
Figure 3 Synthesis of [Tb(NP(1,2-bis-'Bu-diamidoethane)(NEt,)),] (TbPN) (color online).
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Figure 4 Molecular structure of ™Y (50% probability ellipsoids,
hydrogen atoms are omitted for clarity) [66] (color online).
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Phy

Tbls

N

-3KI Z \o THF
/
Si

Ph,

B 5 Tb(OSiPhy),(NCMe), (Th"™)k1& (W 45 i % &)
Figure 5 Synthesis of Tb(OSiPh;),(NCMe), (Tb"™) (color online).

1510

Si
q’hz\o
4 KOSiPhy CAD:
~ 7 Nar
THF @K/on..ﬂ,m SiPh,

W&, TP To—OR AL FLEE(56 % O, 44 %
Th){I T Th ™ 1 (I Tb—O% (O 180%), THE %R T
5 T B o Mnds B T-E AR T = st AT IR ik,
BT 2 BTG A TO O, X e TR AR T 5 45 B K W A
Th"" s Tb— O ) 35 ELAF T B 5 T 3 =404k A 3
&, IR TR TR, Mk, 52BN =
CRUT ) RER B R R I TO O™ A5, Th™ R T4
A ZIRFERE R TR AR AL, R RERSEC AL AN LB VA4
T, SEREBUAEIH ARG, XA RS
BL AR RSP FTRIE BB T R RE, NG AL AE 7 BE SR Y
B E BLAROPE G BLOPPh, ] LA 215 407, 183 AL
A7 H YA 8BS & 9 Th(OSiPh;),(OPEt;) 5 Th(OSiPh;),-
(OPPhy). 1X Ry A Kt — B0 78 5 I o i s - 4 2
TR G W S5 4TF 7K1,

TR FTD™ TAE I HEAl_E, MazzantiZ i 5
OB 7 E BN TRRADI A . BT S
FRREEFERNTE, EMAREAIMEARES, XFK
FIH = (BT 3% iR R B AR R R T A8 2R
FITUM EEHIEC & 9. Rk MazzantiZE S48, 7 BN =
FIER AR, B B DU AR I & B R T ™ T
DUl 595 FROALT R . TE/KPrCl, 5 KOSiPhy
ST LA B 7N B A B = A 8% R SRAE, [K(THF)][Pr-
(OSiPh;),(THF),]. FI[N(C4H,Br);][SbCl] AL = M4t 1)
0% A T LA A5 31 55 b ™ ) 4 £ 7S e A7 DU B T 4,
Pr(OSiPh;),(MeCN), (Pr'™", [&l6). 5 XEH 2 AT5 5R,
T =Mk ioeek, Pro i Pr—O% (175 K45
L7017 A, 76 =008 A0 2 DU 85 IR REE (7).
UV-VisW SO 1 5 2 i e i U85 Fh (R E—
B, 10T B SR A A IR A R R B e
th P FF & af i FE TH 7. DFTHH 2 B R ons |
T B AT U RS RS T b, R DU R A
PrON 1L, T = AT IR AR U A2.03, 43 BN
PrIPE . NBO4 7 % W Pr— O ({1 Wiberg 2% 50.85,

[N(CeH4Br)3lIX]  Ph;Si. _SiPh;
X = OTH, SbClg Q 0
MeCN K
Physi-O—Tb"-O.g,
- [N(CgH4Br)3] 3ol SiPh,
- KX MeCN NCMe
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SiPh, )
N SiPh;
4 KOSiPh, Phasi Yo IN(CeH4Br)s]IShCle] pp.si. O _SiPhs
THF, RT =5\ MeCN o, 1 O
PrCl; —————> KO THF v
-3kcl  THFT \\__Pr{ - [N(CgH4Br)s] 71 SNem
07 | Yo~g; MeCN e
Phsi’  THF SiPh; - KSbClg o
K Ph;Si

B 6 Pr(OSiPh,),(NCMe), (Pr"™)4r (M 4 b % )
Figure 6 Synthesis of Pr(OSiPh;)4(NCMe), (PrPh) (color online).

B 7 PrrS T A GAER S H50%, T ) 2RI
TS EEAERBRIR T, SR T A (M4
FH)
Figure 7 Molecular structure of pr" (50% probability ellipsoids,
hydrogen atoms and phenyl groups are omitted for clarity) [68] (color
online).

KT T ™ h To—O%2 {15 25.0.60~0.65, iX 7% B 78 UM iR
APIM™ (M=Pr, Tb)HPr—O%AH LT To—O% A 5
HIFE AR AR .

PEIAAR 223 AT AR G- o 000 s 0 4 1 &g o 1
BCA R AR A e P DL AT il 45 1%, Mazzanti%6 FlLa
Pierre%5 ¥ FEAN R E 1 CA_L DU £ A0 DU 45 T & 0 1
PEIAR L MGG R, IS5 A B DA Fl R A P 34T
T ELER. Mazzanti® O S T REA LI AR R E (1 DY
W 14 B A (Hh e 5T O™ B A AL 25
Fa) 7E DU SR g (THF) ¥ 9 HH A P AR 22 ikl SR (R
3). X— RVIFEAERARE MU L& B AT
[ AL B (B, ) B R L L (E,,), #0458 T2
MY bR UE IR JE R, 3 IR L AT Ao T U
fii, B BEA B RARE R, AN, FEAR R
AT, Th %A 538 J5 A AR L T Th O™ #5821

BARAE, WO =R A SRR UM S A&
MR E MR, Aidce®™ . Th®®". Tb™FIPr™f1
EALIE JE R FRER AN AT (AE>0), IX A RERVR T-F6 - 5
FREM SR B A C AR 5 2H 5 PUAT RH B A0 2k e Bl
IRAFIE R, ThO™ 4L HA7 EeCe®™ 51.04 V,
TP B AL LA LT 3 550,23 v, 55— A IY
W F = B A G R MR — B> RS, B
J7TH, PrPtHCTO ™ S SR AL T 0.49 V, F WL JE Y
S LEIR TR DU AN TE25 5, IX 5 SEI0 W82 21 DU A B 1)
BC & VBRI Ae e P A — 2k

La Pierre5 7ty xof i 37 e 1k 2 K 5 1) i I s
T EBE AT TIEA R 2N, SR WRIPR
(Fce™ 5 Te™ A ML EE 1), BRI s
%A EMazzantiSF FUIRIE A L 2 57, (HX P& 3T
b ] DLE R REL RIS, X b3 4R, wf
DAk IR IV i e AR s e 1) v A s b S I & B Ak 1)
SE AL L 5 IR JE LA FR AR, T A R F A
Th®'{£0.98 V, tLELTO™ 1£0.69 V, X & WAL T-1
AGERCAR, G AR AR I B s R S
THReEEER. ZL, s tEEs TEREY
I FEIEET NAESR, ARAE Rk oA B 2 AR R 4
RBLAT CASCHE DU BRI DU S I BL &9, H 2D
B VUMD TN S 1 2 7 BC S Y0 AE 17 e 1 & R
WEEHTF. Msh, ZFSLRIETB, WXANES.
EPR. UV-VistUtit. o FrEvESE, W AERY
FAEH 48 B AR 4% S8 = M Be & P 3 i 5 A 7 10 4
%[29]-

4 s LR

MR R, AT R L m b, Rkt
BRI PASIEE EL AT M LR (R8N
PR HE 2 SMESAEAE A0 20 F B A Y, i Bk
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£3 Ce® . T, TP FMPr" (32 mMTES 0.1 M
[NBu,|[B(CFs), ]I THF VA T HLAL 220DV vs. Fe [V
vs. NHE]”)

Table 3 Electrochemical data of 2 mM solutions of Ce
Tb"™ and Pr™ measured in 0.1 M [NBu,][B(C¢Fs),] in THF” (V vs. Fc
[V vs. NHE]")

OrBu OrBu
» T,

CeOtBu TbOtBu TbPh PrPh

E,.  —1.72[-0.92] —0.70 [0.10] —0.99 [~0.19] —0.50 [0.30]

Ep —0.19[0.61] 0.85[1.65] 0.49[1.29] 0.72 [1.52]
AE=E,~E,, 1.53 1.55 1.48 1.22

a) MHRFEZ W NHEAT, TAE BB bk, 349 R 250
mV/s; b) vs. FclBiZ10.80 V% #yvs. NHE

F£4 ce™ 25mMATL™ 3 mM)TEEHE0.1M [NBu,]-
[PE] I THF P I HAL 2 U (V vs. Fe [V vs. NHE]”)

Table 4 Electrochemical data of Ce™ (2.5 mM) and "™ (3 mM)
measured in 0.1 M [NBu,][PF,] in THF” (V vs. Fc [V vs. NHE]”)

CePN TbPN

E, ~2.86 [—2.06] ~1.68 [—0.88]

E, ~1.63 [—0.83] —0.95 [—0.15]
AE=E,~E,, 1.23 0.73

a) MHATEZ W NHEAT, TAE MR Bk, 3353 200
mV/s; b) vs. Fciliid i10.80 V#£# Ayvs. NHE

&, W, SIS EREE RS TR A
 E AL A 1 R R, K
T & JE AR5 KA H ) I R A 15 3] = R R A
FRrmay, Hohm e R REAS RERDPY
K L &R AWM, F—FaREiE Lk
JERINKES, KA #4873 N B (classical ) IR

22 . (non-classical /M (P32 G Fr A A& S AR A
&4 (non-traditiona VKA ¥ T4 &, HHH & (RN #4
T E&BEAR M. B, el RMUA R AE
IKIFR P FEAAE RN L& )8, LM Kmmn L
SIBNAG M. B BT ERAAT, XWk
R+ & B EAEAE <7 1 —ReManL ", 3
h — i 8 B4 B TR (n -1 FOR EE = A
MlE&EETFZ N HEF). mHXEMILTER M
B AW, WU EEEN N &R
HORAR, H TR FE. DR, 33X 7 28 S S fR
AL GARMFE L4 B0, b s - 4 i A2 A [
AR R, (FR RIS EYE, RgRR <4
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JEA R Rk, BB T R A5 T
T2, HoA SR 7 B3 B Ty o, DR TR A 1) HE T 4
FIRE M YA, i T IX R + 4 R AE
YRR 2OH3AME, SEOXSR &8 FE
WHRIHFAAEEREN MO TRAEY), HE RS
FEAEGARMFE T4 B B AR 4B 4y
R IERARYE AN 48 B 7 1 TR EDE R A6
+&ES NS RR A TR, B
&4 (traditional (AN F6 +- 42 J@; 55— BoAgar'sd' i
TR, BEFR AR S (non-traditional XA 45 +; %
JG— 2R T LALEAL FNAL"Sd b L T Y e ) 46 1,
BEFR AR BAE X (configurational crossover){ A # 14
B, R 4R B AT S AR 0 (A S AR 53,
{HSABE M5 20 Hh 32 BIRCAR S I se . R, X [H
— R N R BT, AT AL Sd W Rl TR Y
(PIAE XS BE B 7EAS [R] FBC AR PR BE R AT e R A2 B, X IE
R AE SR R A AR SR, s B AR R
BEHEAT P (503 B AL 6 LA 225 46 R o A 1 T
B3y, AR AT Re KL 2 PR 148 T BE A7 1
FRIE UG, BAT NSRS A 2 TFRC S
ST AR T AR 14 8 AL S 10 I3 s AL A R BB
.
41 KM

AN B M M T DL e O AR
AR, SRS R PR BERE T 5 SR 5 25 R BoR ok
WF 90 H AR R BIAL 2. 19884F, Frieser ! 7HiIE T /5
FHH AL A T La” B 5 Fe(CO) )R M5 Bl LaFe™", I
BF9E T LaFe” SR A SN 263 4% .
PRSI M RSP, B 5, Frieser: ! " S 4R
T La™ SARBREUN ELEE e R S SR, FE s — 3B
% 7 K7 (LaC,H,) " FI(LaCsHy)" " (n=1,2) 6 ff
M. 20084F, MarcaloflGibsonZe!"" IR 7™M
(M=La~Lu)5 {FH5 50 (1) BB o 18 R0 45 4 10 <A S,
IR R RAER T RGBT, AR AL’
Ce™'. Gd™'. Tb™ BEWSIE AL b (o S I 15 B M
LS A=), 1K — R I R SRR VAR T, A X s
M> FE A AR A A5 PR LA (La™ . Gd™)
HHRERKNERS (GRS MREE 2/ T 8#iE
1eV), Jirsd m e e als i ) 728 E t
B .
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4.2 [EAH

T BAA 780 el 500 A 4t
FTRE, M. 8. BEA iRt Hikix
e 28 WA O M T & @ 00 [ A AL A AR 5t e N BT
FRU°1 20t A060EARTT A, FEL ARG L 4B EE
B R E A A IR AR S R, R R IR W
THETFHA: 4 Tm® . 46" Dy, 4f* Na*' K
e AR L & B B — FE AN I A T 1
AR, AR KR A3 A R TE 7 5 S 58 A R TR
HEFRBATEA k. 2. &, E2dELSRECEE
TR BLAR L) 44 1 I E AR AR G4, Horb s L& @iy 2
E=n" BEEAN, BHIESA RN L T8 E
WAEMVPR R TSR 408, B, 4.
. R B B XORIXEH & B RS
IR SRR E RS L SR R LB
FSCFR) B AR AL B4 32 B S B4 T Ak, 49 D e 4
WML, FCAER I L T 25 H R (M) (I),(e ).
R—HramE5EEgEntE LB s Fiam+ =
W f - 4 B B T AT 475 1 T R AR e,
T T4 8 ALY & B iR s HE g T RA A
GBS TRAMH GRS R R BT
+4&E Mk 5 e TR R EA
HEVIMRR, AW ERR 7 L8R = ke
GG MER. 2T HA RO 48 B A A,
PRT R R, ORI ] L2 FE Meyer.  Corbett?%
ﬁg;—,ﬁ»B,(Jé/%ji[zw,l%,]Il,112,117]'

0 g 1 I A R A4/ DS 71 B a2 O (A0 A e o 4
EAHE &9, Hp, A, 8. 21X =M UK #
TEBEAR. & R R X, mIES K
s T8, B A S R, =M o w iy, 2T
o A% GARM R L4 B M AE1E — Rk 5) %)
K43 A2 TR A PR AR O AR e 1 (8 >R 4 >
efesgr), MIHRET# &8 x e s ae e, w
200 R AT 3MX, =22 M XM . EL
BB TR/NIE T RS M 2 A B 8% BE,
1 o o T 7 o B 1 R e S N P B Y X
MU BB A% BB/, (R G ~F 1l o ) = 20 ARAN A% -4
J& AL I A Rl 3 B Rl = e A8 SR A 3 11,
AFEF 2 AR R, nES . EHTIER, XiE
FI T 5ol JE 22 s 6 B 1, 0 T Bl

x5 Wmt&REM AL ERE, BEReH
106

Table 5 Dihalides of rare earth metals (“metallic” in red, “salt-like” in
black) [106]

Fit4)E A i R kA
Bl - - - Scl,
¢ - - - -
i - - - Lal,
fifi - - - Cel,
4 - - - P1l,
£5 - NdCl, NdBr, NdI,
i - - - -
17 SmF, SmCl, SmBr, Sml,
| EuF, EuCl, EuBr, Eul,
L - - - Gdl,
R - - - -
¥ - DyCl, DyBr, Dyl,
Bk - - - -
! - - - -
% - TmCl, TmBr, Tml,
i YbF, YbCl, YbBr, Ybl,
4 _ _ _ _

a) Hor e RAL R AR TR, ML — ML
AT, WSl FISEBR A T30S ol >

WER SR, PR LSR5 =it
U o s T A g AR P R B,
+T &8, Wi e JE AL SRR T A EAE L H AR,
XFh R A BeR 2R &R . e BEm 4R .
KB F I = e et >, BochkarevAlEvans2g! 1)
U I KR T Re K E S M AEL M R L& 8 AE
B B R T, R R R e E )
WAL AR o B L) S BT SR AR FH T R S AR 28 SR AN #
-4 R, 2 02120-124]

QAT AR, 7 4 E i e RT LA A
—H AR, . 2. B 8. B Houvkoh
(MPYI) b B 2 b, RN, X LR 1 B 1
HA[Xeldf" ' 5d R o THIR, BB i 5 1
SRR Al B, ELANGT, H ek -
(M)W TEiM, 2IEEEECESENE, XS
BT AA[Xel4f"5d 1O H THIRY, SABIE bR T8
RS, RIAE=Hmm e R
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X AR 4R I R AR SR A B, AE
FEEMIZAT I WA T LUK A TR e, JRAERESE
i 4 B B T R AE [Xelaf" ' 50" H [Xe]4t"5d' ]
I, e, Pri, A7 2 Rl iR Y, fEE L I T R4
JERIE, T LM R B A, BT N R4S
P, T 5 WAL BP0 B AL H R TR NAL
CEMIE T SIBry i T, RPN SR, Horbiyatt i
Nd*'; {HJ2, 7E7E FNAL#2E N 5MI, (M=La, Ce,
Pr)[Al i, RIUAE BRI, Hhsohat NG T,

BT Ak, ML RIERE S XS T
TERX:M<2 I E AL &4, HA s B ARERENZ
GdCl, sf1Lal. CorbettZ:7E1970F4RiE T MGACl,-Gd ik
ZHP A AR BAGACL s AL R <. 5
PR XS RATH RAEBoR, SR ELE T T —4Em)
FEARGE Y, H A AT A6 LS R\
RS H, PSSR — LS 7, M
FIMPAFAEAEL S FHRRA — 455 7], bab, MshsmiR
7~ FH AT )AL T TR A R B i HE e AL AL B 1 R
Bl g o HURR BRI A 5 T DL R AL JE T [Xe)df 5d ' 657
fRHL TR, Corbett5! ™A Jy b T REAEAE 2 BT AR S0
(I - 4 B )1 4 B -4 JB . 19954F, Corbett! g
AR T & B G E Lal, 53] 18— A2 Bl
ME—— MY RIENF & B x LY Lal. Lal
HARAUNIASI JZ R 5 (5 2 T H ) 2 S e 1
HMMZEZL ), WA ZERAE R RH 2IREME. 2006
4, SimonZ5! U FHl 42 J8 ANiE JF Lal, B Lal, (1 77 VEAE 8L
R P S 3 RNV 1 s N ) R AR 14 T Lal X
Lal FEFHZ A atiE s 7 H B A S @M, mE e
SRR R R Hodr a] B A AE = O -

B TARMY 4ok, AR A 4 s [ AH AL G ik
HFEEMLY). B, Hh A HMEEENaCIEY
Feh A —FIMO, 1AL T &8 — A
SmOFINAO# & B A &t Sk, Hh&a
Rt RE T AE=M. wah, WEHEEIRETT
FE A FINaCIR £ A B AL IEUNT . 2206 I 428
POE S AN L xRt FE , AR BA
S E AR AN AR, HpdaO R R
e ks B BUUAGEES RS, BRTRE, ALl
KA 4 J8 =< 4k LA [ AR A B 0 iU T A
. BRI T LLZE Meyer Al Corbett 55 £ 5 1]
m%é/%ﬁ[loo,ln,nz,m]'
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4.3 WM

e i A T /KB TF IR L& E T H
HEW . YO HISMmT =R, HABACANFE 48 B T
TR A WIARED iR H A TV KA R AR e AP AR, 1E
JEARPER R FI R, RSB RR L8R B, &=
WAL YD # HA B Vs AR, T LS )1 R AL
MR E RS FRLEY), HEHWRIES IR0
TES AN MCARR. FERENE, —MES T2
AR RSRE SR O R R 8 5 R
)y 772 A] DI ik 5 46t B 17 25 1 CA SN B A BE AT
BE ST IR SRR AN, RGN L4
BEFSc. Y. La¥'. Gd*'. Lo’ A4
TR, FREAREHEPRIS 5. Bk, wLUEIFEPR
F U 0 iR A7 5 B R R RN A e R TR
U R BB Fa s AR SN R R B TR
AR, ZTETA N LS T AR SR AR
R AR AR W 4 TR A R R AE B 45,
BATEARIIHT T IR L8 AN B 1 557 1 L1 IROR 4 i
EHFE.

44 HTHEEY

Rt L& B0 n TGV AT MES,
Bt & B AL AN S T D s R RIS Bl
T RN 1S el K162 D O (150 e e o W
EYRIETE, IRZIE T X TR e B A S AR
RN MWW EBER SN E K, MUES TR
AW L& BAAEIE M ANTS, RIER &% -
WA EE&EEFILT A5 m 5 W
R QL SR L S BR AT, MR
T EA45d TR RS o £ d g L TRE A AL
RL7= A T BT TR A HmE R U e, A = B
16 8 &R 0T RS ) A AR R AR f-d TR
GHFE RN, KPR REUERNENTIR LSRR
WTEEARTENERE, WART =M1 RS
DL =3 A B 1"~ (1 /1w 3 e 1 Wk ]
(10 L 45 ) % S T 1) JEUER 5 ML ORI T A K
o B ARG 41 2 DA S f-d 2 AL B TE PR 8 25 AT )
K. AENE e L, BATEIHRNH &)@ e2=1 7
SR BN EEAANTREAN A T 2 N
ElEihsE, Kk, REI442TELG R MR 4R
e SRJE, FRATEAE B TR — AN AR ST 1 4,
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E4A3TINA T E N =Hia B LSRR A, #E,
TE4. 44T TAVEE B — D 5N L &R 1 = B H AR
FRIATER, BIVAR H 0 E Ak 2 X — AT e i Bt
TG W L& B FRAYRIRIL, )5 #E
IERFRA 4451 E SR N .

441 ZHMm—MBELEREGEE. 8. &)

(20 IR 10/ w2 T - SN A O =AY = X5 5
ROMER, Lo FRAWRIF AL H %2, i At
AERZER A F O E N, AR B G 44K
KW FEEY, oM k. Rty
ORI IR I R BOAR S HAT AR FCAAR) R BCALEL ) e
BB DS E. R L, RATEE
MR T 5GP & R IR EA AR & 8 — AN Fh
TR, FERIRCp ,Sm (Cp =n’-CsMes) ik 5
=3

M L &R IR IR A R R R 2R
HE, HTHARMEEN S BEARE NSRS E
P, AT DAVE AR AN s - 48 A HLAL B 1 S5 7 T XA
KaganZ!"I 4 i 7 SmIL I 255 7 HAE WA ML b
F 0 2 3R JE ) g A2 40 MI, (M=Sm, Eu, Yb)#]
LR ALY 77 v A 4 8 B 5T 511, 2- L 20 Je i) 2%
HE(E8G)" . LAEHE HI i B2 SmI, A, AR
T THFH SR J5 #1177 LS 2R AR I SmI(THF),, 1Ml
TETHF H 45 & ) vT LLAS 2 45+ B4 BE & ) Sm, (THF) 5.
SmI(THF)s 2 I -G EC A7 1 M XL 2504, Fep A
MR Ak Tl g, T S AN DU SRR IR 49 WS T A 3 T
(KEI8(b)). 4k R AEAE 2 — B — ik (DME), NIATHE
A B ECAT I SmIL(DME),(THF) #1SmI,(DME)(THF),
U381 st s Y = 85 0 — H W — ORAIC (RIS, 7T LA 315
A G5 19 )\ E A (9 Sm,[O(C,H,OMe), ] #5171,
i 7S BCAR CLA, A B i R UEC AR 1T LS Sml, B
WA FEREY, W-ElALIMI,(CH;CN);
(M=Sm, Eu, Yb)""*", NEA7fISmI,(N-Melm), [Sml-
(u-)(N-Melm);], (N-MelmgN-H LRk )Y 0 Eyl,-
(‘PrNH,), " #1SmL,(HMPA), (HMPA Jy7s 5 ik =
), DA — AR 45 M I [Sm(u-1),(NCCM e ), ],
&GRS T HIECA WIHMPA, 4 & B AT DARE A Hi 1 o8
SmL, IR R RE 77, 1M 5 2 3 50 an e 45 T DAIE i 5
SIS (U0 57 748 B T B B ) I PR 5 I S 31 7
2 OS] o —IT A R f  BR  SK p E A  n

(a) (b) |

THF, RT THF | wTHF
MO + ICHCHJl ———= Lnb(THF), ool
/| >THE
M = Eu, Yb, Sm _ ‘

B 8 (a) MI(THF), (M=Sm, Eu, Yb)J& ; (b) SmI,(THF),
AR S))

Figure 8 (a) Synthesis of MI,(THF), (M=Sm, Eu, Yb); (b) structure
of SmI,(THF)s (color online).

SmBr,. SmCl,. Sm(OTf),ZE# I EFH 5SmL AT
BY R AR S E A R, L mT DA SR Ji B A
R A NUR Y, M R TR N ) R S
O R IR IR T R RS RS T R R X AN
P - b IE A N BRI R, B R e mT
PLlZEKagan. Flowers II. Szotak%5 35 fHH R 4%
ﬁ[15,16,138,139,145].

IR a3 (Cp) RECAREM: & B AN =
P FE AT @ R CpFR BRI T DA
ARECAAR I H T RE M AR ECAAR ) S (R FE RN, . B vy
TEH WANIER RS, &R ALY
W HRICpALR, BFEHEE. FARE. T M =HHE
REREER I Cp AT AE B AR, Forh, e LI 2 4 2R Y
RIGICP, TMCp'(n’-CsH,SiMes) Cp”(n’-CsHy(SiMes),-
1,3). Cp'(n*-CsH,Bu). Cp"(n’-CsH;Bu,-1,3)Z Bt At
HERZ . 19804F, ZalkinZE! ] HINaCp Al
EuClL B YbCl, 2 i3 8] T 0] ¥ T A HLEFIHICp ,Eu-
(THF)AICp ,Yb(THF), Jf 8 S XS R AT R A T J5
F 5 T-450). 19814F, EvansflAtwood 2! F 4
JEZESIERE T B — W T A NE A R S
Y)Cp ,Sm(THF),, F£XFH AT T 8 REEMIERAE. bE
J&i, Evans® Y AHZKIRIE T THAIMALICp ,Smif &
S A FRAE UK VAR R Cp ,Sm(THF),!
(119). XFCp ,SmUA KK AAICp ,Eul " fy 8 5 45 ¥y 2
fES7R, PiACp B2 dh B A, X 5 %%k
o SE 4 TAT B G RFE RR T B B G L (1 10). X S
(K145 RN R 57 14 I8 5 Cp e Ak i B2 11 v 5 B T
PR, ML T ECES dh S50 B A AT IS5 0
AR R s ik P i A 4k T DL e 4
Cph EEUREE 2 RO BH, B T GRE & A R iR
WEERR MR, TS R PAT S B %M 4R i
A, WFAT 25K 1R (CsPhy), YBU A1 (Cp™'9),Sm (Cp™©
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1) excess Cp'H
n-| hexane -120 °C
sm T e \
/T"'F _Heat Sm 140°

22KCp' TTHE
THF, rt.4 h

B9 KECp ,Smif) & (M4 iR )

Figure 9 Synthesis of Cp*ZSm (color online).

Smly(THF),

B 10 Cp',SmPys) T 45 HI (AR 2 $150%,
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Figure 10 Molecular structure of Cp*ZSm (50% probability ellipsoids,
hydrogen atoms are omitted for clarity) [158] (color online).
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Figure 11 Reactivity of Cp*ZSm. (a) With representative inorganic small molecules; (b) with arenes (color online).
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Figure 12 Molecular structure of (Cp*ZSm)z(p—nzznz—Nz) (50% prob-
ability ellipsoids, hydrogen atoms are omitted for clarity) [163] (color
online).
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Figure 14 Sandwich complexes of divalent rare earth metals with
macrocyclic ligands (color online).
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Figure 15 Examples of classical divalent rare earth metal alkyl complexes (color online).
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Figure 16 Examples of classical divalent rare earth metal aryl complexes (color online).
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Figure 17 Examples of classical divalent rare earth metal low-
coordinate amido complexes (color online).
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Figure 21 Synthesis of non-classical divalent rare earth metal complexes supported by cyclopentadienyl and phospholyl ligands (color online).
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Figure 23 Reactivity of non-classical divalent rare earth metals with
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Figure 24 Synthesis of M(1,3,5-BusCgH;), (color online).
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Figure 25 Molecular structure of Gd(1,3,5-BusC¢Hs), (50% prob-
ability ellipsoids, hydrogen atoms are omitted for clarity) [255] (color
online).
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Figure 26 Stability of zerovalent rare earth metals bis(arene)
sandwich complexes (color online).
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Figure 27 (a) Synthesis of Sc(n’-P,C;'Bus), and [(n*-P;C, Bu,)Scly(n-n’m°’-P;sC5Buy); (b) synthesis of [Sc(n’-P;C,'Buy),](-n"m’-PsC, Bu,)[Se(n’-
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Figure 28_ Molecular structure of [Sc(nS—P3C2'Bu2)z](u—n2:nS—P3C2—
'Buz)[Sc(nS-P3C2tBu2)] (50% probability ellipsoids, a disordered terbutyl

group and hydrogen atoms are omitted for clarity) [270] (color online).
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Figure 30 Three-electron reduction in the activation of dintrogen by rare earth metals. (a) Dyl,/KOAr; (b) K/Y[N(SiMe;),]; (color online).
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Figure 31 Molecular structure of [(ArO)z(THF)Dy]2(p3—n2:n2:n2—N2)K—
(THF) (50% probability ellipsoids, hydrogen atoms are omitted for
clarity) [292] (color online).
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Figure 33 Synthesis of benzene-bridged inverted sandwich complex of dilanthanum (color online).

1529



BT (R R [ 32 R AN

+K

SiMe; + 18-crown-6

Me3Si/@\/

x

M= La, Ce

MesSi~ 4 @
msm% Hes +K —L

+ 2.2.2-cryptand
THF, Ar

M=La

&l 34

[K(18-crown-6)(OEt,)][Cp";La']
or

Et,0, Ar " "
SiMe; /{Ku8-crown-6)(0Etz)21[c|o +Ce"{Cp"3Ce'"]

SiMe3
SiMe3

all

Me3Si
‘Q\% SiMe,

SiME3

B ARG G AN &R T RS Y(Cp"sM) (M=La or Ce)#& B(M 2% hi 2 K])

Figure 34 Synthesis of the first non-traditional divalent rare earth metal molecular complexes (Cp”;M) (M=La or Ce) (color online).
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Figure 35 Molecular structure of [K(crypt)][Cp”;La] (50% probability ellipsoids, hydrogen atoms are omitted for clarity) [300] (color online).
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Figure 36 Effects of different Cp ligand to the selectivity of reduction of rare earth metals (color online).

1531



BT (R R [ 32 R AN

SiM93

g

KCg, 18-crown-6
Et,0, Ar, -35 °C

SiMe3

(\Q/v SiMe; %

)

SiMe3
Me3Si

- graphite

M =Y, Ho, Er

B 37 Akt 4R A YK (18-crown-6)][Cp’sM] (M=Y, Ho, Er)iJ4& (M 4 i)
Figure 37 Synthesis of divalent rare earth metals complexes [K(18-crown-6)][Cp’sM] (M=Y, Ho, Er) (color online).
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[46] (color online).
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Figure 39 Synthesis of divalent terbium molecular complexes using the system of K/18-crown-6 (color online).
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Figure 41 The relationship of difference in M—Cp’..nyoiq distances and
electron configuration of divalent rare earth ions [76] (color online).
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Figure 44 Molecular structure of [(Cp[P'S)sz (50% probability
ellipsoids, hydrogen atoms are omitted for clarity) [73] (color online).
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Figure 45 Synthesis of divalent scandium complexes (Sc[N(SiMes),];)
(color online).
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M = Nd, Ho, Er, Tm

Bl 46 [M'(crypt)]IM[N(SiMe;),]5] (M'=KBRb)¥I £ (4%
IAR)

Figure 46 Synthesis of [M'(crypt)][M[N(SiMe;),];] (M=K or Rb)
(color online).
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Bl 47 [K(crypt)][GA[N(SiMe;),]5] 1143 45 44 (R Bk 241
50%, MMIBR T —ANT0 0 = AR B AN — AN 07 AL B 7,
SR TR W) (LR

Figure 47 Molecular structure of [K(crypt)][Gd[N(SiMes),]s] (50%
probability ellipsoids, a disordered trimethylsilyl group, a disordered
gadolinium atom and hydrogen atoms are omitted for clarity) [72] (color
online).
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Figure 48 Synthesis of [K(18-crown-6),][M[N(SiMe3s),];] (color online).
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Figure 49 Synthesis of [K(crypt)] [((Ad'MeArO)3mes)M] (color online).
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Figure 50 Synthesis of [K(crypt)][M(OAr');] and [K(crypt)]-
[Y(OAr* %% 1 (color online).
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B 51 [K(crypt)l[Sc(OAr) 53 T4 M (AR ER S 550%, SUR 71l 24 ) (M 4 BOR 1)
Figure 51 Molecular structure of [K(crypt)][Sc(OAr’);] (50% probability ellipsoids, hydrogen atoms are omitted for clarity) [342] (color online).
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B 52 [K(crypt)LI[(KL;Ce)(un"m-C-Hg)],Ce] HIEr B 45 7 1))
Figure 52 Synthesis of [K(crypt)]2[[(KL3Ce)(u-n6:né-C7H8)]2Ce] (color online).
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Table 7 Structurally-authentic non-traditional divalent rare earth complexes supported by a variety of ligand systems
[[REESS il fili % b3S AL Bk i (74 (74 B ki Bl
(Cp'sM)Le176:295:301 + + + + + + + + + + +
(Cp"sM)y 0318 + + + +
(Cp* ;M) + + + + + + +
(CpiMy *
(cpMe My + + + +
(Ccp™H)M™! + +
(CCAORmesMy L L L ? Lo
([(Me;Si),N];M) 17272233 + + + + + + + +
[(ArO);M]~ @ 1743#] + +
[(Cp'M)x(CH)* " +7 +9
[[(KL;Ce)(C;Hg)],Ce]*™ 11 +9

a) Ar=0C H,'Bu,-2,6-Me-4, M=Sc; Ar=0C¢H,Ad,-2,6-Bu-4, M=Y; b) L=O(SiO'Bu)s; +: 1 Z& H ¥ 14 8 B F 1 FE 4 L F R g 4t'sd!
((CHad', Himsd); +7: AT ML BB T RS R TR L B R AETERE L, Bt &R0 e3; 2 B AR
Holfe T 800 L & BN S FIWTASTE T +2: AE7E AR A IO BC AR 5 B0 - SR AN 35 UK A e

KRZERE"Y, T LS AR R T4r 554 T8 &
EMEAEARBR LR, FE, XA T ER SR
X AL, TR T8M 481X — Rl BE A %
AL BT RWAERN, ML TFER SR, B e
JE IAEUTE US4 HIL R E AR, Rk H4f55dE 1
FEREHEMAEERMRK. M TEE &R,
HT4ffuE 55dfuE Rt & BRI, "REAFEIHE
HIf-dZstl, X2 FELSHA R R B, HAH,
T B &R AR RS R 25 5, T EesHliE
FIREEE F . B, FEEE M+ EEE T3
BT, 6sPIBERH S IH B, HFEEEDN
5d25esiiE rz e,

MR O — M fe - 4 e el . B, B4, TRl
TR P AR SR R AT R A TR, T TR
(Cp'sM) 1A Z ¥ hgat"sd (5t A v i o) R,
FEBE 5 I 72, Evans 5 MeyerZs R ILZE([(MV°ArO),-
mes]M) 1k RN IR A BT N4, TAE
(Cp“sM) #k &, Dy [ T R4e', (AN
FIEEAS TR A5, — ki, SREAf™ A
H TR R ) S 22 M R AR A A — B, BIAR
YRS J5 H A 470 /N PR S b 4 S8 A A 1) TSR LA™ ik
SHTHAE. HTF4PER D> Z AN ECAR T, —BOA
RIBCARRT 5d 280308 BE 2% 1) 52 e o e # Y A8 R — Ay
Mt & BERASE TN EERER. B2, HiNE®

A RIAR B BC A4 A 2 B lC AL 25 44 SIe TN A4 71 =8 SR
MMt ERES TRAYP NS E TN T
. I A RCE 2 1 A R AR AR R R B A0
LB A, JEEE S RHIEE IR AE 772X ANES! YAl
AT REVET M S s e e e G —
v A AN N B e o g A LU B = R A A
Z k.

S, 4T, SEfEG A e R R
T FH e R 2 R Az VL RN B A AR A &R SR A e — AN H
TE&BET, MRS RS RH Bk TR 4
JERIECAL, MITBERS T 3 H S MR R, Al T
AL g A # T & ARk R, FLASR AT LS /N
SAFnCoR, N0 o, PP A | R
JEF X M EF. sk, JEfESR L4
JEEL A PIE v] DUE SR IR TT e anZE . BRI FIEA < DU I
BEHAET, AR LEE S RHE T
B & A, Evans R IRE T 4
JERL A5 DU SR 7 Rk AT IR RS, BL R S5 RESE
P NPERETE. o, A RS T E S
T E&BEA Y E WS RS E L —.

FE NI S, X A0 4 e B TR AR G
PSR 55 R E oA A E H KR . BT HERA KRR
NSEMm L ERERAYEEIRKMIMEE, Evans
23401 iy - TG AL IEPROYG % R G MEHURF 58 T 2 AMK

1547



BT (R R [ 32 R AN

&, (CpM) « (Cp"sM) + (Cp*sM) " ([(Me;SD,NLM)
[(ArO)sM]", P LA S AR B I8 ()38 I g 77 1k 55 1
BAFFEPRIZE S 19SS, Y+, La®'. Gd*" FILu*fE
NFERR, ISR N ET R I EPRAS 5 AT DA e M A3
H 0 T & R A YR R RS A XS BRES . WfE
(CpsM) TR R, %, 8. H&r & LIS
JEXF R =7, W = IR R A AL (B2,
= HW LR =M AL B T, (HAR Rk AL
FIHARE X R SR/ =M E T, XU M
BT R P B RIGHIE R, T ASEA
EPR{E 5 HI M8l B8 1, WF 70 R B3 ] DL i oAt )
N EEE T, AR N R TS FHEPRWL
ME] RS T R REAERE. X T (Cp'sM) 1R R, #]
DAAS tH LA Ji g 77 1 A XS 3 55 8 A Th(1D) 2 Y (1D~
La(ID~Lu(ID>Gd(I1) 7. 2efhih, =] BLAS )
([(Me;Si),N1sM) ™44 Z [ H X638 JR 1 38 55 N Th (1)~
GA(IDZYI)>Sc(ID). HR—HH2, EARE RS, —
M # 4 J8 B T8 TR I b 4 R A AR AR AE
(Cp’sM) 1k &, Y(AD)>Gd(IT); 1E7E([(Me;Si),N];M) 14k
ZH, GAIDZ YD), X ULFHAFRIRCAAR 20 =0 L4 )R
FIEJERE b G 5omd. (R, EvansZFilt— P71 [H
Fhbf L& JRAEA [FA & P B R B 7 AR R SS. X
T E T, HIEJE(ArO0), Y] ~([(Me;Si),NLY) >
(Cp'sY) P, 3X— 7 1 5EPRAS 5 1 M 4if &
WRRIRADA—E XTFMEE T, [(Ar0);Sc] ~
([(Me;Si),N]5Sc) ™. Xt F _irfil e+, (CpsLa) ~
(Cp'sLa) >(Cp”sLa)”. 7EJAAZEPRIZIRAIIEFEF, ANF]
BeAAfR RIFFR T TR AN, B2 KA AR A e 2 Y,
T E 4 7 A R ) AN 4 SRR RT DL EPRVL
SE, XL FAIEPRICIG UL, M &R Ak
RIEHN 1% A BRI, b, g s+
EREME A, UURIEZIm MRS, .
Bl (1) AL AN B I SR AT AT = AN B B AL T TC S &2
—H, SRS MR SRS T REAES
it 4 8 25 7 B BRI R

S5 RSB, Bt RS ARe)E
Mg T IX oz, HAk2e 5P B A — 2 AL
PE. MW &R 4fE, PR SR, Rl 2P R
B~ stPuE A — e s Ed. 507
H], AR 4R 6d IS e i 5 SEEUIE RE AR . X 4R
fEAF AT R &8 IS5 6dEUE AR RE S 5 i, )

1548

KIFEF T IR RTH R4S R 5t
£ J@ (AR, Evans 5Furche5 Y -20134E 4018 T
T8 B 5 R AL ) A B B S P [K (erypt)]-
[Cp’5U]. BiJ5, Evans%&KIL[K(crypt)|[Cp"sM]FA ZR%TT
R4 R 4 B R A B T i Aa e 1D, IRk zk R i
JEE T AR s e e . i
Ab, HADECAAR R R BT DA e AT R S A,
2014%F, MeyerZ U HRiE 7 M8l 9BE &I [K (crypt)]
[(**M°ArO);mes)Uf# & 5 #4E. 20184F, McCrack-
en. Shores. Boncella. OdomZ:P i 7 — Ml
& TUNHAL™), (Ar°=2,6-(2,4,6-Pr;C4H,),CeHs)
& S £AE. 20194F, EvansZUVIH#E T
[K(crypt)][Cp";UIFI[K (crypt) [U[N(SiMe),]5 I 5
5 RAE. 20204F, Tong. Mansikkamiki. Layfield2&">!
RIE T E ) BT AN S (Cp™T), U A R S
TAE. TR W, AT R BRAM S EEE M0
M L& BEAYE REA IR R IARIE. DI 7T &
ZWahonE, ZRRR, OECPREA. = MR
BofAk. SRR, FERCARSE, #nT LARs e .
AL, Ml &R 2 U E LR e L &8
BL &Y PR B R, (B2, A T# &R rarssd
P, I RS EMSES6dFEE =R A SRR
g, WM P REEMNRSHETFHHEZE. N
IF] —Fe A& R [K (crypt)|[Cp M A F & 8 kA, —
Wik Rsfled’ . i hsted . M sted' . —
WERNSE. IWF— 2RI R AR Rk, ek
A H T K (erypt)][CpsUTs [K(erypt)][Cp”5U]-

[K(crypt)][Cp“,UT+ [K(crypt)][UIN(SiMes),]s]H J
sf'6d', MHLE[K(crypd)][((**MArO);mes)UJFIUNHAL ™),
T EINSE. T (Cp™ )UK NN & 45 Ts/6dIR 4 R 4>
f5£°6d" B TR TE. 52 2% 2 A (R 25 B TR T I VEIE T
AU R & @ P A7 TR 2 3 B 5E-6d 5B 1 42 4L. 20204F,
EvansZ: U R H R AL EPROGIHR 5T T N -4 )@ 4l
MELE W B =00 5 4 s LA 38 i e 77 R AR X
MRS, AREY, “MPRESEREYCp"M (M=Th,
U BER =i - & B &9 Cp"sLafiCp'sYIE oA
MM =AY, H2, M [K(erypt)][Cp”sM]
(M=Th, U)W T LUECp”sLaRiCp’s Yk RN 0 i)
(Cp”sLa) MI(CpY) ™. H—J7H, i tEEi S
YI[K (crypt)][Cp”sLal FI[K (crypt)][Cp's Y W AEIER R =1
MELRC &4 Cp” s ThE M 1B F(Cp"sTh) ™. X —%4



FRERLE: B2 2020 4E B 50 % 2B 11

RO, FECRCAAR R R, s, 22, BE. B EAAHE
LRI SR GE 7. PR T Rl AN 2 S [, A SOnt — 08 &R
SIRBCEYINIE S GHRIES 7 20 R
R, FAVL WA A SRUR ) BT
W R e R AEFH AAS ISR, WD B 5 2
N[5 15E.

5 Egi5RY

MUL BT, #&J@ A2 ik R 1R IR
MR E1059K, #EaErdEtaE S
R R R, T TR LB TREY)
S LN S S a R AR E 'S S N E S W
BT, S TSR IR E AN
R S 5 ks, e 2 AR 1) H R R S PR &
&, GRNERETEMERNELEE, UEAS
A AR WEWAE A FEAEMSEZ AT, A
BT R EARM SR KRR, EERHT
I 4 B AL RS R R DT TA).

2T e =t i e g s ol = 1 B ol i v A
B MZEHW, 1UE=6Toav)E -4 Hn— 1)
Pr(IV)BC &0 438 . Mazzanti%s & J@ 1Rk A 5L Ak
FlLa Pierre 515 11 1) 0 fi i A4 47 2 SR 25 Ha 1) £ Fe
PN TN = WL A W0 0 R 0 e g ==L AT IY
PR AR G e . R TE 2 1 Re g AR oE 1 DN
M L& BT IECARA R, FHEAF T RN 48 5
FHUR PR YA Z SR E R 2 L A, TR
VO as - B F S PR EE N T IE=M ST,
TATHE [ 25 (A1 4% A 73 A AR K, PR E DY AN 4 -
BT MAIEFE BES S BT sett. B
L& BT CE R, TUNESHAL T2
WA, SH RSB SR, mHEAE
BaPrO; H ik f7 76 AN [ T 4t 54 (i &0
XANESEFRAL RN, 7EPUA Sl DU A5 A1 DY fir B A iC
GYh, WLEEMAHER —ERERS S T
g RextE N A R ATELIE S 5 B T ST
{198 & @A FL st N — DB B, RI4fHUE %
RNEIERE X EMmESIE. B4, S E&EAa N
AR S 4 BT R T S i s me . ok
Rk e T 2 BB AR 2 ke DU A, L= DU g5 A g
e B AN AR — MR AP AR A 2

iy

(iR s A S P | 2 R (g el -
FIBEIEARAEA S ORI B i ). 12K 102 45K,
BRI AR USRI 7 < B ) — v o TR &)
WA AT G RAE, I HIEH A BC AR 2R e Pk
PSRBT AR A R B T T A S R
E‘Z'ﬁ E,(]ﬁﬂ ﬁm‘mﬁiﬁ%)\[76,78,79,299,34l,346,355]' ﬁ;‘#%ﬁ@
IREIIE Dy ¥ 2 BN VA i G it /1 e il R )
T, A TR R AR R, T RETE4E"Sd A
A" R T IR R A OO A, Rtk gt
AR AR T4 Sd R A T R B AT Ak
PR ARG TR R WA LR BRI SRR
AT B I SR SABUE T R A, et
R T RE IR AN s e R A P T R T
FOHTTF TR R M. b — A R 5 B S
B R, AR R S (CpT ), Th
U ik 7 =24 T Rl FEE AN T T T4 B 22 A e OO BR. 201
R YT, AR R R AS B8
AR SR AR TN, X AR W] AT BEA A B (R f-d 2k
A, RSB PR R AR U R A T N

JEEARR, Wt RIAE st A S ml e
P EER R . 55—, WA Rk
fEE LML RAETHAMNE. flin, ER
AR AT Do E R, KNS THREY
ke e LT BEHR A T T B A, EAI A LAl
GdC1, "2, 4y TR A AT A IE — 1 I B £
o270 BON S E 2 E— W TR AV TR
B F A =AU R DT R S R
Frokifik &R, RUENHLEBERE LS TREY
o AR AR AE N ML R R R I A T 125K ) 4%
RECEY), IFWT T SN AT AN T b A
BHLIA. LR, M(CO)s B L e @It b SIS
AR BT, A B AL 1 R R AR T
— SBT3, R R T ) 2 RS Rk
BRI, R R R KL T SR N2 TR
AR, e, BT A2, 43, HMEMENES,
i I SEHL il 2 DU A il AR LR AL, KO A R A
EE K T RIS R AR, D 7SI
RAER, B ERh haes N AR E
JBZ RS AR R, AT L —FaE M Bk
iR AR R, RENSIRIIN R2E 2 A A AL 10

1549



BT (R R [ 32 R AN

[N NN R e B A NS O L P N 1w A L WA
5 R R — A~ B R AR

zi b, Wit& BRI g A S MR+
S E A b i E AN B BB s —. Rt
GRS R AT 8 T #6148 A 2= Sl 1 1H
W, I R 4 8 G R R T S s R
SRR TR T AF R, H 17945 K I — A

S5 3k

Wi LICERECUAR, WA 20 LR IR T %
RIE Rl aal )L 4R, 2ai T ML edh
AR F R 2 AR 3 5 e 1) v 800 70 B AR IR
AR, W< B TSR L fi . IX AN R T
FEMRZ BN Z N, B A SOT LRt
ERSERHTAT. T B R R HE AL A 2 S FR R
AR D AR R+ B i RS & BB TR S A

—

Cheisson T, Schelter EJ. Science, 2019, 363: 489-493

Buenzli JCG, Piguet C. Chem Soc Rev, 2006, 37: 1048-1077
Rinehart JD, Long JR. Chem Sci, 2011, 2: 2078-2085

O 00 N AN W R W N

—_ = = =
W o = O

Connick RE. J Chem Soc, 1949, S235-S241

—
~

2019, 363: 265-270

Qi D. Hydrometallurgy of Rare Earths. Amsterdam: Elsevier, 2018

Cotton S. Lanthanide and Actinide Chemistry. Chichester: John Wiley & Sons, Ltd., 2006
Atwood DA. The Rare Earth Elements: Fundamentals and Applications. Chichester: John Wiley & Sons, 2012
Rudnick RL, Gao S. In Treatise on Geochemistry. Amsterdam: Elsevier, 2014. 1-51

Wang Z. Chem Bull, 2012, 75: 669—672 (in Chinese) [ TG, L@, 2012, 75: 669—672]
Zhang J, Zhao B, Schreiner B. Separation Hydrometallurgy of Rare Earth Elements. Heidelberg: Springer, 2016

Heffern MC, Matosziuk LM, Meade TJ. Chem Rev, 2014, 114: 44964539
Dong H, Du SR, Zheng XY, Lyu GM, Sun LD, Li LD, Zhang PZ, Zhang C, Yan CH. Chem Rev, 2015, 115: 10725-10815
Pimentel GC, Spratley RD. Understanding Chemistry. San Francisco: Holden-Day, 1971

Wang L, Zhou H, Hu J, Huang B, Sun M, Dong B, Zheng G, Huang Y, Chen Y, Li L, Xu Z, Li N, Liu Z, Chen Q, Sun LD, Yan CH. Science,

15 Szostak M, Spain M, Procter DJ. Chem Soc Rev, 2013, 42: 9155-9183

16 Szostak M, Fazakerley NJ, Parmar D, Procter DJ. Chem Rev, 2014, 114: 5959-6039
17 Duffy LA, Matsubara H, Procter DJ. J Am Chem Soc, 2008, 130: 11361137

18 Ashida Y, Arashiba K, Nakajima K, Nishibayashi Y. Nature, 2019, 568: 536-540

19 Dorenbos P. J Phys-Condens Matter, 2003, 15: 575-594
20 Dorenbos P. J Phys-Condens Matter, 2003, 15: 2645-2665

21 Montini T, Melchionna M, Monai M, Fornasiero P. Chem Rev, 2016, 116: 5987-6041

22 Hu A, Guo JJ, Pan H, Zuo Z. Science, 2018, 361: 668—672

23 An Q, Wang Z, Chen Y, Wang X, Zhang K, Pan H, Liu W, Zuo Z. J Am Chem Soc, 2020, 142: 6216-6226

24  Sridharan V, Menendez JC. Chem Rev, 2010, 110: 3805-3849
25 Evans WIJ. Coord Chem Rev, 2000, 206-207: 263-283
26 Meyer G. Angew Chem Int Ed, 2008, 47: 4962-4964

27 Nief F. Chapter 246 molecular chemistry of the rare-earth elements in uncommon low-valent states. In: Handbook on the Physics and Chemistry

of Rare Earths. Amsterdam: Elsevier, 2010. 241-300

28 Woen DH, Evans WJ, Chapter 293-expanding the +2 oxidation state of the rare-earth metals, uranium, and thorium in molecular complexes. In:
Biinzli JCG, Pecharsky VK, Eds. Handbook on the Physics and Chemistry of Rare Earths. Amsterdam: Elsevier, 2016. 337-394
29 Gompa TP, Ramanathan A, Rice NT, La Pierre HS. Dalton Trans, 2020, doi: 10.1039/DODT01400A

30 Evans WI. J Organomet Chem, 2002, 647: 2—11
31 Evans WI. J Organomet Chem, 2002, 652: 61-68
32 Bochkarev MN. Coord Chem Rev, 2004, 248: 835-851

1550


https://doi.org/10.1126/science.aau7628
https://doi.org/10.1039/b406082m
https://doi.org/10.1039/c1sc00513h
https://doi.org/10.1021/cr400477t
https://doi.org/10.1021/acs.chemrev.5b00091
https://doi.org/10.1039/JR949000S235
https://doi.org/10.1126/science.aau5701
https://doi.org/10.1039/c3cs60223k
https://doi.org/10.1021/cr400685r
https://doi.org/10.1021/ja078137d
https://doi.org/10.1038/s41586-019-1134-2
https://doi.org/10.1088/0953-8984/15/3/322
https://doi.org/10.1088/0953-8984/15/17/318
https://doi.org/10.1021/acs.chemrev.5b00603
https://doi.org/10.1126/science.aat9750
https://doi.org/10.1021/jacs.0c00212
https://doi.org/10.1021/cr100004p
https://doi.org/10.1016/S0010-8545(00)00267-8
https://doi.org/10.1002/anie.200801444
https://doi.org/10.1039/D0DT01400A
https://doi.org/10.1016/S0022-328X(01)01462-0
https://doi.org/10.1016/S0022-328X(02)01308-6
https://doi.org/10.1016/j.ccr.2004.04.004

FRERLE: B2 2020 4E B 50 % 2B 11

33
34
35
36
37
38
39
40
41
4
43
44

45

46
47

48
49
50

51
52
53

54

55
56

57

58
59
60
61
62
63
64
65
66
67
68
69
70

Nief F. Dalton Trans, 2010, 39: 6589—-6598

Cloke FGN. Chem Soc Rev, 1993, 22: 17-24

Evans WJ. Inorg Chem, 2007, 46: 3435-3449

El-Ghozzi M, Avignant D. J Fluorine Chem, 2001, 107: 229-233

Anwander R, Dolg M, Edelmann FT. Chem Soc Rev, 2017, 46: 6697-6709

Evans WI. Polyhedron, 1987, 6: 803-835

Cristina Cassani M, Gun'ko YK, Hitchcock PB, Hulkes AG, Khvostov AV, Lappert MF, Protchenko AV. J Organomet Chem, 2002, 647: 71-83
Mikheev NB, Kulyukhin SA, Kamenskaya AN, Rumer 1A, Konovalova NA. Radiochemistry, 2004, 46: 324-339

Mikheev NB, Kulyukhin SA, Kamenskaya AN, Rumer IA, Konovalova NA. Radiochemistry, 2004, 46: 521-535

Mikheev NB, Kulyukhin SA, Kamenskaya AN, Konovalova NA, Rumer IA. Radiochemistry, 2005, 47: 423-439

Evans WJ. J Alloys Compd, 2009, 488: 493—510

Platt AWG. Zerovalent organometallics. In: Scott RA, Ed. Encyclopedia of Inorganic and Bioinorganic Chemistry. Hoboken: John Wiley &
Sons, Ltd., 2013. 1-6

Platt AWG. Divalent lanthanides in solution. In: Scott RA, Ed. Encyclopedia of Inorganic and Bioinorganic Chemistry. Hoboken: John Wiley &
Sons, Ltd., 2017. 1-10

Evans WI. Organometallics, 2016, 35: 3088-3100

Nicholas HM, Mills DP. Lanthanides: Divalent organometallic chemistry. In: Scott RA, Ed. Encyclopedia of Inorganic and Bioinorganic
Chemistry. Hoboken: John Wiley & Sons, Ltd., 2017. 1-10

Anonymous. J Organomet Chem, 2018, 857: 2—4

Meyer G. J Solid State Chem, 2019, 270: 324-334

Ryan AJ, Evans WIJ. The periodic table as a career guide: a journey to rare earths. In: Mingos DMP, Ed. The Periodic Table I: Historical
Development and Essential Features. Cham: Springer International Publishing, 2019. 197-224

Choppin GR. J Alloys Compd, 2002, 344: 55-59

Neidig ML, Clark DL, Martin RL. Coord Chem Rev, 2013, 257: 394-406

Loble MW, Keith JM, Altman AB, Stieber SCE, Batista ER, Boland KS, Conradson SD, Clark DL, Lezama Pacheco J, Kozimor SA, Martin RL,
Minasian SG, Olson AC, Scott BL, Shuh DK, Tyliszczak T, Wilkerson MP, Zehnder RA. J Am Chem Soc, 2015, 137: 2506-2523

Cross JN, Su J, Batista ER, Cary SK, Evans WJ, Kozimor SA, Mocko V, Scott BL, Stein BW, Windorff CJ, Yang P. J Am Chem Soc, 2017, 139:
8667-8677

Kerridge A. Chem Commun, 2017, 53: 6685-6695

Minasian SG, Batista ER, Booth CH, Clark DL, Keith JM, Kozimor SA, Lukens WW, Martin RL, Shuh DK, Stieber SCE, Tylisczcak T, Wen X.
J Am Chem Soc, 2017, 139: 18052-18064

Smiles DE, Batista ER, Booth CH, Clark DL, Keith JM, Kozimor SA, Martin RL, Minasian SG, Shuh DK, Stieber SCE, Tyliszczak T. Chem
Sci, 2020, 11: 2796-2809

Birmingham JM, Wilkinson G. J Am Chem Soc, 1956, 78: 42-44

Shannon RD. Acta Cryst A, 1976, 32: 751-767

Morss LR. Chem Rev, 1976, 76: 827-841

MacDonald MR, Bates JE, Ziller JW, Furche F, Evans WI. J Am Chem Soc, 2013, 135: 9857-9868

Mikheev NB, Auerman LN, Rumer IA. Inorg Chim Acta, 1985, 109: 217-220

Bond AM, Deacon GB, Newnham RH. Organometallics, 1986, 5: 2312-2316

Cristina Cassani M, Lappert MF, Laschi F. Chem Commun, 1997, 1563-1564

Palumbo CT, Zivkovic I, Scopelliti R, Mazzanti M. J Am Chem Soc, 2019, 141: 9827-9831

Rice NT, Popov IA, Russo DR, Bacsa J, Batista ER, Yang P, Telser J, La Pierre HS. J Am Chem Soc, 2019, 141: 13222-13233

Willauer AR, Palumbo CT, Scopelliti R, Zivkovic I, Douair I, Maron L, Mazzanti M. Angew Chem Int Ed, 2020, 59: 3549-3553

Willauer AR, Palumbo CT, Fadaei-Tirani F, Zivkovic I, Douair I, Maron L, Mazzanti M. J Am Chem Soc, 2020, 142: 5538-5542

Friedrich J, Qiao Y, Maichle-Mdossmer C, Schelter EJ, Anwander R. Dalton Trans, 2018, 47: 10113-10123

Rice NT, Su J, Gompa TP, Russo DR, Telser J, Palatinus L, Bacsa J, Yang P, Batista ER, La Pierre HS. Inorg Chem, 2019, 58: 5289-5304

1551


https://doi.org/10.1039/c001280g
https://doi.org/10.1039/cs9932200017
https://doi.org/10.1021/ic062011k
https://doi.org/10.1016/S0022-1139(00)00363-8
https://doi.org/10.1039/C7CS00147A
https://doi.org/10.1016/S0277-5387(00)80921-3
https://doi.org/10.1016/S0022-328X(01)01484-X
https://doi.org/10.1023/B:RACH.0000039107.03910.85
https://doi.org/10.1007/s11137-005-0022-9
https://doi.org/10.1007/s11137-005-0113-7
https://doi.org/10.1016/j.jallcom.2009.02.018
https://doi.org/10.1021/acs.organomet.6b00466
https://doi.org/10.1016/j.jorganchem.2018.01.043
https://doi.org/10.1016/j.jssc.2018.10.050
https://doi.org/10.1016/S0925-8388(02)00305-5
https://doi.org/10.1016/j.ccr.2012.04.029
https://doi.org/10.1021/ja510067v
https://doi.org/10.1021/jacs.7b03755
https://doi.org/10.1039/C7CC00962C
https://doi.org/10.1021/jacs.7b10361
https://doi.org/10.1039/C9SC06114B
https://doi.org/10.1039/C9SC06114B
https://doi.org/10.1021/ja01582a009
https://doi.org/10.1107/S0567739476001551
https://doi.org/10.1021/cr60304a007
https://doi.org/10.1021/ja403753j
https://doi.org/10.1016/S0020-1693(00)81773-9
https://doi.org/10.1021/om00142a023
https://doi.org/10.1039/a702493b
https://doi.org/10.1021/jacs.9b05337
https://doi.org/10.1021/jacs.9b06622
https://doi.org/10.1002/anie.201914733
https://doi.org/10.1021/jacs.0c01204
https://doi.org/10.1039/C8DT01878B
https://doi.org/10.1021/acs.inorgchem.9b00368

BT (R R [ 32 R AN

71 Rice NT, Popov IA, Russo DR, Gompa TP, Ramanathan A, Bacsa J, Batista ER, Yang P, La Pierre HS. Chem Sci, 2020, 11: 6149—6159
72 Ryan AJ, Darago LE, Balasubramani SG, Chen GP, Ziller JW, Furche F, Long JR, Evans WJ. Chem Eur J, 2018, 24: 7702-7709
73 Gould CA, McClain KR, Yu JM, Groshens TJ, Furche F, Harvey BG, Long JR. J Am Chem Soc, 2019, 141: 12967-12973
74 Moehring SA, Miehlich M, Hoerger CJ, Meyer K, Ziller JW, Evans WIJ. Inorg Chem, 2020, 59: 3207-3214
75 Corbey JF, Woen DH, Palumbo CT, Fieser ME, Ziller JW, Furche F, Evans WI. Organometallics, 2015, 34: 3909-3921
76 Fieser ME, MacDonald MR, Krull BT, Bates JE, Ziller JW, Furche F, Evans WI. J Am Chem Soc, 2015, 137: 369-382
77 Kotyk CM, Fieser ME, Palumbo CT, Ziller JW, Darago LE, Long JR, Furche F, Evans WJ. Chem Sci, 2015, 6: 72677273
78 Fieser ME, Ferrier MG, Su J, Batista E, Cary SK, Engle JW, Evans WJ, Lezama Pacheco JS, Kozimor SA, Olson AC, Ryan AJ, Stein BW,
Wagner GL, Woen DH, Vitova T, Yang P. Chem Sci, 2017, 8: 60766091
79  Fleischauer VE, Ganguly G, Woen DH, Wolford NJ, Evans WJ, Autschbach J, Neidig ML. Organometallics, 2019, 38: 3124-3131
80 Hu Z, Kaindl G, Vandré D, Hoppe R, Wortmann G. J Alloys Compd, 1994, 205: 263-269
81 Zhang Q, Hu SX, Qu H, Su J, Wang G, Lu JB, Chen M, Zhou M, Li J. Angew Chem Int Ed, 2016, 55: 6896—6900
82 Hu SX, Jian J, Su J, Wu X, Li J, Zhou M. Chem Sci, 2017, 8: 40354043
83 Monteiro B, Bandeira NAG, Lourengo C, Lucena AF, Carretas JM, Gibson JK, Margalo J. Chem Commun, 2019, 55: 14139-14142
84 SuJ, Hu S, Huang W, Zhou M, Li J. Sci China Chem, 2016, 59: 442-451
85 Soderholm L, Goodman GL. J Solid State Chem, 1989, 81: 121-128
86 Avignant D, Largeau E, Gaumet V, Dugat P, EI-Ghozzi M. J Alloys Compd, 1998, 275-277: 1-5
87 Largeau E, EI-Ghozzi M, Avignant D. J Solid State Chem, 1998, 139: 248-258
88 Gasgnier M, Schiffmacher G, Albert L, Caro PE, Dexpert H, Esteva JM, Blancard C, Karnatak RC. J Less Common Met, 1989, 156: 59-73
89 Gruen DM, Koehler WC, Katz JJ. J Am Chem Soc, 1951, 73: 1475-1479
90 Brauer G, Pfeiffer B. J Less Common Met, 1963, 5: 171-176
91 MacChesney JB, Williams HJ, Sherwood RC, Potter JE. J Chem Phys, 1966, 44: 596—601
92 Hinatsu Y. J Solid State Chem, 1993, 102: 362-367
93 Hinatsu Y, Itoh M, Edelstein N. J Solid State Chem, 1997, 132: 337-341
94 Tezuka K, Hinatsu Y, Shimojo Y, Morii Y. J Phys-Condens Matter, 1998, 10: 11703-11712
95 Fiscus JE, zur Loye HC. J Alloys Compd, 2000, 306: 141145
96 Tezuka K, Hinatsu Y. J Solid State Chem, 2001, 156: 203-206
97 Doi Y, Ninomiya K, Hinatsu Y, Ohoyama K. J Phys-Condens Matter, 2005, 17: 4393-4401
98 Hobart DE, Samhoun K, Young JP, Norvell VE, Mamantov G, Peterson JR. /norg Nucl Chem Lett, 1980, 16: 321-328
99 Varlashkin PG, Begun GM, Peterson JR. J Less Common Met, 1985, 109: 123134
100 Li X, Dong W, Qi Y, Wang D, Yang R. Polyhedron, 1991, 10: 1479-1483
101 Noh W, Girolami GS. Polyhedron, 2007, 26: 3865-3870
102  Gregson M, Lu E, Mills DP, Tuna F, Mclnnes EJL, Hennig C, Scheinost AC, McMaster J, Lewis W, Blake AJ, Kerridge A, Liddle ST. Nat
Commun, 2017, 8: 14137
103 Andrez J, Pécaut J, Bayle PA, Mazzanti M. Angew Chem Int Ed, 2014, 53: 10448-10452
104 Kelly RP, Maron L, Scopelliti R, Mazzanti M. Angew Chem Int Ed, 2017, 56: 15663—15666
105 Arnold PL, Cloke FGN, Hitchcock PB, Nixon JF. J Am Chem Soc, 1996, 118: 7630-7631
106 Meyer G. Chem Rev, 1988, 88: 93—-107
107 Huang Y, Freiser BS. J Am Chem Soc, 1988, 110: 44344435
108 Ranasinghe YA, MacMahon TJ, Freiser BS. J A4m Chem Soc, 1992, 114: 9112-9118
109 Freiser BS. Acc Chem Res, 1994, 27: 353-360
110 Margalo J, Santos M, Matos AP, Gibson JK, Haire RG. J Phys Chem A, 2008, 112: 12647-12656
111 Corbett JD. Conproportionation routes to reduced lanthanide halides. In: Meyer G, Morss L R, Eds. Synthesis of Lanthanide and Actinide
Compounds. Dordrecht: Springer Netherlands, 1991. 159-173
112 Meyer G, Gerlitzki N, Hammerich S. J Alloys Compd, 2004, 380: 71-78
113 Bochkarev MN, Fagin AA. Russ Chem Bull, 1999, 48: 11871188

1552


https://doi.org/10.1039/D0SC01414A
https://doi.org/10.1002/chem.201800610
https://doi.org/10.1021/jacs.9b05816
https://doi.org/10.1021/acs.inorgchem.9b03587
https://doi.org/10.1021/acs.organomet.5b00500
https://doi.org/10.1021/ja510831n
https://doi.org/10.1039/C5SC02486B
https://doi.org/10.1039/C7SC00825B
https://doi.org/10.1021/acs.organomet.9b00315
https://doi.org/10.1016/0925-8388(94)90799-4
https://doi.org/10.1002/anie.201602196
https://doi.org/10.1039/C7SC00710H
https://doi.org/10.1039/C9CC08006F
https://doi.org/10.1007/s11426-015-5481-z
https://doi.org/10.1016/0022-4596(89)90209-0
https://doi.org/10.1016/S0925-8388(98)00262-X
https://doi.org/10.1006/jssc.1998.7837
https://doi.org/10.1016/0022-5088(89)90407-4
https://doi.org/10.1021/ja01148a020
https://doi.org/10.1016/0022-5088(63)90010-9
https://doi.org/10.1063/1.1726730
https://doi.org/10.1006/jssc.1993.1046
https://doi.org/10.1006/jssc.1997.7471
https://doi.org/10.1088/0953-8984/10/50/009
https://doi.org/10.1016/S0925-8388(00)00785-4
https://doi.org/10.1006/jssc.2000.8982
https://doi.org/10.1088/0953-8984/17/27/014
https://doi.org/10.1016/0020-1650(80)80069-9
https://doi.org/10.1016/0022-5088(85)90112-2
https://doi.org/10.1016/S0277-5387(00)86069-6
https://doi.org/10.1016/j.poly.2007.04.006
https://doi.org/10.1038/ncomms14137
https://doi.org/10.1038/ncomms14137
https://doi.org/10.1002/anie.201405031
https://doi.org/10.1002/anie.201709769
https://doi.org/10.1021/ja961253o
https://doi.org/10.1021/cr00083a005
https://doi.org/10.1021/ja00221a065
https://doi.org/10.1021/ja00049a051
https://doi.org/10.1021/ar00047a006
https://doi.org/10.1021/jp808077b
https://doi.org/10.1016/j.jallcom.2004.03.031
https://doi.org/10.1007/BF02496029

FRERLE: B2 2020 4E B 50 % 2B 11

114
115
116
117
118
119
120

121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

145

146
147
148
149
150
151
152

153
154
155

Bochkarev MN, Fagin AA. Chem Eur J, 1999, 5: 2990-2992

Bochkarev MN, Fagin AA, Fedushkin IL, Trifonov AA, Kirillov EN, Eremenko IL, Nefedov SE. Mater Sci Forum, 1999, 315-317: 144-153
Evans WJ, Allen NT, Workman PS, Meyer JC. Inorg Chem, 2003, 42: 3097-3099

Corbett JD. Rev Chim Miner, 1973, 10: 239-257

Bronstein HR. J Phys Chem, 1969, 73: 1320-1326

Meyer G. Z Anorg Allg Chem, 2007, 633: 2537-2552

Bochkarev MN, Fedushkin IL, Fagin AA, Petrovskaya TV, Ziller JW, Broomhall-Dillard RNR, Evans WJ. Angew Chem Int Ed Engl, 1997, 36:
133-135

Bochkarev MN, Fedushkin IL, Dechert S, Fagin AA, Schumann H. Angew Chem Int Ed, 2001, 40: 3176-3178

Evans WJ, Allen NT, Ziller JW. Angew Chem Int Ed, 2002, 41: 359-361

Evans WJ, Zucchi G, Ziller JIW. J Am Chem Soc, 2003, 125: 1011

Fagin AA, Salmova SV, Bochkarev MN. Russ Chem Bull, 2009, 58: 230-233

McCollum BC, Dudis DS, Lachgar A, Corbett JD. Inorg Chem, 1990, 29: 2030-2032

Gerlitzki N, Meyer G, Mudring AV, Corbett ID. J Alloys Compd, 2004, 380: 211-218

Beck HP. Z Naturforschung B, 1976, 31: 1548—1549

Pauling L. The Nature of the Chemical Bond. Ithaca: Cornell University Press, 1960. 403

Lokken DA, Corbett JD. J Am Chem Soc, 1970, 92: 1799-1800

Martin JD, Corbett JD. Angew Chem Int Ed Engl, 1995, 34: 233-235

Ryazanov M, Kienle L, Simon A, Mattausch H. Inorg Chem, 2006, 45: 2068-2074

Meyer G, Morss LR. Synthesis of Lanthanide and Actinide Compounds. Dordrecht: The Netherlands: Kluwer Academic Publishers Press, 1991
Jacobs H, Fink U. Z Anorg Allg Chem, 1978, 438: 151-159

Girard P, Namy JL, Kagan HB. J Am Chem Soc, 1980, 102: 2693-2698

Hou Z, Wakatsuki Y. J Chem Soc Chem Commun, 1994, 1205-1206

Evans WJ, Gummersheimer TS, Ziller JW. J Am Chem Soc, 1995, 117: 8999-9002

Dahlén A, Prasad E, Flowers RA, Hilmersson G. Chem Eur J, 2005, 11: 3279-3284

Flowers R II. Synlett, 2008, 14271439

Szostak M, Procter DJ. Angew Chem Int Ed, 2012, 51: 9238-9256

Fang M, Lee DS, Ziller JW, Doedens RJ, Bates JE, Furche F, Evans WIJ. J Am Chem Soc, 2011, 133: 3784-3787

Meihaus KR, Fieser ME, Corbey JF, Evans WJ, Long JR. J Am Chem Soc, 2015, 137: 9855-9860

Di Bella S, Lanza G, Fragala IL, Marks TJ. Organometallics, 1996, 15: 3985-3989

King WA, Di Bella S, Lanza G, Khan K, Duncalf DJ, Cloke FGN, Fragala IL, Marks TJ. J Am Chem Soc, 1996, 118: 627-635

Collins R, Durrant JP, He M, Layfield RA. Chapter 307-electronic structure and magnetic properties of rare-earth organometallic sandwich
compounds. In: Biinzli JCG, Pecharsky VK, Eds. Handbook on the Physics and Chemistry of Rare Earths. Amsterdam: Elsevier, 2019. §9-121
Kagan HB, Namy JL. Chapter 50-preparation of divalent ytterbium and samarium derivatives and their use in organic chemistry. In: Handbook
on the Physics and Chemistry of Rare Earths. Amsterdam: Elsevier, 1984. 525-565

Tilley TD, Andersen RA, Spencer B, Ruben H, Zalkin A, Templeton DH. /norg Chem, 1980, 19: 2999-3003

Watson PL, Tulip TH, Williams 1. Organometallics, 1990, 9: 1999-2009

Chebolu V, Whittle RR, Sen A. Inorg Chem, 1985, 24: 3082-3085

Sen A, Chebolu V, Rheingold AL. /norg Chem, 1987, 26: 1821-1823

Kubus M, Voigt L, Pedersen KS. Inorg Chem Commun, 2020, 114: 107819

Evans WJ, Rabe GW, Ziller JW. Inorg Chem, 1994, 33: 3072-3078

Bochkarev MN, Khoroshenkov GV, Kuzyaev DM, Fagin AA, Burin ME, Fukin GK, Baranov EV, Maleev AA. Inorg Chim Acta, 2006, 359:
3315-3320

Collin J, Giuseppone N, Machrouhi F, Namy JL, Nief F. Tetrahedron Lett, 1999, 40: 3161-3164

Schumann H, Meese-Marktscheffel JA, Esser L. Chem Rev, 1995, 95: 865-986

Evans WJ, Davis BL. Chem Rev, 2002, 102: 2119-2136

1553


https://doi.org/10.1002/(SICI)1521-3765(19991001)5:10&lt;2990::AID-CHEM2990&gt;3.0.CO;2-U
https://doi.org/10.4028/www.scientific.net/MSF.315-317.144
https://doi.org/10.1021/ic0300316
https://doi.org/10.1021/j100725a024
https://doi.org/10.1002/zaac.200700386
https://doi.org/10.1002/anie.199701331
https://doi.org/10.1002/1521-3773(20010903)40:17&lt;3176::AID-ANIE3176&gt;3.0.CO;2-Y
https://doi.org/10.1002/1521-3773(20020118)41:2&lt;359::AID-ANIE359&gt;3.0.CO;2-A
https://doi.org/10.1021/ja0211712
https://doi.org/10.1007/s11172-009-0034-2
https://doi.org/10.1021/ic00335a054
https://doi.org/10.1016/j.jallcom.2004.03.046
https://doi.org/10.1515/znb-1976-1128
https://doi.org/10.1021/ja00709a085
https://doi.org/10.1002/anie.199502331
https://doi.org/10.1021/ic051834r
https://doi.org/10.1002/zaac.19784380116
https://doi.org/10.1021/ja00528a029
https://doi.org/10.1039/c39940001205
https://doi.org/10.1021/ja00140a016
https://doi.org/10.1002/chem.200401320
https://doi.org/10.1055/s-2008-1078414
https://doi.org/10.1002/anie.201201065
https://doi.org/10.1021/ja1116827
https://doi.org/10.1021/jacs.5b03710
https://doi.org/10.1021/om960021v
https://doi.org/10.1021/ja9529697
https://doi.org/10.1021/ic50212a031
https://doi.org/10.1021/om00157a006
https://doi.org/10.1021/ic00213a044
https://doi.org/10.1021/ic00258a039
https://doi.org/10.1016/j.inoche.2020.107819
https://doi.org/10.1021/ic00092a010
https://doi.org/10.1016/j.ica.2006.03.014
https://doi.org/10.1016/S0040-4039(99)00417-7
https://doi.org/10.1021/cr00036a004
https://doi.org/10.1021/cr010298r

BT (R R [ 32 R AN

156

157
158
159
160
161

162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182

183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198

1554

Mills DP, Liddle ST, Ligand design in modern lanthanide chemistry. In: Stradiotto M, Lundgren RJ, Eds. Ligand Design in Metal Chemistry.
Hoboken: John Wiley & Sons, Ltd., 2016. 330-363

Evans WJ, Bloom I, Hunter WE, Atwood JL. J Am Chem Soc, 1981, 103: 6507-6508

Evans WJ, Hughes LA, Hanusa TP. J Am Chem Soc, 1984, 106: 42704272

Evans WJ, Grate JW, Choi HW, Bloom I, Hunter WE, Atwood JL. J Am Chem Soc, 1985, 107: 941-946

Evans WJ, Hughes LA, Hanusa TP. Organometallics, 1986, 5: 1285-1291

Deacon GB, Forsyth CM, Jaroschik F, Junk PC, Kay DL, Maschmeyer T, Masters AF, Wang J, Field LD. Organometallics, 2008, 27: 4772—
4778

Ruspic C, Moss J, Schiirmann M, Harder S. Angew Chem Int Ed, 2008, 47: 2121-2126

Evans WJ, Ulibarri TA, Ziller JW. J Am Chem Soc, 1988, 110: 6877-6879

Evans WJ, Grate JW, Hughes LA, Zhang H, Atwood JL. J A4m Chem Soc, 1985, 107: 3728-3730

Evans WJ, Seibel CA, Ziller IW. Inorg Chem, 1998, 37: 770-776

Evans WJ, Chamberlain LR, Ulibarri TA, Ziller JW. J Am Chem Soc, 1988, 110: 6423-6432

Evans WJ, Gonzales SL, Ziller JW. J Am Chem Soc, 1991, 113: 9880-9882

Evans WIJ, Gonzales SL, Ziller JW. J Chem Soc Chem Commun, 1992, 1138-1139

Evans WJ, Rabe GW, Ziller JW, Doedens RJ. Inorg Chem, 1994, 33: 2719-2726

Evans WIJ, Gonzales SL, Ziller JW. J Am Chem Soc, 1994, 116: 2600-2608

Evans WJ, Drummond DK. J Am Chem Soc, 1988, 110: 2772-2774

Evans WJ, Bloom I, Hunter WE, Atwood JL. J Am Chem Soc, 1983, 105: 1401-1403

Evans WJ, Hughes LA, Drummond DK, Zhang H, Atwood JL. J Am Chem Soc, 1986, 108: 1722—1723

Evans WJ, Drummond DK. Organometallics, 1988, 7: 797-802

Recknagel A, Stalke D, Roesky HW, Edelmann FT. Angew Chem Int Ed Engl, 1989, 28: 445-446

Nief F, Mathey F. Synlett, 1991, 745-746

Nief F, Ricard L. J Organomet Chem, 1994, 464: 149-154

Hayes RG, Thomas JL. J Am Chem Soc, 1969, 91: 6876

Wayda AL, Mukerji I, Dye JL, Rogers RD. Organometallics, 1987, 6: 1328-1332

Kinsley SA, Streitwieser A, Zalkin A. Organometallics, 1985, 4: 52-57

Xémard M, Zimmer S, Cordier M, Goudy V, Ricard L, Clavaguéra C, Nocton G. J Am Chem Soc, 2018, 140: 14433—14439
Bochkarev MN, Trifonov AA, Fedorova EA, Emelyanova NS, Basalgina TA, Kalinina GS, Razuvaev GA. J Organomet Chem, 1989, 372: 217—
224

Trifonov AA, Bochkarev MN, Schumann H, Loebel J. Angew Chem Int Ed Engl, 1991, 30: 1149-1151

Bochkarev MN, Fedushkin IL, Cherkasov VK, Nevodchikov VI, Schumann H, Gorlitz FH. Inorg Chim Acta, 1992, 201: 69-74
Fedorova EA, Glushkova NV, Bochkarev MN, Schumann H, Hemling H. Russ Chem Bull, 1996, 45: 1996—-1999

Petrov ES, Roitershtein DM, Rybakova LF. J Organomet Chem, 2002, 647: 21-27

Summerscales OT, Jones SC, Cloke FGN, Hitchcock PB. Organometallics, 2009, 28: 58965908

Selikhov AN, Cherkasov AV, Fukin GK, Trifonov AA, del Rosal I, Maron L. Organometallics, 2015, 34: 555-562

Kelly RP, Toniolo D, Tirani FF, Maron L, Mazzanti M. Chem Commun, 2018, 54: 10268-10271

Zimmermann M, Anwander R. Chem Rev, 2010, 110: 6194-6259

Eaborn C, Hitchcock PB, 1zod K, Smith JD. J Am Chem Soc, 1994, 116: 12071-12072

Eaborn C, Hitchcock PB, 1zod K, Lu ZR, Smith JD. Organometallics, 1996, 15: 4783-4790

van den Hende JR, Hitchcock PB, Holmes SA, Lappert MF, Tian S. J Chem Soc Dalton Trans, 1995, 3933-3939
Hitchcock PB, Khvostov AV, Lappert MF. J Organomet Chem, 2002, 663: 263-268

Yan KK, Upton BM, Ellern A, Sadow AD. J Am Chem Soc, 2009, 131: 15110-15111

Hill MS, Hitchcock PB. Dalton Trans, 2003, 4570-4571

Panda TK, Zulys A, Gamer MT, Roesky PW. J Organomet Chem, 2005, 690: 5078-5089

Wiecko M, Roesky PW, Burlakov VV, Spannenberg A. Eur J Inorg Chem, 2007, 2007: 876-881


https://doi.org/10.1021/ja00411a046
https://doi.org/10.1021/ja00327a037
https://doi.org/10.1021/ja00290a032
https://doi.org/10.1021/om00138a001
https://doi.org/10.1021/om800501z
https://doi.org/10.1002/anie.200705001
https://doi.org/10.1021/ja00228a043
https://doi.org/10.1021/ja00298a060
https://doi.org/10.1021/ic971381t
https://doi.org/10.1021/ja00227a023
https://doi.org/10.1021/ja00026a040
https://doi.org/10.1039/c39920001138
https://doi.org/10.1021/ic00091a009
https://doi.org/10.1021/ja00085a046
https://doi.org/10.1021/ja00217a013
https://doi.org/10.1021/ja00343a071
https://doi.org/10.1021/ja00267a071
https://doi.org/10.1021/om00094a001
https://doi.org/10.1002/anie.198904451
https://doi.org/10.1055/s-1991-34768
https://doi.org/10.1016/0022-328X(94)87268-6
https://doi.org/10.1021/ja01052a070
https://doi.org/10.1021/om00149a032
https://doi.org/10.1021/om00120a010
https://doi.org/10.1021/jacs.8b09081
https://doi.org/10.1016/0022-328X(89)87096-2
https://doi.org/10.1002/anie.199111491
https://doi.org/10.1016/S0020-1693(00)85004-5
https://doi.org/10.1007/BF01457795
https://doi.org/10.1016/S0022-328X(01)01477-2
https://doi.org/10.1021/om900520h
https://doi.org/10.1021/om500572y
https://doi.org/10.1039/C8CC04169E
https://doi.org/10.1021/cr1001194
https://doi.org/10.1021/ja00105a065
https://doi.org/10.1021/om960493%2B
https://doi.org/10.1039/dt9950003933
https://doi.org/10.1016/S0022-328X(02)01766-7
https://doi.org/10.1021/ja9070865
https://doi.org/10.1039/b313034g
https://doi.org/10.1016/j.jorganchem.2005.03.023
https://doi.org/10.1002/ejic.200600947

FRERLE: B2 2020 4E B 50 % 2B 11

199 Wiecko M, Roesky PW. Organometallics, 2009, 28: 1266—1269

200 Sommerfeldt HM, Meermann C, Schrems MG, Térnroos KW, Froystein NA, Miller RJ, Scheidt EW, Scherer W, Anwander R. Dalton Trans,
2008, 1899-1907

201 Forsyth CM, Deacon GB. Organometallics, 2000, 19: 12051207

202 Deacon GB, Forsyth CM. Organometallics, 2003, 22: 1349-1352

203 Heckmann G, Niemeyer M. J Am Chem Soc, 2000, 122: 4227-4228

204 Niemeyer M. Acta Crystlogr E Struct Rep Online, 2001, 57: m578-m580

205 Chilton NF, Goodwin CAP, Mills DP, Winpenny REP. Chem Commun, 2015, 51: 101-103

206 Goodwin CAP, Chilton NF, Vettese GF, Moreno Pineda E, Crowe IF, Ziller JW, Winpenny REP, Evans WJ, Mills DP. Inorg Chem, 2016, 55:
10057-10067

207 Basalov IV, Yurova OS, Cherkasov AV, Fukin GK, Trifonov AA. Inorg Chem, 2016, 55: 1236-1244

208 de Bruin-Dickason CN, Boutland AJ, Dange D, Deacon GB, Jones C. Dalton Trans, 2018, 47: 9512-9520

209 Strzelecki AR, Timinski PA, Helsel BA, Bianconi PA. J Am Chem Soc, 1992, 114: 3159-3160

210 Hasinoff L, Takats J, Zhang XW, Bond AH, Rogers RD. J Am Chem Soc, 1994, 116: 8833-8834

211 Maunder GH, Sella A, Tocher DA. J Chem Soc Chem Commun, 1994, 2689-2690

212 Song JI, Gambarotta S. Angew Chem Int Ed Engl, 1995, 34: 2141-2143

213 Zhang X, Loppnow GR, McDonald R, Takats J. J Am Chem Soc, 1995, 117: 7828-7829

214 Takats J. J Alloys Compd, 1997, 249: 52-55

215 Fedorova EA, Trifonov AA, Kirillov EN, Bochkarev MN. Russ Chem Bull, 2000, 49: 946-948

216 Turcitu D, Nief F, Ricard L. Chem Eur J, 2003, 9: 4916-4923

217 Wang J, Amos R1J, Frey ASP, Gardiner MG, Cole ML, Junk PC. Organometallics, 2005, 24: 2259-2261

218 Marks S, Heck JG, Habicht MH, Ofia-Burgos P, Feldmann C, Roesky PW. J Am Chem Soc, 2012, 134: 16983-16986

219 Garcia J, Allen MJ. Eur J Inorg Chem, 2012, 2012: 4550-4563

220 Bartlett PN, Champion MJD, Light ME, Levason W, Reid G, Richardson PW. Dalton Trans, 2015, 44: 2953-2955

221 Jubb J, Gambarotta S. J Am Chem Soc, 1994, 116: 4477-4478

222  Dubé T, Gambarotta S, Yap GPA. Angew Chem Int Ed, 1999, 38: 1432-1435

223 Dubé T, Ganesan M, Conoci S, Gambarotta S, Yap GPA. Organometallics, 2000, 19: 3716-3721

224  Ganesan M, Gambarotta S, Yap GPA. Angew Chem Int Ed, 2001, 40: 766—769

225 Gompa TP, Jiang N, Bacsa J, La Pierre HS. Dalton Trans, 2019, 48: 16869—16872

226 Evans WJ, Allen NT. J Am Chem Soc, 2000, 122: 2118-2119

227 Evans WJ, Allen NT, Ziller JIW. J Am Chem Soc, 2000, 122: 11749-11750

228 Zhu Z, Wang C, Xiang X, Pi C, Zhou X. Chem Commun, 2006, 20662068

229 Xiang X, Shen Q, Wang J, Zhu Z, Huang W, Zhou X. Organometallics, 2008, 27: 1959-1962

230 Kirillov EN, Trifonov AA, Nefedov SE, Eremenko IL, Edelmann FT, Bochkarev MN. Z fiir Naturforschung B, 1999, 54: 1379-1384

231 Xémard M, Jaoul A, Cordier M, Molton F, Cador O, Le Guennic B, Duboc C, Maury O, Clavaguéra C, Nocton G. Angew Chem Int Ed, 2017,
56: 42664271

232 Momin A, Bonnet F, Visseaux M, Maron L, Takats J, Ferguson MJ, Le Goff XF, Nief F. Chem Commun, 2011, 47: 12203-12205

233  Evans WJ, Allen NT, Ziller JIW. J Am Chem Soc, 2001, 123: 7927-7928

234  Fedushkin IL, Girgsdies F, Schumann H, Bochkarev MN. Eur J Inorg Chem, 2001, 2001: 2405-2410

235 Nief F, Turcitu D, Ricard L. Chem Commun, 2002, 1646—1647

236 Nief F, de Borms BT, Ricard L, Carmichael D. Eur J Inorg Chem, 2005, 2005: 637-643

237 Jaroschik F, Nief F, Le Goff XF, Ricard L. Organometallics, 2007, 26: 3552-3558

238 Jaroschik F, Nief F, Ricard L. Chem Commun, 2006, 426—428

239 Jaroschik F, Nief F, Le Goff XF, Ricard L. Organometallics, 2007, 26: 1123-1125

240 Jaroschik F, Momin A, Nief F, Le Goff XF, Deacon G, Junk P. Angew Chem Int Ed, 2009, 48: 1117-1121

241 Fedushkin IL, Bochkarev MN, Dechert S, Schumann H. Chem Eur J, 2001, 7: 3558-3563

1555


https://doi.org/10.1021/om800989x
https://doi.org/10.1039/b716603f
https://doi.org/10.1021/om9909183
https://doi.org/10.1021/om021039a
https://doi.org/10.1021/ja993494c
https://doi.org/10.1107/S1600536801018797
https://doi.org/10.1039/C4CC08312A
https://doi.org/10.1021/acs.inorgchem.6b00808
https://doi.org/10.1021/acs.inorgchem.5b02450
https://doi.org/10.1039/C8DT02138D
https://doi.org/10.1021/ja00034a084
https://doi.org/10.1021/ja00098a063
https://doi.org/10.1039/c39940002689
https://doi.org/10.1002/anie.199521411
https://doi.org/10.1021/ja00134a037
https://doi.org/10.1016/S0925-8388(96)02749-1
https://doi.org/10.1007/BF02494723
https://doi.org/10.1002/chem.200305107
https://doi.org/10.1021/om050172a
https://doi.org/10.1021/ja308077t
https://doi.org/10.1002/ejic.201200159
https://doi.org/10.1039/C4DT03462G
https://doi.org/10.1021/ja00089a047
https://doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1432::AID-ANIE1432%3E3.0.CO;2-T
https://doi.org/10.1021/om000502l
https://doi.org/10.1002/1521-3773(20010216)40:4&lt;766::AID-ANIE7660&gt;3.0.CO;2-H
https://doi.org/10.1039/C9DT04230J
https://doi.org/10.1021/ja992951m
https://doi.org/10.1021/ja0034949
https://doi.org/10.1039/b602883g
https://doi.org/10.1021/om8000313
https://doi.org/10.1515/znb-1999-1108
https://doi.org/10.1002/anie.201700576
https://doi.org/10.1039/c1cc15294g
https://doi.org/10.1021/ja011282l
https://doi.org/10.1002/1099-0682(200109)2001:9%3C2405::AID-EJIC2405%3E3.0.CO;2-N
https://doi.org/10.1039/b204337h
https://doi.org/10.1002/ejic.200400784
https://doi.org/10.1021/om700316a
https://doi.org/10.1039/B514818A
https://doi.org/10.1021/om0700213
https://doi.org/10.1002/anie.200804934
https://doi.org/10.1002/1521-3765(20010817)7:16&lt;3558::AID-CHEM3558&gt;3.0.CO;2-H

BT (R R [ 32 R AN

242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261

262
263
264
265
266
267
268

269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285

1556

Bochkarev MN, Fedushkin IL, Fagin AA, Schumann H, Demtschuk J. Chem Commun, 1997, 1783—1784

Korobkov I, Aharonian G, Gambarotta S, Yap GPA. Organometallics, 2002, 21: 4899-4901

Bochkarev MN, Khoroshenkov GV, Schumann H, Dechert S. J Am Chem Soc, 2003, 125: 2894-2895

Bowman LJ, 1zod K, Clegg W, Harrington RW. Organometallics, 2007, 26: 26462651

Bochkarev MN, Fagin AA, Khoroshenkov GV. Rus Chem Bull, 2002, 51: 1909-1914

Katkova MA, Fukin GK, Fagin AA, Bochkarev MN. J Organomet Chem, 2003, 682: 218-223

Jaroschik F, Momin A, Martinez A, Harakat D, Ricard L, Le Goff XF, Nocton G. Organometallics, 2016, 35: 2032-2038

Evans WJ, Workman PS, Allen NT. Org Lett, 2003, 5: 2041-2042

Fagin AA, Bochkarev MN, Kozimor SA, Ziller JW, Evans WI. Z Anorg Allg Chem, 2005, 631: 2848-2853

Evans WIJ, Lee DS, Ziller IW. J Am Chem Soc, 2004, 126: 454-455

Fischer EO, Hafner W. Z Naturforsch, 1955, 10: 665-669

Seyferth D. Organometallics, 2002, 21: 2800-2820

Seyferth D. Organometallics, 2002, 21: 1520-1530

Brennan JG, Cloke FGN, Sameh AA, Zalkin A. J Chem Soc Chem Commun, 1987, 1668—1669

Timms PL. J Chem Soc D, 1969, 1033a

Cloke FGN, Green MLH. J Chem Soc Dalton Trans, 1981, 1938-1943

Pampaloni G. Coord Chem Rev, 2010, 254: 402—419

Anderson DM, Cloke FGN, Cox PA, Edelstein N, Green JC, Pang T, Sameh AA, Shalimoff G. J Chem Soc Chem Commun, 1989, 5355
Rayon VM, Frenking G. Organometallics, 2003, 22: 3304-3308

Martin WC, Zalubas R, Hagan L. Afomic Energy Levels—The Rare-Earth Elements. Washington DC: National Bureau of Standards (NIST),
1978

Bochenkov VE, Zagorskii VV, Sergeev GB. Mol Crysts Liquid Crysts Sci Tech Sect A Mol Crysts Liquid Crysts, 2001, 356: 299-303
Arnold PL, Petrukhina MA, Bochenkov VE, Shabatina TI, Zagorskii VV, Sergeev GB, Cloke FGN. J Organomet Chem, 2003, 688: 4955
Vlasov AV, Shabatina TI, Ivanov AY, Sheina GG, Nemukhin AV, Sergeev GB. Mendeleev Commun, 2005, 15: 10-11

Cloke FGN, Khan K, Perutz RN. J Chem Soc Chem Commun, 1991, 1372-1373

Arnold PL, Cloke FGN, Hitchcock PB. Chem Commun, 1997, 481-482

Arnold PL, Cloke FGN, Nixon JF. Chem Commun, 1998, 797-798

Clentsmith GKB, Cloke FGN, Francis MD, Green, JC, Hitchcock PB, Nixon JF, Suter JL, Vickers DM. J Chem Soc Dalton Trans, 2000, 1715—
1721

Cloke FGN, Green JC, Hanks JR, Nixon JF, Suter JL. J Chem Soc Dalton Trans, 2000, 3534-3536

Clentsmith GKB, Cloke FGN, Green JC, Hanks J, Hitchcock PB, Nixon JF. Angew Chem Int Ed, 2003, 42: 1038-1041

King WA, Marks TJ, Anderson DM, Duncalf DJ, Cloke FGN. J Am Chem Soc, 1992, 114: 9221-9223

Lu H, Li L. Theor Chem Accounts-Theor Computation Modeling (Theoretica Chim Acta), 1999, 102: 121-126

Li J, Bursten BE. J Am Chem Soc, 1999, 121: 10243-10244

Dolg M. J Chem Inf Comput Sci, 2001, 41: 18-21

Campazzi E, Solari E, Floriani C, Scopelliti R. Chem Commun, 1998, 2603-2604

Evans WJ, Lee DS, Rego DB, Perotti JM, Kozimor SA, Moore EK, Ziller JW. J A4m Chem Soc, 2004, 126: 14574-14582

Evans WJ, Lee DS, Lie C, Ziller JIW. Angew Chem Int Ed, 2004, 43: 5517-5519

Evans WJ, Lee DS, Johnston MA, Ziller JW. Organometallics, 2005, 24: 6393-6397

Evans WJ, Rego DB, Ziller JW. Inorg Chem, 2006, 45: 10790-10798

Evans WIJ, Lee DS. Can J Chem, 2005, 83: 375-384

Cheng J, Takats J, Ferguson MJ, McDonald R. J Am Chem Soc, 2008, 130: 1544—1545

Demir S, Lorenz SE, Fang M, Furche F, Meyer G, Ziller JW, Evans WI. J Am Chem Soc, 2010, 132: 11151-11158

Schmiege BM, Ziller JW, Evans WI. Inorg Chem, 2010, 49: 10506—10511

Evans WJ, Gonzales SL, Ziller JW. J Am Chem Soc, 1991, 113: 7423-7424

Evans WJ, Forrestal KJ, Ziller JIW. J Am Chem Soc, 1998, 120: 9273-9282


https://doi.org/10.1039/A703603E
https://doi.org/10.1021/om0204843
https://doi.org/10.1021/ja028311s
https://doi.org/10.1021/om0611711
https://doi.org/10.1023/A:1021364804963
https://doi.org/10.1016/S0022-328X(03)00785-X
https://doi.org/10.1021/acs.organomet.6b00313
https://doi.org/10.1021/ol030033u
https://doi.org/10.1002/zaac.200500173
https://doi.org/10.1021/ja036923m
http://zfn.mpdl.mpg.de/data/Reihe_B/10/ZNB-1955-10b-0665.pdf
https://doi.org/10.1021/om020362a
https://doi.org/10.1021/om0201056
https://doi.org/10.1039/C39870001668
https://doi.org/10.1039/C2969001033A
https://doi.org/10.1039/DT9810001938
https://doi.org/10.1016/j.ccr.2009.05.014
https://doi.org/10.1039/C39890000053
https://doi.org/10.1021/om020968z
https://doi.org/10.1080/10587250108023709
https://doi.org/10.1016/j.jorganchem.2003.08.028
https://doi.org/10.1070/MC2005v015n01ABEH001903
https://doi.org/10.1039/C39910001372
https://doi.org/10.1039/A607827C
https://doi.org/10.1039/a800089a
https://doi.org/10.1039/b001793k
https://doi.org/10.1039/b005657j
https://doi.org/10.1002/anie.200390267
https://doi.org/10.1021/ja00049a084
https://doi.org/10.1007/s002140050481
https://doi.org/10.1021/ja9923991
https://doi.org/10.1021/ci000050n
https://doi.org/10.1039/a807405d
https://doi.org/10.1021/ja046047s
https://doi.org/10.1002/anie.200461170
https://doi.org/10.1021/om050709k
https://doi.org/10.1021/ic061485g
https://doi.org/10.1139/v05-014
https://doi.org/10.1021/ja0776273
https://doi.org/10.1021/ja102681w
https://doi.org/10.1021/ic101558e
https://doi.org/10.1021/ja00019a050
https://doi.org/10.1021/ja9809859

FRERLE: B2 2020 4E B 50 % 2B 11

286 Evans WJ, Cano DA, Greci MA, Ziller JW. Organometallics, 1999, 18: 1381-1388

287 Evans WJ, Nyce GW, Clark RD, Doedens RIJ, Ziller JW. Angew Chem Int Ed, 1999, 38: 1801-1803

288 Evans WJ, Perotti JM, Kozimor SA, Champagne TM, Davis BL, Nyce GW, Fujimoto CH, Clark RD, Johnston MA, Ziller JW. Organometallics,
2005, 24: 3916-3931

289 Evans WJ, Davis BL, Champagne TM, Ziller JW. Proc Natl Acad Sci USA, 2006, 103: 12678-12683

290 Woen DH, Kotyk CM, Mueller TJ, Ziller JW, Evans WIJ. Organometallics, 2017, 36: 45584563

291 Fieser ME, Bates JE, Ziller JW, Furche F, Evans WJ. J Am Chem Soc, 2013, 135: 3804-3807

292  Evans WIJ, Fang M, Zucchi G, Furche F, Ziller JW, Hoekstra RM, Zink JI. J A4m Chem Soc, 2009, 131: 11195-11202

293 Evans WJ, Fang M, Bates JE, Furche F, Ziller JW, Kiesz MD, Zink JI. Nat Chem, 2010, 2: 644—647

294 Fang M, Bates JE, Lorenz SE, Lee DS, Rego DB, Ziller JW, Furche F, Evans W1I. Inorg Chem, 2011, 50: 1459-1469

295 MacDonald MR, Ziller JW, Evans WI. J Am Chem Soc, 2011, 133: 15914-15917

296 Rinehart JD, Fang M, Evans WJ, Long JR. Nat Chem, 2011, 3: 538-542

297 Rinehart JD, Fang M, Evans WJ, Long JR. J Am Chem Soc, 2011, 133: 14236-14239

298 Woen DH, Chen GP, Ziller JW, Boyle TJ, Furche F, Evans WJ. J Am Chem Soc, 2017, 139: 14861-14864

299 Ryan AJ, Balasubramani S, Ziller JW, Furche F, Evans WJ. J Am Chem Soc, 2020, 142: 9302-9313

300 Hitchcock P, Lappert M, Maron L, Protchenko A. Angew Chem Int Ed, 2008, 47: 1488-1491

301 MacDonald MR, Bates JE, Fieser ME, Ziller JW, Furche F, Evans WIJ. J Am Chem Soc, 2012, 134: 8420-8423

302 Greco A, Cesca S, Bertolini W. J Organomet Chem, 1976, 113: 321-330

303 Evans WJ, Engerer SC, Neville AC. J Am Chem Soc, 1978, 100: 331-333

304 Evans WIJ, Engerer SC, Piliero PA, Wayda Al. Organometallic chemistry of the lanthanides under reductive conditions. In: Tsutsui M, Ed.
Fundamental Research in Homogeneous Catalysis. Boston: Springer, 1979. 941-952

305 Evans WJ, Coleson KM, Engerer SC. Inorg Chem, 1981, 20: 43204325

306 Evans WJ. Recent advances in the low valent approach to f-element organo-metallic chemistry. In: Mccarthy GJ, Silber HB, Rhyne JJ, Eds. The
Rare Earths in Modern Science and Technology. Boston: Springer, 1982. 61-70

307 Gun’ko YK, Hitchcock PB, Lappert MF. J Organomet Chem, 1995, 499: 213-219

308 Cassani MC, Gun’ko YK, Hitchcock PB, Lappert MF. Chem Commun, 1996, 1987—-1988

309 Coles MP, Hitchcock PB, Lappert MF, Protchenko AV. Organometallics, 2012, 31: 2682-2690

310 Cassani MC, Duncalf DJ, Lappert MF. J Am Chem Soc, 1998, 120: 12958-12959

311 Gun’ko YK, Hitchcock PB, Lappert MF. Organometallics, 2000, 19: 2832-2834

312 Cassani MC, Gun’ko YK, Hitchcock PB, Lappert MF, Laschi F. Organometallics, 1999, 18: 5539-5547

313 Hitchcock PB, Lappert MF, Protchenko AV. J Am Chem Soc, 2001, 123: 189-190

314 Lukens WW, Andersen RA. Organometallics, 1995, 14: 3435-3439

315 Urazowski IF, Ponomaryev VI, Nifant'ev IE, Lemenovskii DA. J Organomet Chem, 1989, 368: 287-294

316 Bursten BE, Rhodes LF, Strittmatter RJ. J Am Chem Soc, 1989, 111: 2756-2758

317 Peterson JK, MacDonald MR, Ziller JW, Evans WIJ. Organometallics, 2013, 32: 2625-2631

318 Palumbo CT, Darago LE, Windorft CJ, Ziller JW, Evans WJ. Organometallics, 2018, 37: 900-905

319 Woen DH, Huh DN, Ziller JW, Evans WI. Organometallics, 2018, 37: 3055-3063

320 Jenkins TF, Woen DH, Mohanam LN, Ziller JW, Furche F, Evans WI. Organometallics, 2018, 37: 3863-3873

321 Huh DN, Ziller JW, Evans WI. Dalton Trans, 2018, 47: 17285-17290

322 Angadol MA, Woen DH, Windorff CJ, Ziller JW, Evans WIJ. Organometallics, 2019, 38: 1151-1158

323 Huang W, Dulong F, Wu T, Khan SI, Miller JT, Cantat T, Diaconescu PL. Nat Commun, 2013, 4: 1448

324 Huang W, Le Roy JJ, Khan SI, Ungur L, Murugesu M, Diaconescu PL. Inorg Chem, 2015, 54: 2374-2382

325 Goodwin CAP, Ortu F, Reta D, Chilton NF, Mills DP. Nature, 2017, 548: 439-442

326 Guo FS, Day BM, Chen YC, Tong ML, Mansikkaméki A, Layfield RA. Angew Chem Int Ed, 2017, 56: 11445-11449

327 Guo FS, Day BM, Chen YC, Tong ML, Mansikkamaki A, Layfield RA. Science, 2018, 362: 1400-1403

328 Randall McClain K, Gould CA, Chakarawet K, Teat SJ, Groshens TJ, Long JR, Harvey BG. Chem Sci, 2018, 9: 8492—-8503

1557


https://doi.org/10.1021/om980617d
https://doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1801::AID-ANIE1801%3E3.0.CO;2-H
https://doi.org/10.1021/om050402l
https://doi.org/10.1073/pnas.0602672103
https://doi.org/10.1021/acs.organomet.7b00385
https://doi.org/10.1021/ja400664s
https://doi.org/10.1021/ja9036753
https://doi.org/10.1038/nchem.701
https://doi.org/10.1021/ic102016k
https://doi.org/10.1021/ja207151y
https://doi.org/10.1038/nchem.1063
https://doi.org/10.1021/ja206286h
https://doi.org/10.1021/jacs.7b08456
https://doi.org/10.1021/jacs.0c01021
https://doi.org/10.1002/anie.200704887
https://doi.org/10.1021/ja303357w
https://doi.org/10.1016/S0022-328X(00)96143-6
https://doi.org/10.1021/ja00469a081
https://doi.org/10.1021/ic50226a058
https://doi.org/10.1016/0022-328X(95)00330-S
https://doi.org/10.1039/cc9960001987
https://doi.org/10.1021/om2009364
https://doi.org/10.1021/ja980377t
https://doi.org/10.1021/om0001873
https://doi.org/10.1021/om990536x
https://doi.org/10.1021/ja005580e
https://doi.org/10.1021/om00007a050
https://doi.org/10.1016/0022-328X(89)85406-3
https://doi.org/10.1021/ja00190a002
https://doi.org/10.1021/om400116d
https://doi.org/10.1021/acs.organomet.7b00881
https://doi.org/10.1021/acs.organomet.8b00419
https://doi.org/10.1021/acs.organomet.8b00557
https://doi.org/10.1039/C8DT03890B
https://doi.org/10.1021/acs.organomet.8b00941
https://doi.org/10.1038/ncomms2473
https://doi.org/10.1021/ic5029788
https://doi.org/10.1038/nature23447
https://doi.org/10.1002/anie.201705426
https://doi.org/10.1126/science.aav0652
https://doi.org/10.1039/C8SC03907K

BT (R R [ 32 R AN

329
330
331
332
333
334
335
336
337
338
339

340

341
342
343
344
345
346
347
348
349
350
351

352
353
354
355
356
357
358

1558

Woen DH, Chen GP, Ziller JW, Boyle TJ, Furche F, Evans WI. Angew Chem Int Ed, 2017, 56: 2050-2053

Tilley TD, Andersen RA, Zalkin A. Inorg Chem, 1984, 23: 2271-2276

Evans WJ, Johnston MA, Clark RD, Anwander R, Ziller JW. Polyhedron, 2001, 20: 2483-2490

Ryan AJ, Ziller JW, Evans WJ. Chem Sci, 2020, 11: 2006-2014

La Pierre HS, Scheurer A, Heinemann FW, Hieringer W, Meyer K. Angew Chem Int Ed, 2014, 53: 7158-7162

MacDonald MR, Fieser ME, Bates JE, Ziller JW, Furche F, Evans WI. J Am Chem Soc, 2013, 135: 13310-13313

Halter DP, Heinemann FW, Bachmann J, Meyer K. Nature, 2016, 530: 317-321

Halter DP, Heinemann FW, Maron L, Meyer K. Nat Chem, 2018, 10: 259-267

Mazzanti M. Nat Chem, 2018, 10: 247-249

Fieser ME, Palumbo CT, La Pierre HS, Halter DP, Voora VK, Ziller JW, Furche F, Meyer K, Evans WI. Chem Sci, 2017, 8: 7424-7433
Palumbo CT, Halter DP, Voora VK, Chen GP, Ziller JW, Gembicky M, Rheingold AL, Furche F, Meyer K, Evans WJ. Inorg Chem, 2018, 57:
12876-12884

Palumbo CT, Halter DP, Voora VK, Chen GP, Chan AK, Fieser ME, Ziller JW, Hieringer W, Furche F, Meyer K, Evans WJ. Inorg Chem, 2018,
57: 2823-2833

Halter DP, Palumbo CT, Ziller JW, Gembicky M, Rheingold AL, Evans WJ, Meyer K. J Am Chem Soc, 2018, 140: 2587-2594

Moehring SA, Beltran-Leiva MJ, Paez-Hernandez D, Arratia-Pérez R, Ziller JW, Evans WI. Chem Eur J, 2018, 24: 18059-18067

Guzei 1A, Wendt M. Dalton Trans, 2006, 3991-3999

Kotyk CM, MacDonald MR, Ziller JW, Evans WJ. Organometallics, 2015, 34: 2287-2295

Palumbo CT, Fieser ME, Ziller JW, Evans WJ. Organometallics, 2017, 36: 3721-3728

Moehring SA, Evans WIJ. Organometallics, 2020, 39: 1187-1194

Kaltsoyannis N. Inorg Chem, 2013, 52: 3407-3413

Windorff CJ, MacDonald MR, Meihaus KR, Ziller JW, Long JR, Evans WJ. Chem Eur J, 2016, 22: 772-782

Langeslay RR, Fieser ME, Ziller JW, Furche F, Evans WJ. Chem Sci, 2015, 6: 517-521

Windorff CJ, Chen GP, Cross JN, Evans WJ, Furche F, Gaunt AJ, Janicke MT, Kozimor SA, Scott BL. J Am Chem Soc, 2017, 139: 3970-3973
Su J, Windorff CJ, Batista ER, Evans WJ, Gaunt AJ, Janicke MT, Kozimor SA, Scott BL, Woen DH, Yang P. J Am Chem Soc, 2018, 140: 7425—
7428

Billow BS, Livesay BN, Mokhtarzadeh CC, McCracken J, Shores MP, Boncella JM, Odom AL. J Am Chem Soc, 2018, 140: 17369-17373
Ryan AJ, Angadol MA, Ziller JW, Evans WJ. Chem Commun, 2019, 55: 2325-2327

Guo F, Tsoureas N, Huang G, Tong M, Mansikkamaki A, Layfield RA. Angew Chem Int Ed, 2020, 59: 2299-2303

Moehring SA, Evans WI. Chem Eur J, 2020, 26: 1530-1534

Dumas MT, Ziller JW, Evans WJ. ACS Omega, 2019, 4: 398-402

Jin J, Yang T, Xin K, Wang G, Jin X, Zhou M, Frenking G. Angew Chem Int Ed, 2018, 57: 6236-6241

Jin J, Pan S, Jin X, Lei S, Zhao L, Frenking G, Zhou M. Chem Eur J, 2019, 25: 3229-3234


https://doi.org/10.1002/anie.201611758
https://doi.org/10.1021/ic00183a013
https://doi.org/10.1016/S0277-5387(01)00848-8
https://doi.org/10.1039/C9SC05794C
https://doi.org/10.1002/anie.201402050
https://doi.org/10.1021/ja406791t
https://doi.org/10.1038/nature16530
https://doi.org/10.1038/nchem.2899
https://doi.org/10.1038/nchem.2940
https://doi.org/10.1039/C7SC02337E
https://doi.org/10.1021/acs.inorgchem.8b02053
https://doi.org/10.1021/acs.inorgchem.7b03236
https://doi.org/10.1021/jacs.7b11532
https://doi.org/10.1002/chem.201803807
https://doi.org/10.1039/b605102b
https://doi.org/10.1021/om501063h
https://doi.org/10.1021/acs.organomet.7b00498
https://doi.org/10.1021/acs.organomet.9b00837
https://doi.org/10.1021/ic3006025
https://doi.org/10.1002/chem.201503583
https://doi.org/10.1039/C4SC03033H
https://doi.org/10.1021/jacs.7b00706
https://doi.org/10.1021/jacs.8b03907
https://doi.org/10.1021/jacs.8b10888
https://doi.org/10.1039/C8CC08767A
https://doi.org/10.1002/anie.201912663
https://doi.org/10.1002/chem.201905581
https://doi.org/10.1021/acsomega.8b02665
https://doi.org/10.1002/anie.201802590
https://doi.org/10.1002/chem.201805260

FRERLE: B2 2020 4E B 50 % 2B 11

Chemistry of non-traditional oxidation states of rare earth metals
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Abstract: The chemistry of rare-earth metals (Sc, Y and lanthanides) has been dominated by trivalent oxidation states,
except for divalent europium, ytterbium, and samarium and tetravalent cerium. The lack of readily accessible oxidation
states limits the participation of rare earth metals in redox chemistry. Therefore, expanding the oxidation states of rare
earth metals and synthesizing molecular rare earth metal complexes of non-traditional oxidation states are not only the
long-term goal sought by synthetic chemists but also the pre-requisite for developing redox chemistry mediated by rare
earth metals. Recently, major breakthroughs have been achieved in this field. All rare earth metals, except radioactive
promethium, have been shown to exist in divalent states in molecular complexes, while molecular complexes of
tetravalent terbium and praseodymium have been synthesized for the first time. Judicious ligand design is key to
stabilizing these non-traditional oxidation states of rare earth metals. Moreover, upon studying the electronic structures
and bonding interactions of these complexes, it has been shown that the coordination environment has a non-negligible
influence on the electron configuration of rare earth metals. In this review, we will first analyze the electron
configuration of rare earth metals and introduce the history of pursuing oxidation states other than +3 for rare earth
metals. Then we will show the recent advancement in expanding the non-traditional oxidation states of rare earth metals
with a focus on molecular complexes of both high and low valent rare earth metals. At the end, we will provide
perspectives and outlook for the future development of this field.

Keywords: rare earth metals, oxidation states, molecular complexes, electronic structure, ligand design
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