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CUHTEe3 B }XUAKOM
aMMUaKe

Scheme 1. Synthesis of Ammonia Solution of Divalent Lns
—78°C Warf, J. C., & Korst, W. L. (1956). The Journal of Physical
Ln + NHzj —— {Ln'(NH3),+2e7} Ln=Eu,Yb Chemistry, 60(11), 1590-1591.

Scheme 4. Synthesis of Divalent Ln Organometallic Complexes in Liquid NH;SS_E?

Eu {CECCH 3}2

4
[Eu(Cp*)2(THF)] _78°C | Ln=Eu
+2 HCECCH;
THF ] Ln=Eu +2 Cp*H - Hs
Ln(Cp*)2(NH3); Sl BT T NH3) S Ln[ijziNHﬂxwh Ln(Cp),
o Ln ;IL__IUE, Yb 4514 EEH i :‘é-Lfl' =
D;lTaFne Ln=Yb -78°C l* CeHe i
Ln(COT)
Ln=Yb | Ppyridine
N THF l pentane

Yb,
|
3

‘;b'-u,_,
'ty
oy, \ Py

SP‘J'"



RE(X), + mM(L) — RE(L), (X),_,, + mM(X)
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Scheme 385. Preparation of Solvent-free RE Dihalides

A) REXz3+M — REX,+MX
B) REX3 + RE — 2 REX;

C) REX3 +H, — REX; +HX
D) RE + HgX, — REX,+ Hg
E) REX3 — REX;+0.5X;
F) RE + X, —» REX,

G) RE + 2 NH4| * NH3(|) —— RE'2 +2 NH3 +05 H2

(only Eu and Yb)
X = halide

M = alkali metal, AE
Group 13 metal, Ln

Scheme 36. Synthesis of Solvated LnX, Salts 100-Ln-2THF
(Ln = Sm, Eu, Yb),***7*** 101-Ln-2THF (Ln = Eu, Yb),*"’
100-Tm*STHF and 100-Tm'3DME**>*%*

THF, rt.
L+ rFa Vs [L()2(THF);]  100-Ln-2THF
~ H,C=CH, Ln=35m, Eu, Yb
THF, rt.
Ln+ o AN BT ————  [Ln(B),(THF),] 101-Ln-2THF
r ~ H,C=CH, Ln=Eu, ¥b
THF «Ln
Ln+151, Ln(1)a(THF), [Ln(1)(Sv),]
0°Ctort. THF/DME

reflux.  100-Ln-2(Slv)
Ln=Tm;Sv=THF;y=5
Ln=5Sm; Slv=THF; y=2
Ln=Tm; Slv=DME;y=3
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Scheme 37. Reactivity of Lnl, (Ln = Nd, Sm, Eu, Dy, Tm, Yb) with Cyclopentadienes and Cyclopentadienyl Metal
Salts247,271,273-279,282,283

T
(THF)3 \l"’l +Tmly +Lnlg

105-Ln 106 107-Ln
R=H ' R=H R = Mes
0°C 60 °C 0°C
Ln = Nd, Dy Ln=Tm Ln = Nd, Dy R 1(R=H)
) =i
R R i & 73-Ln (R = 'Prg)
+ HCoR | THF Wyt 93-Ln (R = Mes)
P"|Ln =Nd, Dy, Tm ™ \
U ki & ——  n—(THF), 102R-Ln (R = Naph, 'Buy, 'Bus,
\Ln/-"':r':d\“u{‘ x=2 . Pry, SiMe,(CH,CH=CH,), SiMes,
Q I i +2K(Cp") +2M(CpR) (SiMe3);, (SIMeg)s, SiPhoMe,
-2 Kl i | Y= 0-2 Ph3, ME“_‘ an}
x=0 g THF2 :: Et,0 R
= 2
R Ny EO X023 i Na K R
103Ln=Tm, R = Mes Ln=Tm, Dy
104 Ln = Dy, R = (SiMe3); { 108R (R = 'Bu,, 'Bus, SiMeg,
Ln=Tm Tm—(THF), (SIMe3)z, (SiMe3)s)
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Scheme 43. Synthesis of Solvated Trivalent RE Halides via
RT Reactions with HgX,"'***** or Direct Reaction with

171 . . . 353
Scheme 41. Main Synthetic Strategies for the Preparation of Hexachloroethane " or Trimethylsilylchloride™
Trivalent RE Halides . ; 0.7 ngz
HF, 65 °C, 1.5h
' i RE=Sm, Yb;n=3
- 3 » REX3(THF), ol Ay
A) RE ° 15 X2 x CI. Br, l < REX3 _Hg’_RE 3( ) RE—Er,n—3.5
X=Cl,Br,|
X=Cl, Br, |
B) RE + 3 HX » REX3 +C,Clg
-H, THF, rt., 1.5h I T
RE » [RE(Cl)3(THF),] ok i G‘Z- o2 n”;' ;‘ =
X= Cl, Br, | = C2Cly 137-RE RE=Er,n=35
C) REzO3 + XS NH4X > REX3
= NHgX, - H,O + 3 ClS Me;
+ 3 CH;0H
X=Cl,Br, | o RE=La;n=1.5
D) REO3+1.5HgX; » REXj3 RE 1) THF, rt, 10 h [RE(Cl)(THF)n] RE =Ce, Pr, Sm; n=2
-1.5Hg 2) THF, reflux, 0.5 h 137-RE RE=Yb;n=3
s -3 CH305Me; RE=Y,Dy;n=3.5
-1.5H,
THF Brauer, G. (Ed.). (2012). Handbook of Preparative Inorganic
RECI3(H,0), + xSOCI, » RECI;(THF), + xSO, + 2xHCI Chemistry V2 (Vol. 2). Elsevier

A, 55h
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Scheme 46. Selected Examples of Salt Elimination Reactions of REX; with Cp Salts

R -

J <
‘Pr—&ipr |
RE
o\ x| ~(THE),
pp RE— X
[ 7
, . N e
‘Pr iPr C7Hg, 180 °C, 72h B &
- =0 \ _THF
Pr , m=1-6 -2 MX Dy
R CpR = Cp|Pr4R i — \x
149R-RE VA a— a | R =H, Mes, (5iMes) RE = Dy @
= ; 1 =H, Mes, (5iVie3);
(R =H, Me, Et, 'Pr) RE = Y, Dy *MCP) | v ol x Br | 148% (X = B, 1)
i -MX | M=Na, K
Bu THF | RE =Sg, Y, La-Lu
'‘Bu (except Eu)
By \ C7Hg, reflux 48-120h| + 2 M(Cp®) +2 M(Cp*) _ 2 MX ,THF
RE—X == REX,
/ CpR = cptt -3 MX THF or Et,0 or DME | RE = Sc, Y
By 8 P X=Cl
u M=Na, K M = Na, K 146-RE
148X-RE 'Bu RE=Nd, Tm; X =1 THF, reflux RE = Sc, Lu
RE = Dy; X =Br, | +3M(CpY)| x=cCI
e - 3MX M = Na, K
'B g RE =S¢, Y, La-Lu - MX \\Cl,, /(SN)
U e,
1. THF, reflux, 15h ‘
'Bu EE—CI 2. C4Hg, reflux, 15h v L - XY CLIa G c” N sw)
‘ / CcpR=cptt RE M = Li, Na, K 147M.RE
B“ﬁ%u M=K Slv = THF, Et;0, DME RE=Y La-Lu
'Bu RE =Y, La-Lu; X =CI
148°'-RE

(except Eu and Tb)

140-RE (R = H); 141-RE (R = 5/Mes)
142-RE (R = (5IMes),); 143-RE (R = Me)

144-RE (R = 'Bu); 145-RE (R =

tBUz)
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SiMe3 SiMe3
Me3SiIII|n--N M . '
e;Sillhmee N L

_ THF/Et,0/DME THF/DME . N

[Lnl,(THF),] + 2Na[N(SiMe;),] > Ln (L), _ 60°C, 8 h o

-2Nal Yb + Sn[N(SlMe3)2]2 y Yb
Ln=Yb, Eu, Sm Me;Sillme N -Sn / \
1 e N L
L=THF/Et,0/DME Me;Silin
SiMe3 ‘
Tilley, T. D., Andersen, R. A., & Zalkin, A. (1982). Journal of the American Chemical SiMej
Society, 104(13), 3725-3727. Bekir, C., Hitchcock, P. B., Lappert, M. F,, & Smith, R. G. (1992). Journal of the
Chemical Society, Chemical Communications, (13), 932-934.
SiMe3
Me,Si SiMe
' T, P
THF Me3Si ITE N \\\THF EtZO MeSSi IN \SiMe3
60°C, 20 - 36 h \ “\\\\ V(B HN(SIMe.) rt,15h _ / \ ‘\\\\\
Ln + HgPh, + HN(SiMe > Ln n)yln+ 1Me3), N—/Yb Yb——N
grhy ( 3)2 Ln=Yb, Sm / \ -2C,Hg \\\\\s . / \
-2C¢Hg Me;Silltine N THF Me;Si /N,’ SiMes
- “,
He ‘ MeSi 7SiMe,
SiMe3

Deacon, G. B., Raverty, W. D., & Vince, D. G. (1977). Journal of Organometallic
Chemistry, 135(1), 103-114.

Katzenmayer, M. M., Wolf, B. M., Mortis, A., Maichle-Mdssmer, C., & Anwander, R.
(2021). Chemical Communications, 57(2), 243-246. 9
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SiMe3
s \ SSIMEs g s pb(cpr), MesSIMN T STHE 1 5 pp(cp*), SiMe;
' /Ln_N\ . In-Eu ey Ln=Sm yb 05 N‘\
SiMe; hexane, r.t., 18 h Me381“”"'1i THF hexane, r.t., 18 h N SiMe;
-0.5 Pb ) N
SiMe; 0> P MesSi” SiMe,

Bienfait, A. M., Wolf, B. M., Tornroos, K. W., & Anwander, R. (2015). Organometallics, 34(24), 5734-574A4.

+n ArOH
toluene
n=2,3

avan den Hende, J. R. (1994). Journal of the Chemical Society, Chemical
Communications, (12), 1413-1414.

RE[N(SiMes),], » RE(OAr),

10
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(THF)
" (THF),
| THF
v Ln— ) ) 60°C, 20-36 h |
LnCly(THE), + MIN(SiMe);] —— 20— (MesS)N Vg " NSiMegs Ln(OTf; # 3NalN(SiMes] —— 22 G W~ N(SiMe)
M = Li, Na, K -3MCl (Me;Si),N (Me, 1)2N l 3)2
(Me3SI)2N
Bradley, D. C., Ghotra, J. S., & Hart, F. A. (1973). Journal of the Chemical Society, Schuetz, S. A., Day, V. W.,, Sommer, R. D., Rheingold, A. L., & Belot, J. A. (2001). /norganic
Dalton Transactions, (10), 1021-1023. Chemistry, 40(20), 5292-5295.
(THF)n
N THF |
RE[NMe,(CHPh)]; + 3HN(SiMe;) >
NMey(CHyPh) oo v RE~NsiMey),
RE=Y; -78°C to r.t., 16 h (M3S2N"
RE=La;rt., 16 h (Me3S1),N

Behrle, A. C., & Schmidt, J. A. (2011). Organometallics, 30(15), 3915-3918.

11



Kpucrannnyeckme cTpyKkTypbl buc-
TPUMETUNCUINNAMUOHBIX KOMIMIEKCOB

AHaNOTMYHYIO CTPYKTYPY nmetoT npomnssoaHblie Nd, Yb, Eu, Sc, Dy, Er n Pr

Journal of Materials Chemistry. —1999. —T. 9. — No. 1. — C. 249-252. Dalton Transactions. —2004. — Ne. 1. — C. 129-136.
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buc-tpumeTnacunnnammaHble
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R
\
\“‘C - . RN=C=NR . AN ‘\\\N(SiMe:;)z
(Me;Si),N"Vy¢ “~N(SiMe;), - (Me3S1)2N4<< Loy .
(Me;Si),N toluene, rt. 72h N N(SiMe;),
R =Cy, 'Pr |

R

Yin, H., Carroll, P. J., Manor, B. C., Anna, J. M., & Schelter, E. J. (2016). Journal of the
American Chemical Society, 138(18), 5984-5993.

Mes
N .

N(SiMe;)

wLa . + MegpMes_i & o
(Me3Si)2N“\‘/ T N(SiMe3), > \Lé\

' toluene / N
(Me,Si),N 115°C, 18h N N(SiMes),
-HN(SiMe,), \

W y
MeBDIMeS_H — N HN;©\ cs

Vitanova, D. V., Hampel, F., & Hultzsch, K. C. (2005). Journal of organometallic
chemistry, 690(23), 5182-5197.
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H H
M----H M 'H\*B..--H M g \:E‘-—
J';‘,.H ., ( :_?. ‘,‘*H\x
. H 14
! K K

Figure 8. Typical binding modes of the borohydride ligand in metal

cnrnplexes.
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Scheme 47. Synthesis of Divalent Ln(BH,), Cm:nplexesl";""“v"";"_"""2

+2 NH,CI
NHj;),—196 °C MeCN or pyridine UL
1h, _78° a
A el ol A o 1R 187 o LnChL{SWv), = Ln(BHg)(SIV),
—Hz, —NH; - NH; -78°Ctort

—NHa,—NH;  Ln=Yb; Slv=MeCN, py; n=4
Ln=Eu; Slv=MeCN; n=2
Ln=Eu; Slv=py;n=1.8

Ln = Eu, 160 °C, 6h 200 °C, 3h 160-200 °C, 5h
Ln=8m, Yb, 200 °C, 5h vacuum vacuum
B) NalLn(BH4)4(DME), > LN(BH4)2(THF);—————— Ln(BH4), <=—————  Yb(BH,)s(THF),
— NaBHy,, -2 THF -2 THF
—Hy, - BH, —H,, - BH,
+Ln
C) [Ln(BH4)s(THF)3] = 2 [LN(BHg)2(THF),]
Ln = Sm, THF, r.t., 24h
Ln=Sm, Yb Dyl i 150-Ln«2THF
Ln = Yb, THF, r.t., 48h oyt iifid
+2.2 NaBH, + 3.6 NaBH,
THF, 60 °C, 48h THF, 60 °C, 72h
D) [Eu()(THF);] > [EU(BH,)o(THF),).. E) EuCls > [EU(BH,)o(THF))..
-2 Nal 150-Eus2THF -3 NaCl 150-Eus2THF
- H,, - BH,
+ 2 KBH, +xs KCq, DME
DME, r.t., 2h —78 °C, 30 min
F) [Tm()2(DME):} » [Tm(BH4)2(DME);] G) [TmM(BH4)3(THF)s] > [Tm(BH4)2(DME),]
-2KI 150-Tm+2DME — KBH, 150-Tm+2DME
~Cg, -3 THF

15
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Scheme 48. Selected Applications of Ln(BH,), Starting Materials**'~**>#4¢
Ph," Ph
Ph= || ~CH" | P

N, | SN

Me;5i Ln 7 Mes
THF&’ O THF
i H
\’-.B/
152-Ln I
Ln=Eu, Yb H
A A
- KBHy, |+ K(H-BIPM), THF +K(Cp*) | - KBHy,
Ln=Eu,Yb |-78°Ctort,24h  THF,rt, 24h|Ln=Sm
Slv = THF Slv = THF
H
!
-
=N + K(TplBu.Me) 3 K(M"BDID‘PP)
| | pa [Ln(BH4)x(SIV),] >
\ N_ N - KBH4, DME — KBH,, THF, .t 24h
‘/ Ln=Tm; Slv = DME Ln=Sm, Eu, Yb
tBu H. |'_1: H ‘BU = NMeg Slv = THF
&/ -BHg, - Hp
('3 + [MeNHJ[BPh,], THF | 2 8
H -78°Ctort., 18h Slv = THF
156 Ln=Ybl an:EU
THF THF THF, THF
NN = Nt \ / X /H
THF-YB:Hm'g—H ik -
/": “'H/ ;..__H/ ’H' \\S.' '.",, H\ H
THE THE - THE | THF
[BPhy4) 154 153

/Dipp
N THF  H
( \LI TN
Ns.... W
| “He
N THF H
Dipp
151-Ln

Ln=S8m, Eu, Yb

16
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Scheme 49. Synthesis of RE(BH,);(THF), Complexes via Solution Methods and Synthesis of Solvent-free Ln(BH,), and
RE(BH,), via Ball-Milling*3> 37433 447,448,451-461

+ x5 BoHg
THF, rt.
A) RE(OMe)s = RE(BHg)3(THF); ~ RE=Y, La-Lu
- 3 B(OMe); (except Eu)
+ xs MBH,
THF, 60 °C, >48h
B) RECl, = [RE(BHy)a(THF),  157-RE-nTHF
-3 MCI RE=S¢c;n=2
M = Li. Na RE=Y, La-lu;n=3
’ RE=La-Nd;n=35
+ X5 KBH4
THF, 80 °C, 72h
C)  [RE()s(THF),] = [RE(BHy)o(THF),]  157-RE:nTHF
-3 Kl RE=La;m=4
RE=Ce;, m=3.5
RE = La, Ce, Nd;n =4 RE =Y, Nd, Sm, Dy, To; m = 3

RE=Y,5m, Dy, Tb;n=3.5

&

D) Recl, —38MBHs  ReaH,),
-3 MCI
M = Li, Na

RE =5c, Y, Ce, 5m, Gd, Th, Dy, Er, Tm, Yb; n=23
RE=5m,Yb;n=2

17
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Scheme 50. Selected Examples of Salt Elimination Reactions between RE(BH, ), Reagents and Cyclopentadienyl*3>#3%452,465—%

and Phospholyl ngand Transfer Reagents

R
R '‘Bu
THF @
LY .-*'______H '‘Bu r 'Bu
SREZT i La
L ey | [T, o
Wi\ =B (BH)  (BHy
|sL i THF
LB H m
H 158 (R = Mes, RE = Sc) m=86
160-RE (R = Meg, RE = La, Nd) 159 (R = 'Prg, RE = Dy) 163 RE = Ce iy
1 R=%w RE=La) M=K peageoy 4 AT T Mk il ;
R=Mes Prs | R ="Buy Il @{ p
THF— RE Hing —p
RE = La, Nd, Sm /
+ MicpR) — MBH, —M=NaK @
BY "Buy0, reflux THF THF, r.t. or reflux
b -
a o RE =La, Ce, 164-RE [R = IPr,, RE = Nd, Sm)
Nd, Sm 165 (R = (SiMeg)s, RE = La)
'‘Bu 'Bu Bu
170-RE RE =La
RE = La, Ce, Nd, Sm + 2 K{Htp) I +2 K(Cp®) M=K
—————— RE(BH,)3(THF}, t e
Bu - ~2KEH, ~2KBH, 1) THF, reflux g, Sl
He, _H 2) C7Hg, reflux  'By / H
foawBT =1
| (R4 A Et0 or DME +2M(Cp" | —2KBH, il B el
gl R e refiux THE RE = La, Ce i
RN < Bu
1
W \. Bu
RE =Dy, Tm
m M=K
= R H H
168-RE (RE = La, Ce; Slv = DME; m = 2) CrHg, reflux BU:BU A\ Hra‘:
169 (RE = La; Slv = ELO, THF, m = =) R="Bu; By
Bu
166-RE
167-RE RE =Dy, Tm 'Bu
RE =La, Ce

18
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CHEMICAL
REVIEWS Eeo®

MHdopmauma ans Aoknada dbina
B3ATa U3 O63Opa: Rare Earth Starting Materials and Methodologies for Synthetic

Ortu, F. (2022). Rare earth starting materials Chemistry

and methodologies for synthetic chemistry. it
Chemical Reviews, 122(6), 6040-6116. Gte This:Chem . 2022, 122, 6040-61 o I

https://doi.org/10.1021/acs.chemrev.1c00842 ACCESS | 1o, Metics &More | e rctneniions |

ABSTRACT: The number of rare earth (RE) starting materials used in synthesis is

staggering, ranging from simple binary metal-halide salts to borohydrides and “designer \"{I A 1 1) .

reagents” such as alkyl and organoaluminate complexes. This review collates the most Ay :"“ OV o T

important starting materials used in RE synthetic chemistry, including essential information i) :; S # 6 = s

on their preparations and uses in modern synthetic methodologies. The review is divided by = ¥ N X

starting material category and supporting ligands (i.e., metals as synthetic precursors, halides, e — fh
o EEEEE B

borohydrides, nitrogen donors, oxygen donors, triflates, and organometallic reagents), and in
each section relevant synthetic methodologies and applications are discussed.
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