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Abstract
This research work is focused on the coordination chemistry of five closely
related guanidinate ligands, namely [(2,6-Me,C¢H3;N)C(NHPr)(NPr)] (LY,
[(2,6-Me,CeH3;N)C(NHCyY)(NCy)]™ (L%, [(2,6-MeyCsH3N)C{N(SiMe3)Cy}(NCy)]”
(L%, [(2,6-Pr',C¢H3N)C {N(SiMe3), } (NCsH3Pr',—2,6)] (LY and
[(2,6-Pr',C6H3N)C(NEt)(NC¢H3Pr,—2,6)]” (L), with divalent chromium and
lanthanide metal ions. A series of trivalent lanthanide derivatives of the L' ligand

were also prepared and structurally characterized in this work.

Chapter 1 gives a brief introduction to the chemistry of metal guanidinate

complexes.

Chapter 2 reports on the synthesis, structure and reactivity of chromium(II)
complexes derived from the bulky L' and L*ligands. Treatment of CrCl, with [KL'-
0.5PhMe] (1) afforded the mononuclear Cr(II) bis(guanidinate) complex [Cr(L"),] (3).
Reaction of CrCl, with [LiL*(Et,0)] (2) resulted in the isolation of ate—complex
[Cr(L*)(u—Cl),Li(THF)(Et,0)] (4). Recrystallization of 4 from toluene gave neutral,
dimeric [{Cr(L*)(u—Cl)},] (5). The reaction chemistry of the Cr(II) complex 3 and 4

was studied. Treatment of 3 with I, PhEEPh (E = S, Se, Te), 1-AdN;3 (1-Ad =



l-adamantyl) gave the corresponding mixed-ligand Cr(IlI) complexes, namely
[Cr(L"),I] (6) and [Cr(L")»(EPh)] [E = S (7), Se (8), Te (9)] and Cr(IV) complex
[Cr(L")2{N(1-Ad)}] (10). Besides, the reaction of 4 with NaOMe resulted in the

isolation of the Cr(II) methoxide—guanidinate complex [ {Cr(L*)(u—OMe)},] (11).

Chapter 3 deals with the synthesis, structure and reactivity of lanthanide(II)
complexes supported by the L', L?, L’ and L’ ligands. Lanthanide(Il) guanidinate
complexes were prepared by the reactions of an appropriate lanthanide diiodide with
the corresponding potassium guanidinate complexes [KL' - 0.5PhMe] (1),
[KL*(THF)o5]a (12), KL* (13) and [KL’(THF),] (14). Reaction of Eul,(THF), with
1 gave the homoleptic complex [{Eu(L')(u-L")}>] (15). Metathesis reactions of
Lnl(THF), (Ln = Yb, Eu) with 12 and 13 led to the isolation of [{Ln(L*)(u-L?%)},-
nC¢Hi4] [Ln = Eu, n = 2 (16); Ln = Yb, n = 0 (17)], [Yb(Lz)z(THF)z] (18) and
[Lo(L*),(THF),-0.25C¢H,4] [Ln = Eu (19), Yb (20)]. Direct reaction of SmI,(THF),
with 13 yielded the iodide bridged Sm(II) complex [{Sm(L’)(u—I)}(THF)},] (21),
whilst reaction of SmI,(THF), with 14 gave homoleptic [Sm(L’),] (22). The
reaction chemistry of 15, 18, 20 and 22 as reducing agents was examined. Oxidation
of 15 with I, afforded the Eu(Ill) complex [{Eu(L"),(n-I)}>] (23). Reactions of 18

with PhEEPh (E = S, Se) gave the corresponding Yb(III) chalcogenide complexes

il



[{Yb(L?)2(u—EPh)}>] [E = S (24), Se (25)], whilst treatment of 18 with CuCl led to
the isolation of [{Yb(L*)(u—Cl)},] (26). Besides, addition of complex 18 to
PhNNPh yielded binuclear [{Yb(L?),}2(p—nn’~PhNNPh)] (27), whereas treatment of
20 with PhNNPh resulted in the isolation of mononuclear [Yb(L?),(n>~PhNNPh)-
PhMe] (28). Addition of CS; to 22 gave the unsymmetrical coupling product

[(L*)2Sm(p—n>n>~S,CSCS)Sm(L’),] (29).

Chapter 4 describes the preparation and structural characterization of
lanthanide(II) complexes derived from L'. A series of homoleptic lanthanide(III)
tris(guanidinate) complexes [Ln(L')s] [Ln = Ce (30), Pr (31), Gd (32), Tb (33), Ho
(34), Er (35), Tm (36)] were prepared by the reactions of an appropriate LnCl; with
three molar equivalents of 1. Treatment of CeCl; and LuCls with two equivalents of
1 gave the corresponding chloride bridged guanidinate complexes [{Ln(L"),(u—CI)}5]

[Ln = Ce (37), Lu (38)].

Chapter 5 summarizes the findings of this study. A short description on the

future prospect of this work will also be given.
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Chapter 1

An Overview on
Metal Complexes Supported by

Guanidinate Ligands



1.1 General Characteristics

Guanidinates, with the general formula of [(RN)C(NR';)(NR)]™ (R, R' = H, alkyl,

aryl, trimethylsilyl), are close analogues of amidinates [(RN)C(R")(NR")]” (Chart 1-1).

In both ligand systems the anionic charge can delocalize over the NCN moiety.

Guanidinate anions are flexible ligands due to their tunable steric and electronic

properties by introduction of various substituents at the nitrogen atoms.

R' R'

R N7
R\NAG\\N/R R\NAG\\N/R
R, R'=H, alkyl, aryl, silyl

Amidinates Guanidinates

Chart 1—1

Compared to amidinates, guanidinate ligands have an extra amino group (NR'",).
The lone—pair electrons on this amino group can delocalize on to the NCN moiety
(Chart 1-2). The potential for the formation of imido/diamide type resonance form
(B) means that guanidinates are more basic than amidinates. It has been proposed
that more basic ligands can provide extra electron density to the metal, reducing its
oxidation potential, and hence, capable of stabilizing metal complexes in higher
oxidation states.! By using cyclic voltammetric method, Bailey and co—workers
have proved that the Mo(II) guanidinate complex
[Mo, {1—"—(NPh),CNHPh},4]-2.2Et,0 with oxidation waves at —0.05 and +0.85 V

(versus Ag/AgCl) has a lower oxidation potential than its amidinate counterpart

2



[Mo,(form)4] (form = [(p—tol)NCHN(p—tol)] ), which has a higher oxidation potential

at +0.21 and +1.3V (versus Ag/AgCl).!

@
Q»NR‘Z (NR‘Z
R = R «=—R )j\ R
~ ~ ~ ~
NN NS
(A) (B)
Chart1—2

Carboxylates, carbamates and trimethylenemethane (TMM) (Chart 1-3) are
close analogues of guanidinates. All of them have a Y—shaped geometry, in which
the central carbon atom is surrounded by three atoms (C, N or O). Due to the
electronegative behavior of O atoms, the negative charge on carobxylates and
carbamates can delocalize over the O—C—-O ligand backbone. On the other hand, the
number of valence electrons in O (two valence electrons) are less than that in N (three
valence electrons), this lead to a less variation in ligand substituents in carobxylates
and carbamates. TMM is a dianionic ligand, which can bind to the metals in either
n’— or W’ coordination mode (Chart 1-4). In addition, the TMM ligand can also
adopt an n3— coordination mode. In the latter coordination mode, the TMM ligand
undergoes an ‘umbrella’ distortion in which the three methylene carbon atoms are
“leaning” towards the metal atom, whilst the methylene hydrogens are directed away

1.223

from the meta This distortion may be considered as a partial rehybridisation of

the methylene carbon atoms from sp” to sp’ such that the lone-pair electrons reside on

3



these carbon atoms and are directed towards the metal ion.?**

R R H H
j\ \N/ \C/
o070 o)@“\o H,C™ “CH,
)
R = H, alkyl, aryl, etc.
Carboxylates Carbamates Trimethylenemethane
Chart1—3
H\C _H H\C H 0.
)L H—C\7\C—H Az
H2C CH2 H/ \ / 72N
N H2C CH2
M M
n?—coordination mode n°>—coordination mode
Chart1—4

1.1.1 Coordination Modes of Guanidinate Ligands

The general coordination modes of guanidinate ligands are shown below (Chart

1-5).
R’ R’ R’ R’ R’ R'
\N/ \N/ \N/
R /}\ R R )\ R R )\ R
\N N/ \N X N/ \N Z N/
| N, [
M M M M’
Monodentate Bidentate Bridging
Mode Mode Mode
Chart1—5

The monodentate coordination mode involves the formation of a bond between

one of the guanidinate nitrogen atoms and the metal ion. ~Although several examples

of the closely related metal amidinate complexes have been reported to have this type

2a-d

of coordination mode (Chart 1-6), examples of metal guanidinate complexes



which adopt the monodentate coordination mode are rare (Chart 1-7).°  This type of
coordination mode has been observed when a small metal ion is bonded to a sterically

demanding guanidinate ligand.

. —n
Arnold et al.%@ Junk et al.?®
Me
N
“ny
Vi L 77
Wi (THE) L~ —p
Me,N™ NMe, | |
Nf/ R R
Me,>N .
© R =Pr, Cy

Junk et al.%¢

Jones et al.2d

Chart1—6

Junk et al.2e

Chart1—7



The bidentate coordination mode is the most common coordination mode. It
involves a 0,6' bond formation between the two guanidinate nitrogen atoms and a
metal, which results in a highly strained four—-member MNCN ring. The N-M-N
bite angle is generally acute (varies from 50° to 70°). Several examples of metal

guanidinate complex bearing a bidentate coordination mode are shown in Chart

1_g 316b
(MegSipN R NR, RN B ;
YN i L pr NP
R— N/ / \\\ N, /N P N// /
"M ! M >—NR2
R— N/ \\ Al pri-N"" \
NN /N =N
\ X X Pr’
(Me;Si),N R RN Pr
M = Zr, Hf R = Me, Et, Pr', SiMeg; X = Cl M =Y, Gd, Dy
R =Pr Cy R = Me, Et, Pr'; X = Me R = Me, Et, Pr’
N—M—N = 59-60° N—AI—N = 71-73° N—M—N = 55-56°
Richeson et a/.32 Jordan et a/.1° Devi et al.3°
Chart1—8

For the bridging coordination mode, the guanidinate ligand is shared by two metal
ions. Each nitrogen atom forms a ¢ bond with one of the metal centers. This type
of coordination mode is generally observed with most of the d-block metals.*
Guanidinate ligands exhibiting this type of coordination mode always have less bulky
substituents around the nitrogen atoms. The ligand substituents become less repelled
and the nitrogen lone pairs adopt a close to parallel alignment (Chart 1-9). In
contrast, guanidinate ligands with more bulky substituents have the nitrogen lone

pairs converge to the same metal, resulting in a bidentate coordination mode.



More bulky substituents Less bulky
\ [] (] [] |/ i
R' \«— R R substituents
\ b\N/\) / SN /
A R A

S J A 8
M 9 M’
0, 0'—bidentate 0,0'—bridging
coordination mode coordination mode
Chart1—9

1.1.2 Preparation Methods
General synthetic methods for guanidinate ligands are shown below:
1) Insertion of carbodiimide into a metal-nitrogen bond:
This synthetic method can be applied to the preparations of transition metal
and lanthanide guanidinate complexes, or the preparation of Group 1 guanidinate

complexes as ligand—transfer reagents (Scheme 1-1).’

Cy\ NMe,

TMez T B\
N—Cy

i Me,N ~

/M"'-'HNMeZ + 2 CyN=C=NCy Light petroleum= 2 \M/
Me,N Me,N® ‘ ‘N—Cy

NMe, N

/
Cy NM62
M =Ti, Zr, Hf

Scheme 1—1°

2) Deprotonation of a free guanidine with metal alkyl reagents:
The reaction of a free guanidine with a metal alkyl reagent, undergoes a
ligand substitution process, gives the corresponding metal guanidinate complex

and a volatile alkane (Scheme 1-2).° This synthetic route is not applicable to



the preparations of lanthanide metal guanidinates due to the limited access to

lanthanide alkyls.
/Pr’
BN B
N
-
, ~ CHCl;  Pr-n,, /“\\\\\CHzF’h
Zr(CHyPh); + 2 (PFNH),C(NPr) ———> Zr
-2PhMe  pri-N" | cp,ph
=N
Pri—NH I\:,ri

Scheme 1—2°

3) Salt metathesis reactions between a metal halide and a metal guanidinate
A metal halide reacts with a metal guanidinate through a metal-metal
exchange process to form the targeted metal guanidinate complex. This is the
most common method for the preparations of transition metal or lanthanide
guanidinate complexes due to the availability of metal halides (Scheme 1-3).
Group 1 metal guanidinates are often used as ligand—transfer reagents, which can

be prepared by Method 1 or Method 2 as described above.

Ph,N Cy
C
NPh, 7N N Y
e O N, | o
SmCly +3 Oy~ &Y ——= Sm_ )—NPh,
N - 3 LiCl Cy’N/ \ AN
Li N\ N \

Scheme 1—37



1.2 The Coordination Chemistry of Guanidinate Ligands with Different
Groups of Metals
After Wade and coworkers reported the first metal guanidinate complex in 1968,
a number of metal guanidinate complexes were successfully synthesized in the
following decades. Nowadays, the coordination chemistry of guanidinates covered
nearly all metal groups, including the main—group metals, transition metals and the

rare earth metals.

1.2.1 Main—Group Metal Guanidinates

Group 1 Metal Guanidinates

Group 1 metal guanidinate complexes are generally used as ligand transfer
reagents. The first example of alkali-metal guanidinate, [(Me,;N),CNLi],, was
reported in 1968.% Unfortunately, the solid state structure of this complex was not
determined. It was not until 1983 that the first structurally characterized

alkali—metal guanidinate complex was reported (Scheme 1-4).”

6 HN=C(NMe,), + 6 Ligur 12x@ne, \Li~ "L/ MezNTNMez
SU. Lz L= l
[S]

Wade et al.®

Scheme 1—4



Because Group 1 guanidinate compounds were often generated in situ for use as

ligand—transfer reagents in transmetallation reactions, not many examples of these

complexes were structurally characterized. Recently, a few examples of Group 1

metal guanidinate complexes with monomeric, dimeric and polymeric structures have

been reported (Chart 1-10).% '
N(SiMes), NCy,
Ar
Cy\N Z N/Cy N ,- N~
i Pkl |
<\ \N P iy
=N N THF
Ar = CgH3Pr'y-2,6
Trifonov et al.102 Jones et al.?®
Monomeric
N(SiMe
( 3)2 CyN Ar NGy
/ 2
CY\N N/Cy N
Ar\N / /Ar
THF—- | LiT L N° N
_>N|a Néa<— THF Ar/\N/ \ Pr’Y%(Pr' |
N N N Li
y y CYQN Ar L U Jn
N(SiMes), Ar = CgH3Pr',-2,6 Ar = CgH3Pr'»-2,6
Yuan et al.1%9 Jones et al.%® Jones et al.2®
Dimeric Polymeric
Chart1—10

Group 2 Metal Guanidinates

It is noted that cations of a high charge—to—ionic—radius ratio exert a greater

effect in polarizing anions. Therefore, the character of a metal-ligand bond changes

from one with a higher covalent bond character to one with more ionic bond character
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when going down the group. For the heavier Group 2 metals, Ca’"and Sr*", they are
sometimes used to compare with the rare earth elements, Sm®", Eu*" and Yb*"."
This is not only because of a similarity in their ionic radii (Ca*": 1.00 A, Yb*": 1.02 A;
S : 1.18 A, Sm”* :1.22 A, Eu* : 1.17 A),"* but also their bonding characters (due
to poor shielding of the 4f orbitals, metal-ligand bonds are predominantly ionic in
lanthanide complexes).

Recently, a series of Mg(Il), Ca(Il), Sr(Il) and Ba(Il) guanidinate complexes
have been reported (Chart 1-11)." A few examples of Group 2 metal guanidinate

complexes were reported to be catalysts for hydroamination reactions or styrene

o . 13b,d
polymerization reactions. ™
Pri,N Py N(SiMe3),
/
- Cy.
Pr’\N:/N y N\/\ N»Cy
Mg=<—THF Ca/
NS / N\
Pr >\;\N N N
. \Pr’ Cy Y Cy
PrlzN
N(SiMe3),
Chang et al.1%2 Harder et al.13b
i
Pr\N/Pr H b
el PR T TN
P Pr’\N A N,Pr’ Py N _N N
PRGN T W
N o o e N e
Y \ R'N
e NI T e e N S
Pr’ ) ) pri
Pr’”N\\/(N Pr' z RoN
THF 7 .
o -Nepyi THF R,N = ArNH, R = Pri.Cy
r r RoN = PhyN, R' = Cy
M = Sr, Ba Ar = CgHsPr'-2,6

Cameron et al.'%°

Barrett et al.'3d¢

Chart1—11
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By increasing the steric bulkiness of the ligand, Group 2 metal guanidinates can
form heteroleptic complexes of the form LMX (L = guanidinate ligand, M = Group 2
metal, X = halide). The latter type of metal complexes are potential precursors for
the synthesis of dimeric metal(I) complexes, LMML, which could be obtained by the
reduction of LMX with potassium metal or potassium graphite (KCg). In 2007,
Jones and co-workers have reported on the first example of a Mg(l) complex
supported by the bulky guanidinate ligand [ArNC(NPr;)NAr]  (Priso). The
precursor complex [(Priso)Mg(u—I),Mg(OEt,)(Priso)] was first prepared by the
reaction of the free guanidine PrisoH with equal molar amount of Grignard reagent
MeMgl (Scheme 1-5).'"*  Treatment of [(Priso)Mg(u—1),Mg(OEt,)(Priso)] with
excess potassium metal led to the formation of di-Mg(I) complex, [(Mg(Priso)]s.

The Mg-Mg bond in this Mg(I) complex measured 2.851(1) A.

i?\r Etzo Ar
NPr' N l
Et,O/toluene j N o al, Y o .
ProN—( Mg "Mg_ )—NPr
+ B —— e 2 2
2 Ar\N N/Ar 2 MeMgl oflux TN
H " N
PrisoH Ar Ar
Ar = CgH3Pr',-2,6 excess K, toluene
-2KI
o o
N .
; AN o .
Pr;N (/Mg—Mg )—NPri,
o
Ar Ar

Jones et al.™

Scheme 1—5
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Group 13 Metal Guanidinates

Group 13 guanidinates are active catalysts and potential precursors to important
materials in industries.'>'* Early development in the chemistry of Group 13
guanidinates was focused on Al(IIl) complexes. In 1998, Chang and coworkers have
studied the reaction of AIR3 (R = Me, Et) and AIX,Y (X = Cl, R; Y = Cl, NR';) with
1,3—diisopropyl- and 1,3—di—tert-butylcarbodiimides in various stoichiometric

ratios.'®

Jordan and co—workers have also reported on the synthesis and
characterization of a series of Al(IIl) alkyl complexes containing guanidinate ligands
[RoNC(NPr'),] [R = Me, Et, Pr'] and
1,3,4,6,7,8-hexahydropyrimido[ 1,2—a]pyrimidinate ~ (hpp ). teb Using  the
[Me;NC(NPr'),]~ ligand, Barry and co—workers have successfully prepared a series of
AI(IIT) guanidinate complexes [{Me;NC(NPr'),} , AI(NMe;)sn] [n =1, 2, 3].160

Low valent guanidinate complexes of the heavier elements Ga, In and Tl were
first reported in 2006." By wusing a sterically demanding ligand,
[(Ar)NC(NCy2)N(Ar)]” (Giso'), Jones and co—workers have successfully isolated
monovalent Ga(I), In(I) and TI(I) guanidinate complexes [M(Giso)] (M = Ga, In and
Tl) (Scheme 1-6). Interestingly, the guanidinate ligand exhibits different

coordination modes in these complexes. It binds to Ga(I) and In(I) in a

N,N'—chelating mode, but is bonded in a N,arene—chelating mode in the TI(I)
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derivative. Conceivably, this difference in the coordination behaviour of the Giso~

ligand may be attributed to a difference in the ionic size of Ga(I)—>TI(I).

NCy>
Ar\NA\\ _Ar
\M/
NCy, toluene .
/k M=Ga, X=
Ay a N L M=1In, X =Cl
Li NCy;
toluene
Ar\N N
Ar = CgH3Pr',-2,6 , -
r 6 13FT2 ’ Pri Py
.M Petas
M=TIl, X=Br

Jones et al.'”

Scheme 1—6

Group 14 Metal Complexes

In 2002, Richeson and co—workers have successfully isolated the first Sn(Il) and
Sn(IV) guanidinate complexes using N,N',N"-trialkylguanidinate ligands
[(RN),C(NRH)]" (R = cyclohexyl and isopropyl), and the
1,3,4,6,7,8-hexahydropyrimido[ 1,2—a]pyrimidinate (hpp ) ligand (Scheme 1-7 to

Scheme 1-9)."®

/H '
; Pr'
i Pri—N / ; i+

PF\N/H >/KN Pr\N/H

: ; toluene i_N | ol _ )\ ,_
? PrI\N)\N/Pr’ + 280l ——————= P mgy v [Rd (AN PP [SnCIs(THR)T

H | ~ci ||_| H
Cl

Richeson et al.'®
Scheme 1—7
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Cy’N

>,,

Et,0 Et,O Cy— N\
2MeLi + (CyN)C(N(H)Cy), —— 2 (CyN(H)C(NCy),Li+SnCl, ——
Cy—N""
y \ ‘

N\
Cy—~N
y \ Cy

H
Richeson et al.'®

Scheme 1—8

C *“
2Hhpp + 2MeLi

N“
THF SnCl, C

C)N\/j THF
2 N\ N 2 SnCl, f/l/,\lj

Li N
THF

Hhpp = C)N\/j N err!l
v (A

Richeson et al.'8

Sn S‘n/CI

Scheme 1—9

In 2006, Jones and co—workers reported on the first Ge(I) guanidinate complex,
[Ge(Giso)], (Giso = [(Ar)NC(NCy,)N(Ar)]; Ar = 2,6-Pr,C¢Hs). The precursor
complex [Ge(Giso)Cl] was prepared by a two-—step procedure: GisoH was first
deprotonated by LiBu”, followed by the reaction with one equivalent of
GeCly-dioxane (Scheme 1-10)."°  Treatment of [Ge(Giso)Cl] with excess potassium

metal in toluene gave the Ge(I) dimer, [Ge(Giso)],. The solid—state structure of the
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latter complex was determined by X-ray crystallography, which revealed a

Ge(I)-Ge(I) bond distance of 2.672(1) A."

Ar,
Npr 1. 2 equiv. LiBu" \N
2 AN
Ao I A e - 2 NoPi—( el
2 N \N/ 2. 2 equiv. GeCl,-dioxane N (o]
/
" THF Ar
) excess K
Ar = C6H3Pr12-2,6 toluene
Ar -2 KCl
N
. N .
N,Pr! Ge"* Al
2 —<( yZ ; r
/N /N
Ar G )>7NPr"2
>N
\
Ar
Jones et al.’®
Scheme 1—10

Group 15 Guanidinate Complexes

Group 15 guanidinate complexes are rare as compared to their Group 13 and
Group 14 counterparts. Bailey and co—workers have prepared a Sb(III) complex,
[Sb{(Pr'N),CNHPr'} {(Pr'N),CNPr'}] by the reaction of 1,2,3—triisopropylguanidine

[(Pr'NH),C=NPr'] with antimony tris(dimethylamide) [Sb(NMe,)s] (Scheme 1-11).%°

j i
Pr’HN\[(NHPr toluene \
+ Sb(NMey); ———> sb

N Pri / "”’c

Bailey et a/.?°

Scheme 1—11

16



Recently, Jones and co—workers have performed a synthetic study on As(IIl) and
Sb(IIl) guanidinate complexes (Scheme 1-12).*'  Reduction of [As(Priso)Cl,] (Priso
= [(Ar)NC(NPr)N(Ar)]; Ar = 2,6-Pr'C¢H;) or [As(Giso)Cl] (Giso =
[(ANC(NCy,)N(Ar)]; Ar = 2,6-Pr'aCeHs) with excess KCg yielded the

corresponding As(I) complexes, [As(Priso)], and [As(Giso)]».

NR,
NR, NR;
)\ Ar\ ~ /Ar
AF\N = N/Ar Ar\N = N/Ar excess KCg N N
2 M@ + 2EX THF 2 N toluene ¢ |
i 2 MX ‘E\ /TS:?S
_ - -4 KX
o= P25 N rx=a N N
r= r',-2, .
erisTT2 E=As, X=Cl,R=ProrCy Ar Y Ar
E=Sb,X=Clorl,R=Cy NR,
R=Pr or Cy

Jones et al. 2"

Scheme 1—12

1.2.2 Transition Metal Guanidinates

The coordination chemistry of guanidinate ligands with transition metals has
been extensively studied in the past decades.*”” The first transition metal
guanidinate complexes, [(Me,N),M{(CyN),CNMe,},] (M = Ti, Zr, Hf), were reported

by Lappert and co—workers in 1970 (Scheme 1-13).

Cy\ NMe,

NMe, T =
N—Cy

i Me,N ~

/M-"v'HNMez + 2 CyN=C=NCy M 2 ?M"':,,
Me,N Me,N* ‘ N=Cy

NMe, N-=<

/
Cy NMe,
M = Ti, Zr, Hf

Lappert et al.%
Scheme 1—13
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In the following decades, considerable research efforts have been devoted to the
study of the reaction chemistry of transition metal guanidinate complexes. These
included small molecule activation and the applications of transition metal
guanidinate complexes in industrial chemistry, such as olefin polymerization (Scheme

1-14)* and hydroamination of alkynes (Scheme 1-15).**

Me38| Ar
- CI N
[cat.] ( e,
N Hy,C—CH, cat. = Me2N—< >—NMe
MAO, toluene M | \CI/ | \ 2
conditions n Cl \
I" SIMe3
conditions = 20-80°C, 1 or 10 atm. Ar = 2,6-Pri,CgHj
Zhou et al.23
Scheme 1—14
R Me,N Pri
5% [cat.] ArN ArN >7N/
+ ArNH >_ + >_ ) /‘a
| 2 CeDg, 105°C ¥ R Rr’ R Pr—N,,, |
R’ cat. = o Ti=NAr
R=Ph;R' =Ph, H Pr—N é
R =Me; R =Me >7N\ '
R=Bu" R =H Me,N Pr'

Ar = 2,6-Me,CgHs Ar = 2,6-Me,CgH3

Richeson et al.2*

Scheme 1—15

In general, the guanidinate ligands in these complexes exhibit two common
coordination modes, namely the N,N'—chelating mode and the N,N-bridging mode.
Cotton and co—workers have reported on a number of dimeric transition metal
guanidinates, which contain a Mj(pu—guanidinate), (n = 3, 4) core.** These
complexes generally exhibit a "paddlewheel" or "lantern" structure, with metal-metal
multiple bonds. One representative example of these "paddlewheel" complexes is

[Rua(hpp)4Cly] (hpp = 1,3,4,6,7,8-hexahydropyrimido[1,2—a]pyrimidinate), which
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was reported in 1996 (Scheme 1-16).%° Afterwards, Cotton and co—workers have
reported on a series of middle and late transition metal complexes of the hpp ligand.

All of these complexes contain metal-metal multiple bonds (Chart 1-12).%

Ru,(CH,CO0),ClI C ﬁ 150°C_ g NN :

u + eXCess 4’ —~ = N

2(CH3 )a )\ j \/R“\CI f)N\/j
N | N7 N

N N
. (hpp)
Bear et al.2®
Scheme 1—16
N = pp
.

N N N N

N N N N N
‘ NN N ‘ Nm N | NN ‘ NN
NbossNp” M= “Mo)\5® & ESS Y P
—Cl =SMo™ BF, M@ g

N N | N | g N | gn |

N N N (N
M = Mo, W, Os M = Mo, W

N N N/\ TN

N N N N N N N
’ \\\\N \\N Cl ‘ ‘\\N \‘N X ‘ Nr\\\N cl \‘\N \N

= .~ —R NS ~Ru=- N —_—e
W AR AT AT

N IN | N I ‘ IN ‘ N N |

N N N N

N~ N N

Cotton et al.2®

Chart1—12

Recently, Jones and co—workers have successfully synthesized the first cobalt(I)
guanidinate complexes (Scheme 1-17).%7 By using the [(Ar)NC(NCy;)N(Ar)]

(Giso") and [(Ar)NC(NPr’,)N(Ar)] (Priso") ligands, monomeric cobalt(I) guanidinate
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complexes  [(Giso)Co(n’~toluene)],  [(Priso)Co(n’—toluene)] and  dimeric
[{Co(u—Giso)},] were prepared. The dimeric Co(I) complex, [{Co(u—Giso)},], was
found to have a Co—Co metal bond of 2.1345(7) A, which is shorter than a normal

Co—Co single bond, and, hence, it is considered to have a double bond character.

NR,
Ar< N\/\/ N~ Ar
2 Co

excess K @

toluene R =Pr/, Cy
NR2 Ar

“NT -2 KB
Ar< )A\ Ar THF ANDA '
2 N7 N~ + 2CoBr, —— Co NCy,

K® -2 KBr / Jr;;“ excess K
Br. Ar. )/\\ Ar
Ar = CoHaPri-2,6 %2 SNTTN
R =Pr, Cy cyclohexane | |

-2 KBr P
NN
Y Ar

NCy,

Ar

Jones et al.%’
Scheme 1—17

Very recently, Jones and co—workers have isolated the first iron(I) guanidinate
complex by employing the sterically more bulky [(ArN),C(cis—2,6-Me>NCsHg)]™
(Pipiso ) ligand (Scheme 1-18).*® Instead of using the readily accessible magnesium
and potassium metal as reducing agents, a milder reducing agent, [ {(V**Nacnac)Mg},]
(M*Nacnac™ = {[2,6—-(2,4,6-Me;—C¢H,)N(Me)C)],CH} ) was employed in their study.
The iron(I) complex crystallized in a dimeric form with an Fe—Fe bond length of

2.1270(7) A, which is considered to have a double bond character.
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N\ /N {(MesNacnac)Mg}, T T
Fe cyclohexane Fe—Fe
/ \ _ Mes
B 2 {(***Nacnac)MgBr} A N.__N
r

Ar = CgH4Pr',-2,6 O

Jones et al.28

Scheme 1—18

Among first row transition metals, chromium has the potential to form the
shortest metal-metal multiple bond due to the possible formation of a quintuple bond
between two chromium atoms. The first di-chromium(I) complex [Ar'CrCrAr'] (Ar'
= CeH3-2,6(CeH3-2,6-Pr’),),”** was reported by Power and co—workers. Later,
several dimeric chromium(I) complexes with metal-metal bond were reported by
Theopold,*”® Kempe®*® and Tsai***® (Refer to Chapter 2 for detailed description). In
2009, Kempe and co—workers have isolated the first chromium(I) guanidinate
complex [Cr{Me,NC(NAr),}], by treating the dimeric chromium(Il) complex
[Cr{Me,;NC(NAr), }Cl],, with excess KCg in a THF solution (Scheme 1—19).30 This

chromium(I) complex has a short Cr—Cr distance of 1.729(1) A.

NMeZ NMez NMez
Ar Ar
)\ Al ~Ar SN7TTONT
, ASNASNAT o, THF N\A N"excesskCs | |
+ rCly — > =
N -2Licl Cr, THF =
7 -2 KCl N N
. CI A - —~ \A
Ar = CgH3Priy-2,6 N r \( r
2
NMez

Kempe et al.3°

Scheme 1—19

21



1.2.3 Rare Earth Metal Guanidinates

The lanthanide metals together with scandium and yttrium are known as rare
earth metals. The most common oxidation state for rare earth metals is the +3
oxidation state. The simplest rare earth metal guanidinate complexes have the
formulation of [Ln(L)s] (Ln = rare earth metals, L = guanidinate ligands). Shen and
co—workers have prepared a few lanthanide(IIl) tris(guanidinate) complexes by (i)
addition of a carbodiimide to a lanthanide(IIT) amide (Scheme 1-20),” and (ii) the
direct reaction of an alkali metal guanidinate with a lanthanide(IIl) trichloride

(Scheme 1-21).]

Ph,N Cy
= N Cy
. 3 CyN=C=NCy Cy—N,, /N
[(THF),LilILn(NPhy),] T L )>——NPh2 + PhyNLi
o T
N\ Cy
Ph,N O
Ln=Yb, Nd
Shen et al.”
Scheme 1—20
Ph,N Cy
Ph,N N Cy
| N
Cy- //L\ Cy THF cy—N,, / o
SmCl; + 3 N ——— Sm )>»NF>h2
\ / -3 LiCl N
¥ C N
\_‘ \
N\ Cy
Ph,N Cy
Shen et al.’
Scheme 1—21

Lanthanide(Il) guanidinate complexes are rare as compared to their

22



lanthanide(III) counterparts. The first lanthanide(Il) guanidinate complex,
[CyNC(NSiMes3),NCy], Yb(TMEDA), was reported by Richeson and co—workers
(Chart 1-13).%! Later, Jones and co—workers have wused the bulky
[(Ar)NC(NCy,)N(Ar)] (Giso ) and [(Ar)NC(NPr’,)N(Ar)] (Priso ) ligands to support
a series of Sm(II), Eu(Il) and Yb(II) complexes.m’b Please refer to Chapter 3 for a

detailed description on the chemistry of lanthanide(Il) guanidinates.

C N(SiMe
Y, ( 3)2 Ar THF Ar\ Pri
N | P N—Cy <N > c N—< Pr@
N\\ ’ '/,N_Cy /N rrl_‘-l‘rrﬂ J~I-'JJ_I.I"-I
N\ N Ar 2
/
Cy N(SiMes), Ln=Sm, Eu, Yb R =Pr, Cy
R =Pr, Cy
Ar = 2,6-diisopropylphenyl

Richeson et al.3’ Jones et a/.322p

Chart1—13

Lanthanide guanidinate complexes were found to have promising catalytic

22b,33

properties towards polymerization reactions. Two important polymerization

reactions are summarized as follows.

Olefin Polymerizations
In 2004, Trifonov and co—workers have carried out a preliminary study on the
polymerization of ethylene, propylene and styrene using the lutetium(IIl) hydride

complex [Lu{(Me;Si);NC(NPr'),},(n—H)], as an initiator (Scheme 1-22)**  The
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lutetium(III) complex was found to be active towards polymerization of ethylene, and
maintained its catalytic property after three days. Unexpectedly, the lutetium(III)
complex can also catalyze the polymerization of propylene without loss of catalytic
property within one hour. This catalytic property is not commonly observed for other

lanthanide complexes.

[cat] (Me;Si),N Pri Pr’\ N(SiMe;),
A toluen N N
n RTON conditions : - M .
R n Pr'—N,, / wh, \ _sN=Pr'
= “Lul “Lu
cat. = “
. / 1y, i
R = H, conditions = 20°C, 3d Pr—N C \ \H/ / ) N—Pr
R = CHjs3, conditions = 0°C, 1h N\ /N~<
R = Ph, conditions =r.t., 6d (Me;Si),N P Prf N(SiMe3),

Trifonov et al.3
Scheme 1—22

Cyclic Ester Polymerizations

Lanthanide(III) complexes are oxophilic and, thus, they are good initiators for
polymerization of lactone monomers. Cyclic esters (Chart 1-14), can be readily
polymerized by releasing their ring strain in the presence of a catalyst (Scheme 1-23).

-8, O QL G

a-acetolactone B-propiolacctone y-butyrolactone &-valerolactone e-caprolactone

Chart1—14
O
a
n & [cat.] (o)
o0—), O
n
a=1-5
Scheme 1—23
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Lanthanide catalyzed ring—opening polymerization of cyclic esters provides an
efficient access to polyesters with controlled and narrow molecular weight
distributions. Recently, Shen and co—workers have prepared a few lanthanide(III)
bis(guanidinate) complexes [ {(SiMes),NC(NPr'),},Ln(p—Me),Li(TMEDA)] (Ln = Yb,
Nd)*** and tris(guanidinate) complexes [{R'NC(NR"),};Ln"(Et,0),] (Ln = Yb, n = 1,
R'=Pr5, R"=Cy; Ln=Nd,n=0, R'=Pr’, R"=Pr, Cy; Ln =Nd, n =0, R' = (CH,)s,
R" = Pr).**® These complexes could catalyze the ring—opening polymerization of
g—caprolactone. In their studies, [Nd{(Pr’.zN)C(NPr’.)z}g]35b was found to be an active
initiator, even when the monomer—to—initiator ratio was raised up to 2000:1. The

conversion approached to 100% within 5 minutes.
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1.3 Objectives of This Work

As it has been mentioned in the previous sections, guanidinate ligands belong to
a class of versatile ligands which form stable complexes with interesting structures
and oxidation states. Recently, a series of first row late transition metal complexes
supported by unsymmetrical guanidinate ligands [(2,6-Me,CsH3;N)C(NRR")NR'] (R
=H, R' = Pr, Cy; R = SiMe;, R' = Cy) have been prepared by our research group.™
Continuing our study on the coordination behaviour of these guanidinate ligands with
transition metals, we extended our work to the chemistry of divalent chromium
guanidinates (Chapter 2).

Divalent lanthanide guanidinates are rare. There are only few reports on their
chemistry.’'”*  Accordingly, we carried out a detailed synthetic and reactivity studies
on lanthanide(Il) (Sm(II), Eu(Il), Yb(Il)) complexes derived from
[(2,6-Me,CsH3;N)C(NRR)NR'] (R = H, R' = Pr', Cy; R = SiMes, R' = Cy) and
[(2,6-Pr’,C¢H3N)C(NEt)(NCeH;Pr—2,6)] ligands (Chapter 3). Our study is the
first systematic investigation on the coordination properties of guanidinate ligands
with divalent lanthanide ions. Besides, a series of lanthanide(IIl) derivatives of the
[(2,6-Me,CsHsN)C(NHPr)NPr']™ ligand were also prepared in this work. The
coordination chemistry of this ligand towards LnCl; (Ln = Ce, Pr, Gd, Tb, Ho, Er, Tm,

Lu) in different stoichiometric ratios was studied (Chapter 4).
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Chapter 2

The Coordination Chemistry of
Chromium Complexes
Supported by

Guanidinate Ligands
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2.1 The Development of Divalent Chromium Complexes Derived from

N-donor Ligands

Chromium, with the electronic configuration of [Ar]3d’4s’, is classified as an
early transition metal in the first row. According to Pearson's hard and soft, acid and
base concept,’ low valent chromium metal is relatively hard, comparing to its late
transition metal counterparts. Over the past decades, great efforts have been devoted
to the coordination chemistry of divalent chromium metal by hard N—donor ligands.*”

Early work in this field involved the use of the bulky [N(SiMes),] ligand.
Bradley and co—workers reported the preparation of Cr(I) amide,
Cr[N(SiMe);]o(THF), in 1972.* This complex is monomeric in the solid state with

the two [N(SiMe)s] ligands located in a trans square planar geometry (Chart 2—1).

Bradley et al.*

Chart 2—1
Apart from the silylamido ligand mentioned above, Cr(Il) complexes derived

>%> and arylamido™™“® ligands have also been reported. Gambarotta

form alkylamido

and co—workers have reported on a series of homoleptic Cr(II) alkylamido complexes,

[{Cr(NR2)(1-NRz)}2] (R = Pr, Cy),”™® and arylamido complexes such as,
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[{Cr(NPho)(u-NPho)(THF) 2, [Cr(NPhy)x(py)2]™ and
[(Cr{N(1-Ad)(CcH3Me,—-3,5)} {p—N(1-Ad)(CsH3Me,—3,5)})2] (Chart 2-2).¢
Interestingly, these complexes exist in either a dimeric or monomeric form, in which
the Lewis base (THF, py) coordinates to the metal. Apparently, the formation of
these two coordination modes is related to the steric property of the ligand.

R. R -
Y thN\ oy Ph\N/Ph Q (1 Ad)\
PN o THF R (1-Ad)
R,;N—Cr. N \ / ot NG e N

Cr. —Cr Cr—N
\ W & e \ \\\\u \ s r
R
(1-Ad

Gambarotta et al.®

Chart2—2

By increasing the steric bulkiness of the ligand, the tendency to form bridging, or
Lewis base containing complexes can be reduced. Power and co—workers have
studied the chemistry of the more bulky [N(Mes)(BMes;)] and [N(Ph)(BMes;)]”
ligands, where Mes = 2,4,6-MesCeHo.%" A few monomeric, two—coordinate Cr(ID)
arylamide complexes, including [Cr{N(Ph)(BMes,)}.], [Cr{N(Mes)(BMes;)}.] and
[Cr{NH(CcH3Ar—2,6)}2] (Ar = C¢Hs) were successfully isolated and structurally
characterized (Chart 2—3).6a’b Short Cr-Cjy, distances were observed in
[Cr{N(Ph)(BMes)},] (2.328(2) and 2.406(2) A )and [Cr{N(Mes)(BMes,)},] (2.383(2)
and 2.391(2) A). More recently, the same research group has modified the aryl

substituents and reported on several new two—coordinate Cr(Il) arylamide complexes,
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namely [Cr{N(H)Ar™s}5] (Ar"s=CoHi-2,6(CeHr-2,4,6-Pr's),),  [CriN(H)ALr™ )]
(A" = CeHy2,6(CeHy2,6-Pra)) and  [CriN(H)AM,]  (AMs =
CeH3-2,6(CsHr—2,4,6-Me3),).%  The former two complexes have a linear geometry

around the metal center; the N-Cr—N bond angles in both complexes measured 180°.

Ar Ar
H\ H\

~<2 - Cr.
B o g A N—Cr—N AT N TN A
~. P d \ I \

N~ N H H

Fé \R Ar Ar

R

Ar = CgHy-2,4,6-Pr's, CgH3-2,4-Prl, Ar = CgHz-2,4,6-Me;

Power et al.®

Chart2—3

Apart from the monodentate silyl-, alkyl- and arylamido ligands, bidentate
N—donor ligands such as [—diketiminates, 2—pyridylamides, amidinates and
guanidinates have also been employed in Cr(II) coordination chemistry. Theopold
and co—workers have reported on the homoleptic [Cr{(Ph);nacnac},] [(Ph);nacnac =
N,N'—diphenyl-2,4—pentanediimine anion], which was synthesized by the reaction of
[Cr{(Ph),nacnac}Cl,(THF),] with LiR (R = Me;SiCH,, Me) (Scheme 2-1).”* The
heteroleptic [Cr{(Ar);nacnac}I(Sol)] [(Ar);nacnac =
bis(2,6—diisopropylphenyl)pentane—2,4—ketiminate, Sol = tetrahydrofuran, acetonitrile,
or o—picoline] with different donor solvents were also reported.”” They were
prepared by salt elimination method from Crl, and lithium salt Li[(Ar),nacnac] in the

appropriate donor solvent. On the other hand, the heteroleptic dinuclear Cr(II)
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[{Cr{(Ar);nacnac}CI(THF)},] and [{Cr{(Ar);nacnac}Cl},] can be prepared by the
reaction of [{Cr{(Ar);nacnac}Cl,},] with BzMgCl (Bz = PhCH; "), in which the
coupling product Bz—Bz was also isolated (Scheme 2-2).® Several homoleptic and
heteroleptic Cr(II) p—diketiminate complexes were also isolated in which the

diketiminate ligands contained substituents of different bulkiness. Some of them are

. . 9
depicted in Chart 2—4.
TN
N N THF N_ 4 equiv. LIR N_ N
2CrCl(THF); + 2 N/ ———— 2 CrClp(THF); —————— Cr
| N Et,O N/ N
(R = Me;SiCH,, Me)
/\ i m/
N N = NN
Ph Ph
VRN
crl, N N
\/
THF /Cr.,_
“ THE
7N N
N N
N\L/N Crly \Cr/
1 . . B
THF, a-picoline P
I/ /N\
i YO P »
m = N N VRN
N N T
N N
P pri Crly(MeCN), \C/
{
THF
|/ NCMe
Theopold et al.”

Scheme 2—1

©/\M9CI
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Gibson et al.8

Scheme 2—2
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Theopold et al.%2P Mindiola et a/.%¢
Chart2—4

The heteroleptic  Cr(II) complex [{(nacnac)Cr(p—Cl)},] (nacnac =
[ArNC(Bu")],CH , Ar = C¢H;Pr',—2,6) has been shown to be a good starting material
for the preparation of other Cr(Il) silyl, amide, aryloxide and hydrocarbyl complexes

(Scheme 2-3).%

i Yo PP
VRN N~ N N
N N N j@ ( N>Cr—SiH(Mes)2
<N>Cr—CHQBu’ P Py

cl
\ N P N
LiCH,BU! > \_Cr/
i Pri
N RMgCl LiNMe, Pr N
Cr—R ~
N~ NaO < N/Cr—O

N , ;
R = CHj, CH,CHj ( >Cr—NMe2 Pr’ Pr
N

(THF),LiSiH(Mes),

Mindola et a/.%¢
Scheme 2—3

A few examples of divalent chromium complexes supported by bulky

2-pyridylamido ligands have been reported by Kempe and co—workers (Chart 2-5)."

Heteroleptic Cr(I) [{(L)Cr(u—CI)(THF)}] [L =
{6—(2,4,6-triisopropylphenyl)pyridin—2-yl}(2,4,6—trimethylphenyl)amide or
{6—(2,6—dimethylphenyl)pyridin—2—yl}(2,6—diisopropylphenyl)amide] were
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synthesized by reactions of CrCl, with LiL. Reductions of [{(L)Cr(u—CI)(THF)}]
with KCg led to the dichromium(I) complex [{Cr(u-L)},] in which the
chromium(I)—chromium(I) bond has a five—fold bond order [Cr—Cr = 1.749(2) and

1.750(1) A, respectively] (Scheme 2-4)."

Pri

Me
Pri
M —
Q THF ® N
Pri N\(\: /CI C/ N/
/ N7 TN pr

Me

Kempe et al."0

Chart2—5

Ar |

A THE \

N\ /CI / 2KCq r
/

N
]
|r\N 1
THF  Ar N /N| A
g

Ar'

Ar = 2,6-Pri,CgHa, Ar' = 2,6-Me,CgHs
Ar = 2,4,6-Me3C6H2, Ar' = 2,4,6-P|’i3C6H2

Kempe et al."®

Scheme 2—4

The chemistry of amidinate ligands has attracted much research interest over the
past decade due to a flexible bonding mode of these ligands. Edelmann and
co—workers reported the first homoleptic Cr(I) [Cr{(Ph)C(NSiMe;),},] in 1991."

Subsequently, a number of Cr(II) amidinate complexes were reported in the
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12715 A few examples are listed in Chart 2-6. Some of these complexes

literature.

contained a metal-metal multiple bond. Notably, the structures of these compounds

depend on the steric properties of the amidinate ligands.

Ph
CV\N)/—\N/CY Me Ar\N N N,Ar
MegSi A\, SiMe; Cy BulL A ‘
N\ /N \Cr/ y\N U A~ Y NBu \Cr/
0 /N b /\
/ \ N N Me /Cr=Cr\ > Me N N
cy— Y ~c N / N Ar— Y ~Ar
MeaSi— ="'~ ¢/ N N \
€35l SiMe; R Bu! gt~ Y “But Cy Ph
Ph R = CHj, Ph(o-CH,NMe,) Me Ar = 2,6-Pr’206H3
Edelmann et al."! Gambarotta et al.'? Winter et al.® Hessen et al.™
N N\
Ar\N%\\N/Ar N N N N/<Me N N Me
N/ | N | o0 | oo
Cr /Cr\§cr\~ /Crgcf /Cr§cf
/N i LT W]
AN Ny N N Me}‘/ N O 0
r
N Y
Me
R R
Ar = 2,6-Me,CgHs S~ /@ S~
N N = NN N N = NN
Cl Cl
R = Me, OMe

Cotton et al.'®

Chart2—6

Figure 2—1 shows an energy level diagram of the molecular orbitals formed by
overlapping of the atomic metal d orbitals. The dy’.,* orbitals, which are directing
towards the ligands, are involving in the formation of metal-ligand bonds. Hence,
the latter orbitals are occupied by electrons contributed by the ligands. A
di-chromium(IIT) complex of the type X4CrCrXy has a total of eight d electrons (each

Cr(IT) ion contributes four d electrons), which fill the bonding orbitals to give a o’n'8?
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electronic configuration.

In other words, the metal-metal bond has a bond order of

four.
l_*\’ ------------------------------ *
/, g \\\ o)
1 \
/ - (M-L bond formation)
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s e
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i \
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Figure 2—1

The [Cr{(Ph)C(NSiMes),},] complex has proved to be a good starting material

for the preparation of Cr(IIl) bis(amidinate) complexes via single electron oxidation.

Smith and co—workers have reported on a series of Cr(Ill) bis(amidinate) complexes.

The reactivity of [Cr{(Ph)C(NSiMes),},] with AgO,CPh and I, was examined

(Scheme 2-5)."®  The same research group has also prepared a Cr(III) allyl complex,
[Cr{(Ph)C(NSiMe;),}2(1°~CsHs)], by the

reactions of

[Cr{(Ph)C(NSiMe;),}»(I)(THF)] or [Cr{(Ph)C(NSiMes3),}»(0,CPh)] with C;HsMgCl.
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Guanidinate ligands are close analogues of amidinate ligands. An early work

on chromium(Il) complexes supported by guanidinate ligands was reported by Cotton

and co—workers."’ The chromium(Il) complexes [Cra(hpp)s]'™ (hpp

1,3,4,6,7,8-hexahydropyrimido[ 1,2—a]pyrimidinate) and [Crz(DPPC)4]17b (DPPC

[(PhN),CN(CH>)4]") were synthesized by the reaction of an appropriate guanidine
(hppH or DPPCH) with LiBu" followed by a salt metathesis reaction with anhydrous
CrCl, (Scheme 2—6). The metal-metal bond in [Cry(hpp)s] and [Cro(DPPC)4] were
measured to be 1.8517(7) and 1.904(1) A, respectively, which can be considered as a
chromium—chromium quadruple bond. The latter complex was further reacted with
AgPF¢ to yield an one-electron reduction product, [Cry(DPPC)4] [PF(,].17b The
chromium—chromium bond length in [Cr,(DPPC)4][PF¢] was measured to be 1.9249(9)

A, which is slightly longer than that of [Cro(DPPC),]. The reaction was suggested to
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be a ligand oxidation reaction. The molecular orbital from which the electron has
been removed spanned entirely over the ligands and has very little contribution from

the chromium atomic orbitals.

N
4 N/\N + 4 MeLi -4 equiv- LBU" ‘ \\\\ NT\N NOoN= )6\\ x )\ Ph
H 2. 2 equiv. CrCl, N\{J N/ SN7SONT
)
N
VRN N N
” N = (N\/J\/Nj or Ph\N/KN/Ph
H H Cotton et al."”
Scheme 2—6
Recently, Gambarotta et al. have reported on a monomeric Cr(II) complex
supported by the bulky [(Me;Si),NC(NCy);] ligand. Reaction of CrCl, with two
molar equivalents of Li[(Me;Si),NC(NCy),] gave homoleptic chromium(II) complex
[Cr{(Me;Si);NC(NCy),},] (Scheme 2-7).'"® By adding an alkylating agent, AlMes,
one of the guanidinate ligands in [Cr{(Mes;Si),NC(NCy),},] is replaced by an alkyl
group to form dimeric [{[(Me;Si),NC(NCy),]CrMe},]. The chromium—chromium
bond length in the latter dimeric complex was measured to be 1.773(2) A, which is
shorter than those reported for [Clrz(hpp)z;]m1 and [Crz(DPPC)4].17b Each methyl
group in [{[(MesSi),NC(NCy),]CrMe},] is terminally bonded to one chromium atom

with an orientation towards another chromium atom. This suggests the presence of a

Cr—C-H---Cr agostic interaction.
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Scheme 2—7

More recently, Kempe and co—workers have successfully isolated the first
di—chromium(I) guanidinate complex, [Cr{Me;NC(NAr),}], (Ar = CsH3Pr'’>-2,6), by
adding excess KCg to the dimeric guanidinate—chloride = complex
[Cr{Me;NC(NATr), } (u—CD]2 (Scheme 2-8)." The chromium(I)-chromium(I) bond
in [Cr{Me,NC(NAr),}], was measured to be 1.729(1) A, which is the shortest
chromium(I)-chromium(I) bond reported so far (Chart 2—7).10’202‘7f It has been
proposed that the two methyl groups on the non—coordinating nitrogen atom can push
the two phenyl rings closer to the metals. This facilitated the formation of a short

chromium(I)—chromium(I) bond.

NM62

Al /Ar Ar Ar
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Nl N o NN

.Cl, excess KCg
Me N4< Crl _.Cr >—NMe - > S

/ \ _N.__N

Ar Ar Ar Y SAr
Ar = CgH3Pr',-2,6 NMe,

Kempe et al.'®

Scheme 2—8
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R=H, Cr—Cr=1.8351(4)
R = SiMe,, Cr— Cr = 1.8077(7)
R=0OMe, Cr—Cr=1.8160(5)
R=F, Cr—Cr=1.831(2)
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Ar = 2,6-Pri2C6H3, Ar' = 2,6-M6206H3
Cr—Cr=1.750(1) A
Ar = 2,4,6-M3306H2, Ar' = 2,4,6-Prf3C6H2
Cr—Cr =1.749(2) A
Kempe et al. 0

Cr—Cr = 1.8028(9) A

Theopold et al.?%°

q° R
VRN N
N N N N Ar\N)/\\N/Ar
1 \ ‘ \ — /
Crascy Cr=Cr
XK AN
N//@\N \_N N\/N Ar \\/( Ny
—J R N
R =H, Ar = 2,4,6-Me3CgH,, Cr— Cr = 1.7404(8) A
. R=H, Ar=26-Et;CqHs, Cr—Cr =1.7454(1) A
Cr—Cr=1.7397(9) A R=H, Ar=2,6-Pr,CsH;, Cr—Cr=1.747(1)A_
R = Me, Ar = 2,6-Pr’,CqHs, Cr—Cr = 1.7395(7) A
Tsai et al.20de
Chart2—7
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2.2 Results and Discussion
2.2.1 Synthesis and Structure of  Potassium Derivative of
[(2,6-Me;CHsN)C(NHPr)(NPr)]” (L') and Lithium Derivative of
[(2,6-Pr',C¢H3N)C{N(SiMe;),} (NC¢H3Pr',—2,6)] " (L*)
Preparation
In this work, the potassium salt of [(2,6-Me,C¢H3N)C(NHPr')(NPr)]” (L") and
lithium salt of [(2,6-Pr'aCeHsN)C{N(SiMes),}(NC¢H3Pr',-2,6)]” (L*) were used as
ligand transfer reagents for the synthesis of chromium(II) complexes. Deprotonation
of 2,6-Me,C¢H3;NH, by KH, followed by the addition of
N,N'-diisopropylcarbodiimide (DIC) led to the potassium guanidinate [KL' -
0.5PhMe], (1) in 76% yield (Scheme 2-9). On the other hand, direct lithiation of
hexamethyldisilazane (HMDS) with LiBu” in Et,O, followed by the addition of
bis(2,6-diisopropylphenyl)carbodiimide (DIPPC)*' yielded [LiL*(Et,0)] (2) in 65%
yield (Scheme 2—10). One of the silyl groups underwent 1,3—silyl migration to the
nitrogen atom attached to the arene group. A similar silyl migration has been
reported for [LiCyNC{N(SiMe;)Py}NCy] [Py = 2—-(6-MeCsH3N)] by Junk and

2
co—workers.
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Scheme 2—9

1. LiBu”, Et,0, 0°C, 2h

2. DIPPC, 0°C, 8h

Scheme 2—10

Physical Characterization of Complexes 1 and 2

The molecular formula of complexes 1 and 2 were confirmed by elemental

analysis, NMR spectroscopy, and X-ray diffraction analysis.

SIM63

Pr
Q\ )k -SiMes
Pr | P i
B0’ | \

2 (65%)

Complexes 1 and 2 are

soluble in THF, but insoluble in other common organic solvents, such as, hexane,

toluene and Et;0. Complex 1 melts with decomposition at 249-250 °C, whilst

complex 2 melts at 137-140 °C. Table 2—1 summarizes the appearance and melting

points of complexes 1 and 2.

Table 2-1.

Appearance and melting points of complexes 1 and 2

Compound

Appearance

M.p. (°C)

[KL'-0.5PhMe], (1)

[LiL*(Et;0)] (2)

Colorless crystals

Colorless crystals

249-250 (dec.)

137-140
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NMR Spectra of Complexes 1 and 2

The NMR spectra of complexes 1 and 2 are shown in Appendix 2 (Figures A2—-1,
A2-2, A2-4 and A2-6). Owing to a poor solubility of 1 in C¢Ds, the NMR spectra
were measured in a THF—dg solution. The '"H NMR of complex 1 shows one set of
resonance signal due to the L' ligand and the solvated toluene molecules. The
L':toluene ratio was found to be 3: 1, which is consistent with the results of elemental
analysis. A broad peak at 0.99 ppm is assignable to the four isopropyl methyl
substituents and the signals at 3.25 and 3.78 ppm are assignable to the isopropyl
methine protons. The >C NMR spectrum of 1 also shows broad resonance signals
due to the isopropyl methyl groups (26.4 ppm) and the isopropyl methine carbons
(44.5 and 46.4 ppm), respectively. Broadening of the resonance signals may be
attributed to an exchange process due to delocalization of the negative charge between
the coordinated N™ (nitrogen atom with isopropyl substituent) atom and
non—coordinated N atom. In order to prove the presence of this exchange process,
variable temperature 'H NMR studies of complex 1 was carried out at 30°C to —80°C
(Figure A2-3). The broad peak at 0.99 ppm separated into two sets of resonance
signals (0.92 and 1.05 ppm) below —30°C. This suggested that the exchange process

was slowed down at low temperatures, and the two isopropyl substituents have

different chemical environments.
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The 'H and *C NMR spectra of complex 2 shows one set of resonance signals
assignable to the L* ligand and diethyl ether in a ratio of 1:1. Three singlet signals
(-0.81, —0.18 and 0.13 ppm) were observed in the 'H NMR, which are assignable to
the silyl substituent of the L* ligand. Two doublet signals (1.12 and 1.24 ppm) are
assignable to the isopropyl methyl groups. The *C NMR shows two broad signals
at 4.8 and 5.0 ppm and two singlets at 25.0 and 25.4 ppm. They are assignable to
carbon atoms of the silyl and isopropyl substituents, respectively. The 'H NMR
suggests that the methyl groups on each SiMejs substituent have different chemical
environment. Therefore, a variable temperature '"H NMR study of complex 2 (in
toluene—dg) was carried out at 20°C to 65°C (Figure A2-7). At 55°C, the signals due
to the silyl substituents and isopropyl methyl substituents started to coalesce to a
singlet resonance signal and a doublet resonance signal, respectively. The two sets
of signals become more intense at 66°C.

Crystal Structures of Complexes 1 and 2

Single crystals of 1 was obtained from a mixed THF/toluene (1:2) solution,

whereas those of 2 was obtained from Et,O. Figures 2-2 and 2—-3 show the X-ray

structures of polymeric potassium complex 1 and monomeric lithium complex 2,

respectively. Selected bond lengths and angles are listed in Tables 2—2 and 2-3.

Selected crystallographic data are listed in Table A3—1 (Appendix 3).
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1. [KL'-0.5PhMe], (1)

Complex 1 crystallizes in the orthorhombic space group Pbca. In the solid state,
it crystallizes as a one—dimensional polymer made up of linked binuclear K,L',
subunits. The two potassium atoms [K(1) and K(2)] exhibit different binding modes.
K(1) is bound by two n'—amide L' ligands [N(1) and N(4)] and one n’~guanidinate L'
ligand [N(4)A and N(5)A]. Similar binding modes have already been reported in the
lithium  guanidinate complexes  [{(Et;O)LiN(SiMe3;)C(NMey)N(Ph)},]*  and
[{LiP'NC(NPr,))NPr(THF)},].**  On the other hand, K(2) is bound by two
n'-amide:n’-arene L' ligands [N(6), N(2)B and the two phenyl rings]. A similar
n'n® binding mode has been reported in the symmetrical potassium guanidinate
complex [{K(Priso)},] (Priso- = [(2,6—Pr"2C6H3N)2C(NPr"z)]f).25 The
potassium—nitrogen bond distances fall within the range of 2.806(4)-2.962(4) A,
which are slightly longer than those in [{K[CyNC(N(SiMe;),)NCy]}2-CsHs]
[2.765(2)-2.806(2) A]* and [{K(Priso)}.] [2.755(3) A]*  The observed
K(2)—Centroid(1) [Centroid(1) = center position of the phenyl ring formed by
C(16)-C(21)] distance in 1 is 2.895 A, which is slightly shorter than the
corresponding distances of 2.945 and 3.077 A in [{K(Priso)}.].” The almost
identical C-N distances, namely C(9)-N(1) [1.337(6) A], C(9)-N(2) [1.308(6) A],

C(24)-N(4) [1.337(6) A] and C(24)-N(6) [1.308(6) A], in 1 indicate a delocalization
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of the anionic charge over the N(1)-C(9)-N(2) and N(4)-C(24)-N(6) ligand moieties.
The C(9)-N(3) [1.410(6) A] and C(24)-N(5) [1.424(6) A] distances are longer,
suggesting that the anionic charge mainly delocalizes on the N(1)-C(9)-N(2) and
N(4)-C(24)-N(6) moieties. The bite angle formed by Centroid(1)-K(2)-N(6) is
measured to be 79.2°, which is similar to that in [{K(Priso)}.] (79.0°).

2. [LIL*Et0)] (2)

Complex 2 crystallizes in the monoclinic space group P2;/c. The Li(1) center is
bound by one coordinated Et,O molecule and one L* ligand. The latter bonds to the
lithium in an n'-amide:n’—arene mode. The observed N(3)-Li(1)-O(1),
O(1)-Li(1)—Centroid(1) [Centroid(1) = center position of C(1), C(2) and C(6)] and
N(3)-Li(1)-Centroid(1) angles are 138.4(4), 133.6 and 88.0°, respectively, with the
sum of bond angles around Li(1) being 360.0°.  If the n3—arene binding is considered
as a single coordination point, the geometry around the Li(I) center can be described
as trigonal planar. A similar 1':n’ coordination mode has been reported for the
lithium guanidinate complex [Li(THF)Giso] (Giso = [ArNC(NCy;)NAr]; Ar =
2,6-Pr'yCeHs)” and  lithium triazenide complex [Li]'[Li(N3Tphy),]” (Tph =

2-TripC¢Hy; Trip = 2,4,6-'Pr;CeHs).” The Li(1)-C(arene) distances of

—

2.377(7)-2.654(8) A in 2 are longer than those of 2.290(3)-2.591(3) A in

[Li(THF)Giso],”> but are comparable to those of 2.343(7)-2.605(7) A in
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[Li][Li(N3Tphy),].””  The C(16)-N(2) distance of 1.296(4) A is shorter than the C-N
double bond in [Li(THF)Giso] [1.315(2) A],” [{K(Priso)}.] [1.340(5) A]* and
[{K(THF),} {Pip(Giso),} {K(THF)3}] (Pip(Giso),” =

[{AINCNAT} {p—N(CoHy)oN} > Ar = 2,6-Pr',CeHs) [1.322 A (av.)].”
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Figure 2-2. Molecular structure of polymeric [KL'-0.5PhMe], (1). The toluene

solvate molecule is omitted for clarity.

Table 2-2. Selected bond distances (A) and angles (deg.) for compound 1

[KL'-0.5PhMe], (1)

K(1)-N(1) 2.812(4) K(1)-N(4) 2.928(4)
K(1)-N(4)A 2.962(4) K(1)-N(5)A 2.872(4)
K(2)-N(6) 2.817(4) K(2)-N(2)B 2.805(4)
C(24)-N(4) 1.337(6) C(24)-N(5) 1.424(6)
C(24)-N(6) 1.308(6) C(9)-N(1) 1.337(6)
C(9)-N(2) 1.308(6) C(9)-N(Q3) 1.410(6)
K(2)-Centroid(1)" 2.895
N(4)-K(1)-N(#)A 87.5(1) N(4)A-K(1)-N(5)A 46.6(1)
N(1)-K(1)-N(4) 137.9(1) N(4)-C(24)-N(5) 113.6(4)
N(1)-C(9)-N(3) 115.5(4) N(1)-C(9)-N(2) 124.3(5)
N(6)-K(2)-N(2)B 134.3(1)

Symmetry code: A —x,-y,-z+1; B —=x+1/2,-y,z+1/2; C —=x+1/2,-y,z—1/2

" Centroid(1) = center position of the phenyl ring formed by C(16)—-C(21).
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Figure 2-3. Molecular structure of [LiL*(E,0)] (2).

Table 2-3. Selected bond distances (A) and angles (deg.) for compound 2

[LiL*(Et,0)] (2)

Li(1)-N(3) 1.932(8) Li(1)-O(1) 1.885(8)
Li(1)-C(1) 2.377(8) Li(1)-C(2) 2.605(8)
Li(1)-C(6) 2.654(8) C(16)-N(1) 1.431(4)
C(16)-N(2) 1.296(4) C(16)-N(3) 1.345(4)
Si(1)-N(1) 1.756(3) Si(2)-N(2) 1.671(3)

Li(1)-Centroid(1)" 2.318
C(16)-N(2)-Si(2) 152.1(3) C(16)-N(1)-Si(1) 116.3(2)
N(1)-C(16)-N(2) 113.4(3) N(1)-C(16)-N(3) 114.2(3)
N(Q2)-C(16)-N(3) 132.4(3) C(1)-N(1)-Si(1) 123.9(2)
C(1)-N(1)-C(16) 119.8(3) C(16)-N(3)-C(20) 118.2(3)
C(16)-N(3)-Li(1) 125.0(3) C(20)-N(3)-Li(1) 116.7(3)
N@3)-Li(1)-0(1) 138.4(4) N(3)-Li(1)~Centroid(1) 88.0
O(1)-Li(1)-Centroid(1) 133.6

" Centroid(1) = Center position formed by C(1), C(2) and C(6).

55



2.2.2 Synthesis and Structure of Cr(II) Guanidinate Complexes of L'and L*
Preparation

Salt metathesis reaction of anhydrous CrCl, with two molar equivalents of
potassium reagent 1 in THF yielded the mononuclear, purple crystalline Cr(II)
bis(guanidinate) complex [Cr(Ll)z] (3) (Scheme 2—11). On the other hand, treatment
of anhydrous CrCl, with one molar equivalent of lithium reagent 2 yielded the
heterobimetallic ate complex” [Cr(L*)(u—Cl),Li(THF)(Et,0)] (4), which was isolated
as pale blue crystals (Scheme 2-12). Recrystallization of 4 from toluene gave

dimeric [{Cr(L*)(u—C1)},] (5) as dark blue crystals (Scheme 2—13).

.
; THF N
2[KL'-05PhMe], + Ccrcl, ———— =  HN—( ¢ )—NH

) 0°Ctor.t, 1d ‘< NN
-2 KCl < (
3 (75%)
Scheme 2—11

, THF
o |Pr pi Ok ,N_<( PG il 7
Li 0°C tor.t., 1d MesSit . N c”
Et,0 | Pr Q
N P

4 (63%)

SlMe3 ;
byl Pr’
r )
I
¢ )k _SiMe; Me;Si. Pr
i
(

Scheme 2—12

" An ate complex is a salt formed by the reaction of a Lewis acid with a base whereby the central atom
increases its valence.
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Physical Characterization of Complexes 3-5

All of the complexes 3—5 are extremely sensitive to air and moisture. Complex

3 is soluble in all common organic solvents, whereas complexes 4 and 5 are soluble in

THF, toluene and diethyl ether, but only sparingly soluble in hexane. The

appearance and melting points of complexes 3—5 are summarized in Table 2—4.

Complexes 3—5 have been characterized by elemental analysis and single—crystal

X-ray diffraction analysis. Results of elemental analysis for complexes 3—5 are

consistent with their empirical formula. In addition, an UV—Vis spectrum of

complex 3 has also been measured.

Table 2—4. Appearance and melting points of complexes 3-5

Compound Appearance M.p. (°C)

[Cr(L"),] (3) Purple crystals 168172
[Cr(L4)(p—Cl)2Li(THF )(Et,O)] (4) Pale blue crystals 185-187
[{Cr(LY(u—CD)}2] (5) Deep blue crystals 161-163

The solid—state structures of complexes 3-S5 were determined by X-ray

diffraction (vide infra). The Cr(Il) center in 3 shows a distorted square planar
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geometry, while that of complexes 4 and 5 displays a distorted tetrahedral geometry.

Figures 2—4 and 2-5 show the splitting of d orbitals in a square planar field and a

tetrahedral field, respectively.

e /,,/_ - — dxyydxzsdyz
ol T Oy =
\\\\:\\\— dZ2 aN— I dxz_yz, dzz
. dxz ’ dyz
Square planar field tetrahedral field
z
y:>T X\M/X R. X X\M/X
X X~ X vz X/ "zX
Figure 2—4 Figure 2—5

The solution magnetic moments of complexes 3—5 were determined by the Evans
NMR method in C¢Ds at 298 K.*® Complexes 3 and 4 were found to be high—spin
complexes. The solution magnetic moments of 4.83 g (for 3) and 4.84 pug (for 4), are
closed to the spin-only value of a high—spin d* electronic configuration (4.90 pg).
The solution magnetic moment of 5.08 pg (2.54 pg per chromium center) for complex
5 is smaller than the spin—only value of a high—spin d* electronic configuration. This
may be attributed to antiferromagnetic coupling between the two Cr(Il) center in the
[Cr(u—Cl),] core. A similar result was also reported for the Cr(II) p—diketiminate
chloride complex [(nacnac)Cr(u—Cl)], (nacnac = [ArNC(Bu),CH, Ar =

CeH3Pr'>-2,6) [Hefr = 2.95 pg per chromium center].”
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UV-—Vis spectrum of Complex 3

The UV—Vis spectrum of complex 3 is shown in Figure A5—1 in Appendix 5.
Complex 3 dissolved in THF to give a purple solution. The UV-Vis spectrum of
complex 3 shows five absorption maxima at Amaex (/M 'cm™): 375 (sh, 1500), 405 (sh,
1300), 466 (1100), 531 (sh, 940), 671 (sh, 490), respectively.

Crystal Structures of Complexes 3-5

L [Cr(LD] (3)

The molecular structure of complex 3 with atom labeling is shown in Figure 2—6.
Selected bond distances and angles are listed in Table 2-5.

Single crystals of complex 3 suitable for X-ray crystallographic analysis were
obtained from Et;O. Complex 3 crystallizes in a monoclinic crystal system with
space group Pc. The Cr(II) center is coordinated by two k*~bound L' ligands. The
observed N(1)-Cr(1)-N(4) and N(3)-Cr(1)-N(6) angles are 178.7(2) and 179.0(1)°,
respectively, with the sum of bond angles around Cr(1) being 360°. Hence, the
coordination geometry around the Cr(1) center can be described as distorted square
planar.* A similar coordination geometry has been reported for other Cr(Il)
complexes such as [Cr{(pz).BEt,}] (pz = C,H3;N,),” [Cr(DXylF),] (DXylF =

NN ’—bis(2,6—xylyl)—formamidinate),Sb [{(2,6-Pr',CsH3)N=CH(C4H;N-2)} ,Cr]® and

" The dihedral angle formed by the N(1)-Cr(1)-N(3) and N(4)—Cr(1)-N(6) planes is measured to be
1.4°.
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[('=2,5-Me,C4sHoN).Cr(py)2].°  Apparently, the sterically bulky L' ligand helps to
stabilize a square planar structure, instead of a dinuclear paddlewheel structure. It
has been reported that [Cr(DXylF),] exists as a monomer in the solid state due to the

® In the latter complex, a difficulty to

presence of the bulky 2,6-xylyl groups.”
accommodate sixteen methyl groups on the two axial planes prevents the formation of
a paddlewheel conformation (the two axial planes would accommodate twenty four
methyl groups if complex 3 had a dinuclear structure). A minor modification in the
steric bulkiness of supporting ligands can also lead to a different solid state structure.
For example, [(CyNC(CH3)NCy),Cr] 12 is mononuclear whereas
[{(CyNC(H)NCy)ZCr}2-C7Hg]12 is dinuclear in the solid—state. It is believed that a
slight increase in the size of the substituent on the central carbon would force the
cyclohexyl groups pointing down with a consequence of reducing the bite angle of the
amidinates. As a result, the ligands prefer to chelate rather than span over two Cr(II)
centers.

The Cr-N distances of 2.037(4)-2.070(3) A in 3 are marginally shorter than the
corresponding distances of 2.069(4)-2.085(4) A in
[{(2,6—Pr"2C6H3)NZCH(C4H3N—2)}zCr],8 but comparable to that of 2.045(2) and

2.07512) A in [Cr(DXylF)z].15b Delocalization of the anionic charge over the N—-C-N

moiety of L' is revealed from the nearly identical C—N bond distances [C(9)-N(1)
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1.338(5) A, C(9)-N(2) 1.356(6), C(9)-N(3) 1.319(5) A, C(24)-N(4) 1.349(5) A,
C(24)-N(5) 1.368(5) A and C(24)-N(6) 1.327(5) A]. These C-N bond lengths in 3
are all shorter than a C—N single bond (1.47 A), but longer than a C=N double bond
(1.28 A).>! The N—C—N bond angles of 111.8(3) and 111.5(3)° are comparable to
those in the closely related Cr(II) amidinate complexes [Cr(DXylF);] [113.9(2)0],15b
[Cr{PhC(NSiMe3)(NAr)},] (Ar = 2,6-Me,CeHs) [113.7(6) and 114.5(6)°]* and
[Cr(Bu'NC(CH;3NEY),], [114.5(2)°].> The N-Cr-N bite angle in complex 3 fall
within the range of 64.7(1)-65.2(1)°, which are similar to those of 64.7(2)-65.0(2)° in
[Cr{PhC(NSiMe;)(NAr)},],** but smaller than those of 81.8(2)-82.1(2)° reported for
the five—-membered metallocyclic [Cr{(2,6-Pr',CsH3)N=CH(C4H3N-2)},]* and much
smaller than those of 88.5(1)-89.4(1)° in the six-membered metallocyclic
[Cr{(Ph);nacnac},] ((Ph)nacnac = N,N'-diphenyl-2,4—pentanediimine anion).” The
trend of increasing N—Cr—N bite angles can be ascribed to an increase in the size of
the metallocyclic ring in these complexes.
2. [Cr(LY)(u-ClLLi(THF)(Et20)] (4) and [{Cr(L*)(u-CD}2] (5)

The molecular structures of complexes 4 and 5 are shown in Figures 2—7 and 28,
respectively.  Selected bond lengths and angles are listed in Tables 2—6 and 2—7.

X—-Ray quality crystals of complex 4 were obtained form diethyl ether.

Single crystals of complex 5 suitable for X—ray diffraction studies were obtained from
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toluene. Complex 4 crystallizes in the monoclinic space group P2,/c, while complex
5 crystallizes in the triclinic space group P1.  The chromium metal in each complex
is coordinated by one k’~bound L* ligand and two chloride ligands. The
coordination geometry around the chromium atom in complexes 4 and 5 are best
described as distorted tetrahedral.

The Cr-N bond lengths in 4 [2.044(4)-2.045(3) A] are longer than the
corresponding distances in 5 [2.005(4)-2.031(4) A], but shorter than those of
2.059(3)-2.063(3) A in [(nacnac)Cr(u—CD)],”° and 2.072(2)-2.078(2) A in
[Crz(u—Cl)z(DXylF)z(THF)z].*15" The anionic charge on each amidinate ligand in
[Cry(u—Cl)(DXylF),(THF);] is shared by two chromium metals. The Cr—Cl
distances of 2.369(2) and 2.371(2) A in 4 are slightly shorter than the corresponding
distances in 5 [2.374(2)-2.398(2) A]. The Cr—Cl distances in both complexes 4
[2.369(2) and 2.371(2) A] and 5 [2.374(2)-2.398(2) A] are similar to the
corresponding distances reported in [(nacnac)Cr(u—Cl)], [2.4182(4) and 2.4316(4)
A1,% [Cra(u—Cl)o(DXyIF),(THF),] [2.370(1) and 2.596(1) A],"*® [Cra(u—Cl),Lo(THF),]
(L = [6-(2,4,6-triisopropyphenyl)pyridin—2—-yl]  (2,4,6—trimethylphenyl)amide)
[2.3773(5) and 2.6219(5) A]'"™ and [Cr{Me;NC(NAr),}(n—Cl)], [2.366(2)-2.389(3)

ALl”  The C(13)-N(1) and C(13)-N(3) distances [1.339(6) and 1.322(6) A,

" The DxylF ligands coordinate to the Cr(II) center in [Cry(u—C1)(DXylF)y(THF),] ina p—n'm'
bridging mode.
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respectively] in complex 4 are shorter than the C(13)-N(2) distance [1.434(6) A],
indicating the delocalization of the anionic charge over the N(1)-C(13)-N(2) moiety.
Delocalization of anionic charge over the N(4)-C(44)-N(6) moiety is also noted in
complex 5: C(13)-N(1) 1.344(6) A, C(13)-N(2) 1.412(6) A, C(13)-N(3) 1.336(6) A,

C(44)-N(4) 1.339(6) A, C(44)-N(5) 1.416(6) A, and C(44)-N(6) 1.349(6) A.
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Figure 2-6. Molecular structure of [Cr(L")2] 3).

Table 2-5. Selected bond distances (A) and angles (deg.) for compound 3

[Cr(L)] 3)

Cr(1)-N(1)
Cr(1)-N(4)
CON()
COING)
C(24)-N(5)

N(1)-Cr(1)-N(@3)
N(#)-Cr(1)-N(@3)
N(1)-Cr(1)-N(4)
N(I)-CO)-NEG)
C(9)-N(2)-C(10)

2.060(3)
2.070(3)
1.338(5)
1.319(5)
1.368(5)

64.7(1)
115.8(1)
178.7(2)
111.8(3)
127.3(4)

Cr(1)-N(3)
Cr(1)-N(6)
C(9)-N(2)
C(24)-N(4)
C(24)-N(6)

N(1)-Cr(1)-N(6)
N(4)-Cr(1)-N(6)
N(3)-Cr(1)-N(6)
N(4)-C(24)-N(6)
C(24)-N(5)-C(25)

2.051(4)
2.037(4)
1.356(6)
1.349(5)
1.327(5)

114.3(1)
65.2(1)
179.0(1)
111.5(3)
125.7(3)
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Figure 2-7. Molecular structure of [Cr(L4)(u—Cl)zLi(THF)(EtzO)] 4)

Table 2-6. Selected bond distances (A) and angles (deg.) for compound 4

[Cr(L*)(u—Cl),Li(THF)(E,0)] (4)

Cr(1)-N(1) 2.045(3) Cr(1)-N(3) 2.044(4)
Cr(1)-CI(1) 2.369(2) Cr(1)-C1(2) 2.371(2)
Li(1)-CI(1) 2.36(1) Li(1)-Cl(2) 2.35(1)
Li(1)-0(1) 1.94(1) Li(1)-0(2) 1.90(1)
N(1)-C(13) 1.339(6) N(2)-C(13) 1.434(6)
N(3)-C(13) 1.322(6)
N(1)-Cr(1)-N(3) 64.2(2) CI(1)-Cr(1)-CI(2) 94.9(6)
N(1)-Cr(1)-CI(1) 147.2(1) N(1)-Cr(1)-C1(2) 107.9(1)
N(3)-Cr(1)-CI(1) 107.2(1) N(3)-Cr(1)-Cl(2) 147.9(1)
O(1)-Li(1)-0(2) 108.6(5) CI(1)-Li(1)-CI(2) 95.8(3)
O(1)-Li(1)-CI(1) 111.1(5) O(1)-Li(1)-C1(2) 116.2(5)
0(2)-Li(1)-CI(1) 111.9(5) 0(2)-Li(1)-C1(2) 112.8(5)
Cr(1)-CI(1)-Li(1) 84.5(3) Cr(1)-Cl(2)-Li(1) 84.6(3)
N(1)-C(13)-N(3) 109.5(4)
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Figure 2-8. Molecular structure of [{Cr(L4)(|,L—Cl)2}] (5

Table 2-7. Selected bond distances (A) and angles (deg.) for compound 5

[{Cr(LY(u—C1)2}] (5)

Cr(1)-N(1) 2.029(4) Cr(1)-N(3) 2.005(4)
Cr(2)-N(4) 2.031(4) Cr(2)-N(6) 2.012(4)
Cr(1)-Cl(1) 2.374(2) Cr(1)-C1(2) 2.389(2)
Cr(2)-Cl(1) 2.398(2) Cr(2)-Cl(2) 2.374(2)
N(1)-C(13) 1.344(6) N(2)-C(13) 1.412(6)
N(3)-C(13) 1.336(6) N(4)-C(44) 1.339(6)
N(5)-C(44) 1.416(6) N(6)-C(44) 1.349(6)
N(1)-Cr(1)-N(3) 64.9(2) CI(1)-Cr(1)-C1(2) 88.87(5)
N(4)-Cr(2)-N(6) 65.3(2) CI(1)-Cr(2)-C1(2) 88.67(5)
N(1)-Cr(1)-CI(1) 107.6(1) N(1)-Cr(1)-C1(2) 155.8(1)
N(3)-Cr(1)-CI(1) 157.7(1) N(3)-Cr(1)-Cl(2) 105.7(1)
N(4)-Cr(2)-CI(1) 153.4(1) N(4)-Cr(2)-C1(2) 109.4(1)
N(6)-Cr(2)-CI(1) 105.5(1) N(6)-Cr(2)-C1(2) 156.0(1)
Cr(1)-Cl(1)-Cr(2) 90.60(5) Cr(1)-C1(2)-Cr(2) 90.83(5)
N(1)-C(13)-N(3) 107.9(4) N(4)-C(44)-N(6)

66



2.2.3  Reaction Chemistry of [Cr(L");] (3) and [Cr(L*)(u—Cl),Li(THF)(Et,0)]
Q)]
The four—coordinated Cr(Il) complex 3 is expected to be a reactive species due
to its low oxidation state. By adding suitable oxidizing reagents to complex 3,
higher valent chromium complexes can be isolated. In addition, complex 4 contains
a chloride ligand which can undergo metathesis reactions with suitable ligand—transfer
reagents.

Reaction of 3 with iodine

Direct reaction of iodine with two equivalents of Cr(II) guanidinate 3 gave the

Cr(III) guanidinate iodide complex [Cr(L"),1] (6) as red crystals (Scheme 2—14).

(N\ /N : Et,O N\‘/N

HN— — HN— —

2 < N/Cr\N> NH +1p 1 2 <N/Cr\N) NH
)

Scheme 2—14

Reactions of 3 with PhEEPh (E =S, Se, Te)

Treatment of diphenyl dichalcogenides PhEEPh (E = S, Se, Te) with two molar

equivalents of complex 3 led to a reductive cleavage of the E-E bond to form the
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corresponding Cr(IIl) chalcogenate complexes [Cr(Ll)z(EPh)] [E =S (7), Se (8), Te

(9)]. Complexes 7-9 were isolated as deep brown crystals (Scheme 2—15).

Ay yF W

N
N
HN4< NH + PhEEPh L 2 HN4<( /Cr\ )>7NH
_< N N r.t., 1d —< N N
T:E=S (75%)
8: E = Se (69%)
9: E = Te (72%)
Scheme 2—15

Reaction of 3 with 1-azidoadamantane

Addition of one equivalent of 1-azidoadamantane to a solution of 3 in THF led
to a color change of the reaction mixture from purple to deep green. Gas bubbles
were generated at the beginning of the reaction, which may be attributed to the
generation of N, from 1-azidoadamantane. After work—up, a deep green crystalline

product was isolated, which was identified as [Cr(L'),{N(1-Ad)}] (1-Ad =

Ny

I—-adamantyl) (10) (Scheme 2-16).
: THF N AN ” A N>H

% N
/ + 1AdN; — >  HN—( )

{ \ﬁ 1-Ad= "7 ri\fad K{N/ !
3 0

Scheme 2—16

10 (63%)

Reaction of 4 with sodium methoxide
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Treatment of complex 4 with one molar equivalent of NaOMe in THF yielded
dinuclear Cr(Il) guanidinate—methoxide complex [{Cr(L*)(n—-OMe)},] (11) in 93%

yield (Scheme 2—-17). Complex 11 were isolated as purple crystals.

. Prf i
Q‘Pr’ \\ P:"l r Me Pr’ " : i
Prf THF r ' Pr

i i N N SiM

Messi. N ., O Me;Si, N SiMes

2 N‘<( \Cr; ;Li/ 7 +2 NaOMe % ./N ( /Cr\ /Cr\ ) |
Messi© N7 TCIT N - LiCl, - NaCl MesSi” _ N 0 N _ SiMe;

3 N (0] P | i

Pr r . Me Pr

Pri Pr' Pr
4 11 (93%)
Scheme 2—17

Physical Characterization of Complexes 6—11

All of the complexes 611 are extremely sensitive to air. They are soluble in

common organic solvents except complex 10, which is only soluble in THF and

sparingly soluble in toluene.

The formulation of complexes 6-11 has been confirmed by elemental analysis

and single—crystal X—ray diffraction studies. Table 2—8 summarizes the appearance

and melting points of complexes 6-11. In addition, UV—Vis spectra of complexes

7-9 have also been measured.

X-Ray diffraction studies revealed a distorted trigonal bipyramidal geometry

around the metal center in complexes 6-10 (vide infra). Figure 2-9 shows the

splitting of d orbitals in a trigonal bipyramidal field.
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trigonal bipyramidal field

X
y‘_\ IZ X |\|/|X
X | \X
X
Figure 2—9

The solution magnetic moments of complexes 6—11 were measured by the Evans
NMR method in C¢Dg solutions at 298 K.?*  The solution magnetic moments of 3.68 g
for 6, 3.83 pp for 7, 3.88 pp for 8, and 3.91 pg for 9 are all consistent with the
spin—only value calculated for a high—spin d* electronic configuration (3.87 pg). The
solution magnetic moment of 2.70 g for the Cr(IV) complex 10 is consistent with a
d* electronic configuration (spin—only value = 2.83 pg). For the dimeric Cr(II)
complex 11, the solution magnetic-moment of 2.40 pg per chromium center is
smaller than the spin—only value of a high—spin d* electronic configuration, but is
close to the value measured for complex 5. This may be attributed to an
antiferromagnetic coupling between the two Cr(II) centers in the [{Cr(L4)(u—OMe)}z]

complex.
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Table 2-8. Appearance and melting points of complexes 6-11

Compound Appearance M.p. (°C)
[Cr(L").1] (6) Red crystals 195-197
[Cr(L")2(SPh)] (7) Deep green crystals 171-172
[Cr(L")2(SePh)] (8) Deep green crystals 168—-170
[Cr(L")2(TePh)] (9) Deep green crystals 175-177
[Cr(L"),{N(1-Ad)}] (10) Deep green crystals 193-196 (dec.)
[{Cr(L*)(u—OMe)},] (11) Purple crystals 182-183

UV-—Vis spectra of Complexes 7-9

The UV—Vis spectra of complexes 7-9 are shown in Figures A5-2 to A5-4,
respectively, in Appendix 5. Complexes 7-9 dissolved in THF to give a greenish
yellow solution. The UV-Vis spectra of complexes 7 and 8 show only one
absorption maximum at Apax (e/Mem™) 658 (130) and 674 (140), respectively.  On
the other hand, the UV—Vis spectrum of complex 9 shows two absorption maxima at
Amax (6/M'em™) 382 (sh, 640) and 674 (140), respectively.

Crystal Structures of Complexes 611

Single crystals of 6 and 11 suitable for X—ray diffraction analysis were obtained
from toluene. Those of 7-9 were obtained from Et,O. Single crystals of 10 were
obtained from THF. Selected crystallographic data of these complexes are listed in
Appendix 3.

1. [Cr(LY.1] (6)
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The molecular structure of complex 6 with atom labeling is shown in Figure
2—10. Selected bond lengths and angles are listed in Table 2—8.

Crystals of 6 belong to the orthorhombic space group Pca2;. The chromium(III)
center is coordinated by two xk’~bound L' ligands and one iodide ligand. The
coordination geometry around the metal center is best described as distorted trigonal
bipyramidal, with the two axial positions being occupied by N(3) and N(6)
[N(3)-Cr(1)-N(6) = 165.5(2)°], whereas the equatorial plane consisting of N(1), N(4)
and I(1) (sum of bond angles around Cr(1) = 360.0°). The observed Cr—N distances
in complex 6 [1.994(6)-2.009(5) A] are necessarily shorter than those in the Cr(II)
precursor complex 3 [2.037(4)-2.070(3) A], since the ionic radii of Cr*" and Cr’" are
87 pm and 75.5 pm, respectively.33 They are also shorter than the corresponding
distances in the four—coordinated [CpCr{(ArNCMe),CH}(I)] (Ar = C¢HsPr'>-2.6)
[2.034(2) and 2.041(2)A]** and the six—coordinated [Cr{(Me;SiN),CPh},(I)(THF)]
[2.023(3)-2.083(3) A]."® The C—N bond distances around C(9) [also for C(24)] are
almost identical. This suggests that the electron density delocalizes in the CNj
moiety of the guanidinate ligand. The Cr(1)-I(1) distance of 2.674(1) A is slightly
shorter than the terminal Cr—I distances in [CpCr{(ArNCMe),CH}(I)] [2.6813(5)
Al [CpCr(u-OR)I, (R = Me, Et) [2.6960(8) and 2.6979(4) A]* and

[Cr{(Me;SiN),CPh},(I)(THF)] [2.7664(5) A]."°
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2. [Cr(L"(EPh)] [E =S (7), Se (8), Te (9)]

The molecular structures of complexes 7-9 are shown in Figures 2—11 to 213,
respectively.  Selected bond lengths and angles are presented in Tables 29 to 2—11.

Complexes 7, 8 and 9 are isostructural. All of them crystallize in the
monoclinic space group P2;. The chromium metal center in each complex is bound
by two L' ligands and one terminal phenyl chalcogenide ligand. If the phenyl
chalcogenide ligand is considered as a single point donor, each complex consists of a
two—fold rotational axis passing through the Cr—E bond. Table 2—12 summarizes the
Cr—E bond lengths, and important bond angles around the Cr(III) center in these

complexes.

Table 2-12. The Cr-E distances (A), the NUPOPY)_cpr NOPorY) gnofes  the

NCY_Cr-N®" angles and the Cr-E-C®"™ angles (°) for complexes

7-9.
[Cr(L")>(EPh)] E=S(7) E=Se (8) E=Te (9)
Cr-E (A) 2.309(1) 2.424(1) 2.652(1)
Nisepropyh_p_jlisopropyD oy 157.8(2) 157.0(3) 152.8(3)
NEY_Cpr—NED (0) 149.6(2) 153.7(3) 160.3(3)
Cr—E—CPreny (0 115.3(2) 113.0(2) 110.2(2)
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The geometry around the chromium atom can be best described as distorted

N(lsopropyl) atoms

trigonal bipyramid. The two axial positions are occupied by the two
[N(3) and N(6)] in complexes 7 and 8. The observed N(3)-Cr(1)-N(6) angles are
157.8(2)° (for 7) and 157.0(3)° (for 8). However, in complex 9, the axial positions
are occupied by the two N® atoms [N(1) and N(4)] with N(1)-Cr(1)-N(4) angle
being 160.3(3)°. The steric bulkiness of the ligand substituents increase in the order
of Pr' < EPh < Ar. According to the VSEPR theory, the equatorial plane of
complexes 7 and 8 is consisting of one EPh ligand and two N®" atoms. Complex 9
has the longest Cr-E distance (among the three complexes). Therefore, steric
repulsion between the PhTe ligand and the two aryl groups is reduced. This is also

pheny) angle from complex 7 [115.3(2)°] to

consistent with a reduction in the Cr—E—C"
complex 9 [110.2(2)°]. In complex 9, the two N® atoms occupy the axial positions,
keeping the TePh ligand on the equatorial plane.

The observed Cr—E bond distance increases from complex 7 to complex 9, which
is consistent with an increasing ionic radius of S < Se < Te.

The terminal Cr-S distance in complex 7 [2.309(1) A] is shorter than the
corresponding distances in the five—coordinated [{CpCr(SPh)},S] [2.365(1)-2.383(1)

A]1*® The Cr(1)-S(1)-C(31) angle of 115.3(2)° is comparable to the corresponding

angles in [ {CpCr(SPh)},S] [109.6(1)-115.6(2)°].*
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The terminal Cr—Se distance in 8 [2.414(1) A] is shorter than the corresponding
bond length of 2.473(2)-2.500(2) A in [{CpCr(SePh)}»Se].”” The Cr(1)-Se(1)-C(31)
angle of 113.0° is larger than the corresponding angles in [{CpCr(SePh)},Se]
[106.5(2)-113.1(3)°].”

The terminal Cr-Te distance in 9 of 2.652(1) A falls within the range of
2.642(1)-2.661(1) A in [{CpCr(TePh)},Te].® The Cr(1)-Te(1)-C(31) angle of
110.2(2)° is comparable to the corresponding angles of 107.6(3)-109.7(3)° in
[{CpCr(TePh)},Te].*®
3. [Cr(LY{N(1-Ad)}] (10)

The molecular structure of complex 10 with the atom labeling scheme is shown
in Figure 2—14. Selected bond distances and angles of complex 10 is listed in Table
2-13.

Complex 10 crystallizes in the monoclinic space group P2;/c. The coordination
geometry around the chromium atom can also be described as distorted trigonal
bipyramid: nitrogen atoms N(1), N(4) and N(7) form the equatorial plane, whereas,
N(3) and N(6) occupy the axial sites [N(3)-Cr(1)-N(6) = 151.3(4)°]. The sum of
bond angles around Cr(1) on the trigonal plane is measured to be of 360.0°. It is
noted that the sterically bulky aromatic and adamantyl groups occupying the

equatorial positions to give a sterically stable configuration.
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The Cr(1)-N(7) distance of 1.661(8) A is comparable to the Cr=N double bond
in [(‘BusSiO),Cr=N(2,6-Ph,Ce¢H3)] [1.649(2) A]* and [(L).Cr(NAd)] [1.667(2) A]
(where L' represents a monoanionic 7 radical of the o—iminopyrid ligand
2,6-bis(1-methylethyl)-N—(2—pyridinylmethylene)phenylamine).* Based on a
comparison with these complexes, the Cr(1)-N(7) bond can be considered as a double
bond.

The imido nitrogen atom N(7) adopts an almost linear geometry
[Cr(1)-N(7)-C(31) = 175.3(8)°], indicating an sp hybridization. A similar
observation was also reported for the chromium(IV) imido complexes
[(‘Bu3SiO),Cr=N(2,6-Ph,CsH3)] [175.9(2)°]* and [(L),Cr(NAd)] [163.6(1)°].*

4. [{Cr(L)(p-OMe)}2] (11)

The molecular structure of complex 11 with the atom labeling scheme is shown
in Figure 2—15. Selected bond distances and angles of complex 11 are listed in Table
2-14.

Complex 11 crystallizes in the monoclinic space group P2,/c. The binuclear

| |
complex consists of a planar Cr,O, core [angle sum of the Cr(1)-O(1)-Cr(2)-0O(2)
square plane is 358.9°]. The coordination geometry around each chromium atom can
be described as distorted tetrahedral with each Cr(II) center being coordinated by one

«’~bound L* ligand and two bridging methoxide ligands. The O atom in each
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methoxide ligand adopts a trigonal planar geometry (sum of bond angles around O(1)
and O(2) are both 359.9°), indicating an sp” hybridized oxygen atom.

The observed Cr-N distances of 2.038(3)-2.065(3) A in 11 are comparable to the
corresponding distances of 2.037(4)-2.070(3) A in the Cr(Il) bis(guanidinate)
complex [Cr(Ll)z] (3) and 2.044(4)-2.045(3) A in the Cr(I) chloride precursor
[Cr(L*)(u—Cl),Li(THF)(E,0)] (4). They are slightly longer than that of
2.005(4)-2.031(4) A in the dimeric Cr(II) guanidinate complex [{Cr(L")(u—Cl)2}] (5).
On the other hand, it is relatively long as compared with those terminal Cr—N(amido)
distances observed in the two—coordinate Cr(II) amides [Cr{N(H)ArPriﬁ}z] (ArPri6=
CoHi—2,6—(CsHa—2,4,6-Pr's))  [1.997(1) AL®  [Cr{N(H)Ar™4},] (A" =
CeH3-2,6(CeHr—2,6-Pr),)  [1.978(1) ALY [Cr{NH)ArM%},] (AM% =
CeH3—2,6(CcH—2,4,6-Mes3),)  [1.977(3) A]Gc and the three—coordinate
[Cr{N(H)Ar"},(THF)] [1.978(1) A].%

The Cr-O distances of 1.988(2)-1.994(3) A in 11 fall within the range of
1.987(8)-2.036(8) A in [{Cr(u—Cl)(u—OSi'Bus)}4]* and 1.835(4)-2.013(4) A in
[(tBll3SiO)Cr]z(M—OSitBU3)2.39 However, they are slightly longer than the
corresponding distances in [(‘Bu3SiO)Cr(u—OSi‘Bus),][Na-CsHg [1.891(2)-1.972(1)

Al and [(‘BusSiO);Cr][Na(dibenzo—18—crown—6)] [1.891(3)-1.942(3) A]."!
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Figure 2-10. Molecular structure of [Cr(L").1] (6)

Table 2-8. Selected bond distances (A) and angles (deg.) for compound 6

[Cr(L):1] (6)

Cr(1)-N(1) 1.996(6) Cr(1)-N(3) 2.009(5)
Cr(1)-N(4) 1.976(6) Cr(1)-N(6) 1.994(5)
Cr(1)-1(1) 2.674(1) N(1)-C(9) 1.36(1)
N(2)-C(9) 1.34(1) N(3)-C(9) 1.33(1)
N(4)-C(24) 1.364(9) N(5)-C(24) 1.35(1)
N(6)-C(24) 1.32(1)
N(1)-Cr(1)-N(3) 66.4(2) N(4)-Cr(1)-N(6) 66.4(2)
N(3)-Cr(1)-N(6) 165.5(2) N(1)-Cr(1)-N(4) 99.4(3)
N()-Cr(1)-1(1) 128.22) N@)-Cr(1)-1(1) 132.4(2)
N(3)-Cr(1)-N(4) 103.5(3) N(1)-Cr(1)-N(6) 103.9(3)
N3)-Cr(1)-I(1) 97.7(2) N(6)-Cr(1)-I(1) 96.8(2)

78



Figure 2-11. Molecular structure of [Cr(L")2(SPh)] (7)

Table 2-9. Selected bond distances (A) and angles (deg.) for compound 7

[Cr(L)(SPh)] (7)

Cr(1)-N(1) 2.016(5) Cr(1)-N(3) 2.015(5)
Cr(1)-N(4) 2.028(4) Cr(1)-N(6) 2.003(4)
Cr(1)-S(1) 2.309(1) N(1)-C(9) 1.345(7)
N(2)-C(9) 1.348(7) N(3)-C(9) 1.338(7)
N(4)-C(24) 1.346(7) N(5)-C(24) 1.356(6)
N(6)-C(24) 1.333(7) S(1)-C(31) 1.762(5)

N(1)-Cr(1)-N@3) 66.0(2) N(4)-Cr(1)-N(6) 66.2(2)

N(3)-Cr(1)-N(6) 157.8(2) N(1)-Cr(1)-N(4) 149.6(2)

N(1)-Cr(1)-S(1) 106.2(1) N(4)-Cr(1)-S(1) 104.2(1)

N(3)-Cr(1)-N(4) 110.4(2) N(1)-Cr(1)-N(6) 105.2(2)

N(3)-Cr(1)-S(1) 93.9(2) N(6)-Cr(1)-S(1) 108.3(1)

Cr(1)-S(1)-C(31) 115.3(2)
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Figure 2-12. Molecular structure of [Cr(L")2(SePh)] (8)

Table 2-10. Selected bond distances (A) and angles (deg.) for compound 8

[Cr(L')x(SePh)] (8)

Cr(1)-N(1)
Cr(1)-N(4)
Cr(1)-Se(1)
N2)-C0O)
N(4)-C(24)
N(6)-C(24)

N(1)-Cr(1)-N@3)
N(3)-Cr(1)-N(6)
N(1)-Cr(1)-Se(1)
N(3)-Cr(1)-N(4)
N(3)-Cr(1)-Se(1)
Cr(1)-Se(1)-C(31)

2.034(7)
2.033(7)
2.414(1)
1.33(1)
1.34(1)
1.31(1)

65.3(3)
157.0(3)
101.6(2)
110.8(3)
93.8(3)
113.0(2)

Cr(1)-N(3)
Cr(1)-N(6)
N(1)-C(9)
N(3)-C(9)
N(5)-C(24)
Se(1)-C(31)

N(4)-Cr(1)-N(6)
N(1)-Cr(1)-N(4)
N(4)-Cr(1)-Se(1)
N(1)-Cr(1)-N(6)
N(6)-Cr(1)-Se(1)

2.018(7)
1.981(7)
1.31(1)
1.35(1)
1.34(1)
1.896(7)

65.9(3)
153.7(3)
104.6(2)
106.9(3)
109.2(2)
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Figure 2-13. Molecular structure of [Cr(L")2(TePh)] (9)

Table 2-11.  Selected bond distances (A) and angles (deg.) for compound 9

[Cr(L)(TePh)] (9)

Cr(1)-N(1) 2.035(8) Cr(1)-N(3) 2.026(7)

Cr(1)-N(4) 2.062(7) Cr(1)-N(6) 2.020(7)

Cr(1)-Te(1) 2.652(1) N(1)-C(9) 1.34(1)

N(2)-C(9) 1.37(1) N(3)-C(9) 1.32(1)

N(4)-C(24) 1.35(1) N(5)-C(24) 1.37(1)

N(6)-C(24) 1.35(1) Te(1)-C(31) 2.120(9)
N(1)-Cr(1)-N@3) 65.6(3) N(4)-Cr(1)-N(6) 65.9(3)
N(3)-Cr(1)-N(6) 152.8(3) N(1)-Cr(1)-N(4) 160.3(3)
N(1)-Cr(1)-Te(1) 105.2(2) N(4)-Cr(1)-Te(1) 94.5(2)
N(3)-Cr(1)-N(4) 109.1(3) N(1)-Cr(1)-N(6) 109.4(3)
N(3)-Cr(1)-Te(1) 108.3(2) N(6)-Cr(1)-Te(1) 98.8(2)
Cr(1)-Te(1)-C(31) 110.2(2)

81



Figure 2-14. Molecular structure of [Cr(L"),{N(1-Ad)}] (10)

Table 2-13. Selected bond distances (A) and angles (deg.) for compound 10

[Cr(L): {N(1-Ad)}] (10)

Cr(1)-N(1)
Cr(1)-N(4)
Cr(1)-N(7)
N2)-C0O)
N(4)-C(24)
N(6)-C(24)

N(1)-Cr(1)-N@3)
N(3)-Cr(1)-N(6)
N(1)-Cr(1)-N(7)
N(3)-Cr(1)-N(4)
N(3)-Cr(1)-N(7)
Cr(1)-N(7)-C(31)

2.129(9)
2.111(9)
1.661(8)
1.36(1)
1.34(1)
1.32(1)

63.7(3)
151.3(4)
132.8(4)
97.3(3)
105.7(4)
175.3(8)

Cr(1)-N(3)
Cr(1)-N(6)
N(1)-C(9)
N(3)-C(9)
N(5)-C(24)
N(7)-C(31)

N(4)-Cr(1)-N(6)
N(1)-Cr(1)-N(4)
N(4)-Cr(1)-N(7)
N(1)-Cr(1)-N(6)
N(6)-Cr(1)-N(7)

2.033(9)
2.044(9)
1.34(1)
1.33(1)
1.38(2)
1.46(1)

63.4(3)
96.0(3)
131.2(4)
95.9(4)
103.0(4)
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Figure 2-15. Molecular structure of [{Cr(L")(u—OMe)},] (11)

Table 2-14. Selected bond distances (A) and angles (deg.) for compound 11

[{Cr(L*)(i-OMe)},] (11)

Cr(1)-N(1) 2.048(3) Cr(1)-N(3) 2.065(3)
Cr(2)-N(4) 2.042(3) Cr(2)-N(6) 2.038(3)
Cr(1)-0(1) 1.988(2) Cr(1)-0(2) 1.994(3)
Cr(2)-0(1) 1.990(3) Cr(2)-0(2) 1.993(3)
N(1)-C(13) 1.348(4) N(2)-C(13) 1.420(4)
N(3)-C(13) 1.340(4) N(4)-C(46) 1.340(5)
N(5)-C(46) 1.432(5) N(6)-C(46) 1.345(5)
N(1)-Cr(1)-N@3) 64.2(1) 0(1)-Cr(1)-0(2) 79.6(1)
N(4)-Cr(2)-N(6) 64.2(1) 0(1)-Cr(2)-0(2) 79.65(1)
N(1)-Cr(1)-O(1) 162.4(1) N(1)-Cr(1)-0(2) 110.1(1)
N(3)-Cr(1)-0(1) 111.3(1) N(3)-Cr(1)-0(2) 160.4(1)
N(4)-Cr(2)-0(1) 157.2(1) N(4)-Cr(2)-0(2) 113.0(1)
N(6)-Cr(2)-O(1) 109.7(1) N(6)-Cr(2)-0(2) 161.8(1)
Cr(1)-0(1)-Cr(2) 100.0(1) Cr(1)-0(2)-Cr(2) 99.7(1)
N(1)-C(13)-N(3) 108.7(3) N(4)-C(46)-N(6) 107.7(3)
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2.2.4  Attempted Reactions of [Cr(L*)(n—Cl),Li(THF)(Et,0)] (4)

Attempted reactions of 4 with LIC=C(TMS), NaNH, and MeMgl, respectively

Attempts to react complex 4 with LiC=C(TMS), NaNH, and MeMgl,

respectively, were unsuccessful. Although an immediate color change of the

solution from blue to brown was observed, only a brown intractable oil was obtained

after work—up. The latter remained unidentified in this work.

Attempted reactions of 4 with Na, K and Mg metals, respectively

Reactions of complex 4 with strongly reducing Na, K and Mg metals,
respectively, were examined in this work. Complex 4 was found to be unreactive
towards Mg even at an elevated temperature of 50°C.  On the other hand, reactions
of complex 4 with excess Na or K metal only led to the isolation of a brown

intractable oil.
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2.3 Summary

Divalent chromium complexes supported by the two unsymmetrical guanidinate
ligands, namely [(2,6-Me,CsH;N)C(NHPr')(NPr')] (LY and
[(2,6-Pr',CeH3N)C {N(SiMe3),} (NCeH3Pr',—2,6)]” (L*), have been synthesized and
structurally characterized. A direct reaction of CrCl, with two molar equivalents of
[KL'-0.5PhMe], (1) gave the neutral, mononuclear Cr(II) bis(guanidinate) complex
[Cr(L"),] (3). Treatment of CrCl, with one molar equivalent of [LiL*(Et,0)] (2) led
to the isolation of an ate—complex, [Cr(L")(u—Cl,Li(THF)(E,0)] (4).
Recrystallization of 4 from toluene gave neutral, dimeric [{Cr(L*)(u—C1)}2] (5).

The reaction chemistry of 3 and 4 was examined. Reaction of 3 with iodine
resulted in the Cr(IIl) mono (iodo) complex [Cr(L'),I] (6). The Cr(III) chalcogenide
complexes [Cr(L"),(EPh)] [E =S (7), Se (8), Te (9)] were prepared by the reactions of
3 with the corresponding diphenyl dichalcogenide (PhEEPh) in a 2:1 ratio.
Treatment of 3 with I-azidoadamantane yielded the mononuclear Cr(IV)
bis(guanidinate)-imido complex [Cr(L'),{N(1-Ad)}] (10). Complex 4 underwent
ligand substitution with NaOMe, leading to dimeric Cr(II) methoxide complex,

[{Cr(L*)(n-OMe)},] (11).
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2.4 Experimental Section for Chapter 2
Starting Materials:

Anhydrous CrCl, was purchased from Strem and used as received. Potassium
hydride, N,N’—diisopropylcarbodiimide, n—butyllithium (1.6 M in hexane), sodium
methoxide, PhSSPh, PhSeSePh, PhTeTePh, iodine and 1-azidoadamantane were
purchased from Aldrich and used without further purification. 2,6—Dimethylaniline
and hexamethyldisilazane were dried over and distilled from sodium hydroxide under
reduced pressure. Bis(2,6—diisopropylphenyl)carbodiimide was prepared according
to literature procedure.?’

Synthesis of [KL'-0.5PhMe], (1). To a slurry of potassium hydride (0.61 g, 15.2
mmol) in THF (20 ml) at 0 °C was added dropwise a solution of 2,6—dimethylaniline
(1.84 g, 15.2 mmol) in THF (20 ml). The reaction mixture was allowed to warm
slowly to room temperature and stirred for another period of 2 h. The solution was
filtered and the filtrate was treated with N,N’—diisopropylcarbodiimide (2.3 ml, 14.8
mmol) at room temperature. The pale yellow reaction mixture was stirred at 45 °C
for 8 h. All the volatiles were removed in vacuo and the brown residue was extracted
with toluene (20 ml). Standing the solution at room temperature for 1 d gave

complex 1 as colorless crystals.  Yield: 3.66 g, 11.5 mmol, 76%. M.p.: 249-250 °C

(dec.). 'H NMR (400.13 MHz, THF—ds): 5 0.99 (br, 12H, NCH(CH),), 2.08 (s, 6H,
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ArCH;), 231 (s, 1H, Ce¢HsCH;)', 3.25 (br, 1H, NCH(CHs),) 3.78 (br, 1H,
NHCH(CHj3),), 6.37 (br, 1H, p—ArH), 6.77 (d, J= 7.2 Hz, 2H, m—ArH), 7.06-7.12 (m,
1.6H, CsHsCH;)". *C NMR (100.62 MHz, THF-dg): 8 19.8, 21.5, 26.4, 44.5, 46.4,
116.5, 126.0, 128.0, 128.9, 129.7, 131.5, 133.3, 138.4, 156.6. Anal. Found: C, 65.85;
H, 8.44; N, 13.30%. Calc. for C3Hs¢K,Ng: C, 67.02; H, 8.51; N, 12.67%."

Synthesis of [LiL4(Et;0)] (2). To a solution of hexamethyldisilazane (1.61 g, 10
mmol) in diethyl ether (30 ml) was added a solution of LiBu" (1.6 M, 7.5 ml, 12
mmol) in hexane at 0 °C.  The resulting solution was stirred at room temperature for
2 h. A solution of bis(2,6—diisopropylphenyl)carbodiimide (3.63 g, 10 mmol) in
diethyl ether (30 ml) was added at 0°C. The reaction mixture was stirred at room
temperature for 8 h. The solution was filtered and the filtrate was concentrated
under reduced pressure to ca. 10 ml. Standing the solution at room temperature
yielded complex 2 as colorless crystals. Yield: 3.92 g, 6.5 mmol, 65%. M.p.:
137-140 °C.  '"H NMR (400.13 MHz, THF—dg): & —0.81 (s, 6H, Si(CH3)3), —0.18 (s,
6H, Si(CHs3)3), 0.13 (s, 6H, Si(CHs)3), 1.10-1.13 (br, 18H, CH(CH3), and OCH,CHj),
1.24 (dd, J = 5.6 Hz, 12H, CH(CH3),), 3.39 (quartet, J = 7.2 Hz, 4H, OCH,CH3), 3.75

(br, 4H, CH(CHs),), 6.67 (br, 2H, p—ArH), 6.83 (br, 4H, m—ArH). *C NMR (100.62

: Integration of resonance signals due to the solvated CsHsCH; molecules was not consistent with the formula of
complex 1 as revealed by X-ray crystallography probably due to loss of C¢HsCH;3 molecules during the
preparation of NMR samples.

¥ Satisfactory results of elemental analysis could not be obtained for this compound.

87



MHz, THF-dg): 6 4.8, 5.0, 15.5, 25.0, 25.4, 28.2, 66.0, 120.7, 121.6, 122.6, 146.1,
149.2. Anal. Found: C, 69.00; H, 10.25; N, 7.27%. Calc. for C3sHeLiN3OSiy: C,
69.60; H, 10.35; N, 6.95%.

Synthesis of [Cr(LY;] 3). Toa slurry of CrCl, (0.42 g, 3.4 mmol) in THF (20 ml)
at 0 °C was added dropwise a solution of [KL'-0.5PhMe], (2.20 g, 6.6 mmol) in THF
(20 ml). The resulting blue solution was allowed to warm slowly to room
temperature and stirred for 1 d.  All the volatiles were removed in vacuo and the blue
residue was extracted with Et;O (40 ml). The solution was filtered and then
concentrated to ca. 5 ml to give complex 3 as purple crystals. Yield: 1.35 g, 2.5
mmol, 75%. M.p.: 168-172 °C. pegr = 4.83 pug. UV-Vis (THF) Apax (/M 'cm™):
375 (sh, 1500), 405 (sh, 1300), 466 (1100), 531 (sh, 940), 671 (sh, 490). Anal.
Found: C, 66.15; H, 9.51; N, 15.69%. Calc. for C30H43CrNg: C, 66.15; H, 8.88; N,
15.42%.

Synthesis of [Cr(L4)(u—Cl)zLi(THF)(EtZO)] (4). To a slurry of CrCl, (0.37 g, 3.0
mmol) in THF (20 ml) at 0 °C was slowly added a colorless solution of [LiL*(Et,0)]
(1.80 g, 3.0 mmol) in THF (10 ml). The resulting blue solution was allowed to
warm slowly to room temperature and stirred for 1 d. The solution was concentrated
to ca. 5 ml and the blue suspension was extracted with Et,O (30 ml). The solution

was filtered and concentrated under reduced pressure to ca. 10 ml. Upon standing
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the solution at room temperature for one day gave complex 4 as pale blue crystals.
Yield: 1.56 g, 2.0 mmol, 65%. 185-187 °C. per = 4.84 ps. Anal. Found: C,
57.92; H, 9.29; N, 5.56%. Calc. for C39H7oCl,CrLiN3;O,Si,: C, 58.63; H, 8.83; N,
5.26%.

Preparation of [{Cr(L4)(u—Cl)}2] (5). Complex 4 (1.56 g, 2.0 mmol) was dissolved
in toluene (30 ml) at r.t. and stirred for 2 h, during which a white suspension was
observed. The deep blue solution was filtered and concentrated to ca. 10 ml to give
complex 5 as deep blue crystals.  Yield: 1.10 g, 1.8 mmol, 88%. M.p.: 161-163 °C.
Kefr = 5.08 pp (2.54 pug per chromium center). Anal. Found: C, 60.93; H, 8.67; N,
7.50%. Calc. for CspH104CLCroNgSiy: C, 61.00; H, 8.59; N, 6.88%.

Reaction of [Cr(L");] (3) with I,. To a solution of complex 3 (1.08 g, 1.97 mmol)
in Et;O (20 ml) at r.t. was slowly added a solution of I, (0.25 g, 0.99 mmol) in the
same solvent (20 ml). The color of the solution changed immediately from purple to
red. The reaction mixture was allowed to stir for 1 d. All the volatiles were
removed in vacuo. The red residue was extracted with toluene (40ml). The
solution was filtered and concentrated to give [Cr(L'),I] (6) as red crystals. Yield:
0.90 g, 1.33 mmol, 68%. M.p.: 195-197 °C. pesr = 3.68 pp. Anal. Found: C,
53.49; H, 7.42; N, 12.95%. Calc. for C3o0H4sCrNgl: C, 53.65; H, 7.20; N, 12.51%.

General procedure for the synthesis of [Cr(Ll)z(EPh)] [E =S (7), Se (8), Te (9)].
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To a solution of complex 3 in Et,O (20 ml) was slowly added a solution of PhEEPh in
the same solvent (20 ml) at r.t. The reaction mixture immediately turned brown.
Stirring was continued at r.t. for 1 d. The solution was filtered and then concentrated
to ca. 10 ml to give a deep green crystalline product.

Synthesis of [Cr(L"),(SPh)] (7). [Cr(L'):] (3): 0.93 g, 1.70 mmol; PhSSPh: 0.19 g,
0.85 mmol. Yield: 0.83 g, 1.28 mmol, 75%. M.p.: 171-172 °C. e = 3.83 pp.
UV-Vis (THF) Amax (¢/Mem™): 658 (130). Anal. Found: C, 65.71; H, 8.61; N,
13.32%. Calc. for C3¢Hs3CrNgS: C, 66.12; H, 8.17; N, 12.85%.

Synthesis of [Cr(L")2(SePh)] (8). [Cr(Ll)z] (3): 1.03 g, 1.89 mmol; PhSeSePh: 0.30
g, 0.95 mmol. Yield: 0.91 g, 1.30 mmol, 69%. M.p.: 168-170 °C. per= 3.88 pp.
UV-Vis (THF) Amax (/M 'em™): 674 (140). Anal. Found: C, 61.46; H, 7.67; N,
12.65%. Calc. for C36Hs3CrNgSe: C, 61.70; H, 7.62; N, 11.99%.

Synthesis of [Cr(L"),(TePh)] (9). [Cr(L'),] (3): 1.21 g, 2.22 mmol; PhTeTePh: 0.45
g, 1.10 mmol. Yield: 1.19 g, 1.58 mmol, 72%. M.p.: 175-177 °C.  pegr= 3.91 pp.
UV-Vis (THF) hmax (¢/M'em™): 382 (sh, 640), 674 (140). Anal. Found: C, 57.55; H,
7.49; N, 11.50%. Calc. for C5¢Hs3CrNgTe: C, 57.70; H, 7.13; N, 11.21%.

Reaction of [Cr(L"),] (3) with 1-azidoadamantane. To a solution of complex 3
(1.37 g, 2.50 mmol) in THF (20 ml) at rt. was slowly added a solution of

l—-azidoadamantane in the same solvent (20 ml). The reaction mixture turned deep
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green within 10 minutes. Effervescence was observed in the first 15 minutes. The
reaction mixture was allowed to stir for 1 d. The solution was filtered and
concentrated to ca. 20 ml to give [Cr(L"),{N(1-Ad)}] (1-Ad = 1-adamantyl) (10) as
deep green crystals. Yield: 1.10 g, 1.58 mmol, 63%. M.p.: 193-196 °C (dec.).
Her = 2.70 ug.  Anal. Found: C, 68.62; H, 9.30; N, 14.60%. Calc. for C4Hg;CrN7:
C, 69.23; H, 9.15; N, 14.13%.

Reaction of [Cr(L*)(u—Cl),Li(THF)(Et,0)] (4) with NaOMe. A solution of
complex 4 (1.16 g, 1.45 mmol) in THF (30 ml) at r.t. was slowly added to a slurry of
NaOMe (0.10 g, 1.82 mmol) in the same solvent (10 ml). The resulting purple
solution was allowed to stir for 1 d. All the volatiles were removed in vacuo. The
purple residue was extracted with toluene (40ml). The solution was filtered and
concentrated to give [{Cr(L*)(u-OMe)},] (11) as purple crystals. Yield: 0.82 g, 1.35
mmol, 93%. M.p.: 182-183 °C. pexr = 4.81 pp (2.40 pg per chromium center).
Anal. Found: C, 63.44; H, 9.81; N, 7.12%. Calc. for C¢4H;;0CryNsO,Sis: C, 63.43;

H, 9.15; N, 6.93%.
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Chapter 3

Synthesis and Reactivity of

Divalent Lanthanide Guanidinate Complexes
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3.1 The Development of Lanthanide(II) Guanidinate Complexes

Sm, Eu and Yb are readily accessible in their +2 oxidation state. The reduction
potentials of Ln’*/Ln®"vs NHE (Ln = Sm: —1.55 V; Eu: —0.35 V; Yb: —1.15 V)' show
that Sm>", Eu®", Yb*" are the three most stable Ln®" metal ions among the fifteen
lanthanide metal ions. According to Pearson's hard and soft acid base concept,’
lanthanide metal ions are classified as hard Lewis acids. They form stable metal
complexes with hard ligands (hard bases).

Lanthanide(Il) amide complexes

N—donor ligands are hard base ligands. Early development of
organolanthanide(Il) chemistry involved the use of the monodentate N—donor ligand
[N(SiMes),], as demonstrated by the pioneering work of Andersen,’ Lapper‘[,4 and
Evans.’ The first structurally authenticated lanthanide(Il) amides,
[Eu{N(SiMes),}2(Sol),] (Sol = THF, DME) were prepared by reduction of its chloro
derivative  [Eu{N(SiMes),},Cl] with sodium naphthalene [Na(naph)] in
tetrahydrofuran or 1,2—dimethoxyethane (DME) (Scheme 3-1).** The reactions of
Lnl, (Ln = Sm, Eu, Yb) with MN(SiMes), (M = Na, K) in an appropriate solvent gave
the neutral [Ln{N(SiMes),}2(Sol),] [Ln = Sm, Sol = THF, n = 2; Ln = Yb, Sol = Et,0,
n =2; Ln = Yb, Sol = DMPE, n = 1; Ln = Eu, Yb, Sol = DME) and the anionic

complexes [NaLn{(SiMes),}s] (Ln = Eu, Yb) and [KSm{(SiMe;),}5].”"¢
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Alternatively, the Yb(II) complex [Yb{N(SiMes),},(DME),] can also be prepared by
the reaction of Yb metal with Sn[N(SiMes),], in refluxing THE.* The solvent free
[Yb{N(SiMe;),} {u—N(SiMes),}]» complex was prepared by desolvating

[Yb{N(SiMe3)}2(Et;0),] in vacuo at 20 °C.*°

THForDME  NOMeal2 g
H —_— EU,,[
[Eu{N(SiMe3),},Cl] + Na(naph) NaCl o “Sol
N(SIMe3)2

Sol = THF, DME
Andersen et al.3@

Scheme 3—1

N(SiMe3)2
\
/Ln—(SoI)n
N(SiMe3),
Ln=Sm, M =Na,Sol = THF, n=2
Ln =Eu, Yb, M =Na, Sol=DME, n=2

Sol Ln =Yb, M = Na, Sol = Et,0, n =2
Lnl, + 2 M(NSiMe3),— Ln =Yb, M = Na, Sol = DMPE, n = 1

N(SiMes),
|

Ln
(Me3Si)2N< >N(SiMe3)2
M

Ln = Eu, Yb, M = Na, Sol = Et,O/toluene
Ln=8m, M =K, Sol = THF

Andersen et al.3°¢
Evans et al.5
Scheme 3—2

Treatment of an equimolar amount of Sml,(THF), with [{(Me;Si),N},Sm(THF);]
in DME/THF gave the heteroleptic Sm(II) amide,
[{(Me;S1),N} Sm(pu—I)(DME)(THF)], (Scheme 3-3). Heteroleptic Yb(II) amide,
[Yb{N(SiMe;),}(u—OCBu'3)],, was prepared by protolytic ligand exchange between

[Yb{N(SiMe3),} {u—N(SiMe3),} | and Bu'’sCOH in hexane (Scheme 3-4).*°
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Ly b

N(SiMes),  (THF DME/THF 5 b,/
Sm’ +  Smly(THF), ———— > N(SiMes),—Sm>" 'Sm——N(SiMe
NEIV SR S AT ek (‘3\'/ 5 \( .
0 7\
Evans et a/.%2
Scheme 3—3
[Yb{N(SiMe3),{u-N(SiMe3),}»
hexane /O\
+ . .
™ (Me;Si),N-Yb Yb—N(SiMes),
2 But,COH - 2 HN(SiMe3), o

Lappert et al.*°

Scheme 3—4

Lanthanide(Il) amidinate complexes

Compared with monodentate ligands, bidentate ligands can better stabilize metal
complexes because of chelation effect. Bulky bidentate ligands can reduce the
coordination number of a metal, and, hence, increase its reactivity (the metal center
becomes more exposed). Amidinates and guanidinates are closely related bidentate
N—donor ligands. By varying the substituents on the N—-C-N backbone, several
lanthanide(I) amidinate and guanidinate complexes have been reported.®™
Edelmann and co—workers have reported on the first Yb(II) amidinate complexes
[Yb{RCcH4C(NSiMes), }»(THF),] (R = H, OMe, n = 2; R = Ph, n = 0), which were
prepared by salt metathesis of YbI,(THF), with an appropriate sodium
N,N'bis(trimethylsilyl)benzamidinate in THF (Scheme 3-5)."*  Reactions of

[Yb{CsHsC(NSiMes),}2(THF),] with [Me,NC(S)S], and PhSeSePh led to the
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cleavage of S—S and Se—Se bonds, yielding [Yb{CsHsC(NSiMes),}2(S,CNMe,)] and
[Yb{CsHsC(NSiMes),}»(SePh)(THF)], respectively (Scheme 3-6).** The same
research group has also reported on the reactions of [ {RCsH4C(NSiMes), ), Yb(THF),]
(R = H, OMe) with diaryl diselenides and ditellurides, which led to the isolation of
[Yb{RCsH4C(NSiMes)»}2(SeR')(THF)] (R = H, R' = Ph, Mes) and
[Yb{RCcH4C(NSiMes), }2(TeR")(THF)] (R = OMe, R' = Mes), respectively (Scheme

3-7).%

R

R . .
Me;Si ; SiMe3
SIS

THF \ /
Ybl(THF), + 2 Na —— Yb—(THF),
Me;Si-_ N/SiMes -2 Nal /\
NS

R
R=H,n=2
R=0Me,n=2
R=Ph,n=0
Edelmann et a/.52
Scheme 3—5
Me-Si
e3S|\N .
[Me_NC(S)S]2
_MeBPL ., ®_<( Yb< D—NMe,
/N S
. MesSi
MesSi A\ _SiMeg 3 2

N/
2 THF-Yb—THF ~ ——

NN
Me;Si” “SiMe; MesSi
\
N THF
PhSeSePh ) ©_< vb

N SePh
/
Me;Si

/N

Edelmann et ai.%?

Scheme 3—6

102



RO = -

Yb
\ER‘

Me3$|

= Ph, Mes, E Se

Me3Si\ SiMe3 Me3S|
N THF N
REER' THF
R
R e, R'=Mes, E=Te

Edelmann et al.®°
Scheme 3—7

The first Sm(II) amidinate complex [Sm(DippForm),(THF),] [DippForm =
{(2,6-Pr',C¢H3)NC(H)N(2,6-Pr'sC¢Hz)} ] have been prepared by three different
methods, namely (i) the reaction of SmI,(THF), with Na(DippForm), (ii) the reaction
of excess samarium metal with [(C¢Fs),Hg] and DippFormH, and (iii) transamination
of [Sm{N(SiMes),}(THF),] with DippFormH (Scheme 3-8), re:spectively.7 The
reaction of [Sm(DippForm),(THF),] with half equivalents of Sml,(THF), in the
presence of one equivalent of Nal gave ion—paired
[Na(THF)s][Sm(I)2(DippForm),(THF)]. On the other hand, treatment of
[Sm(DippForm),(THF),] with half molar equivalents of [(C¢Fs),Hg] and DippFormH

led to C—F bond activation and the formation of complex [Sm(F)(DippForm),(THF)].

Di Dipp Dipp Diep
) DP\N/\T/ 2 \N/\Tl/
Na Smly(THF),, THF ) )
SmIN(SiMes)zl, DippFormH
/Dipp
-2 HN(SiMe
| | s AN (SiMes),
Dipp., . OPP S IHGCaFkl THE Dipp—, | i
“sm”
b -Hg, -2 GgF5H N ' N
Dipp \ THF 0.5 equiv. Smiy(THF),
N\ Nal, THF
0.5 equiv. [Hg(CeFs)l Dipp - 0.5 equiv. Sm
0.5 equiv. DippFormH . -
‘ €]
Dipp E Dipp Dipp Dip
N N
1 NI N )
<( Sm )> V \I 3 w )’
s : [Na(THF)s]
N SN _N—Sm—N_
o SN Dipp /| Dipp
Dipp Dipp THF |

Dipp = 2,6-Pr/,CgH3
Junk et al.”

Scheme 3—8
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Recently, a series of lanthanide(Il) amidinate complexes have been reported by
our research group.® Utilizing the unsymmetrical [PhC(NSiMe;)(NC¢HsPr'’>—2,6)]
ligand, the corresponding lanthanide(Il) amidinate complexes [LnL,(THF),] [Ln =
Sm, Eu, n = 2; Ln = Yb, n = 1; L = {PhC(NSiMe3)(NC¢H;Pr’>—2.6)} ] have been
isolated (Scheme 3-9). Subsequent reactions of [LnL,(THF);] (Ln = Sm, Eu) with
diphenyl dichalcogenides PhEEPh (E = Se, Te) led to the binuclear lanthanide(III)
amidinate—chalcogenolate complexes [LnL,(u—EPh)], (Ln = Sm, E = Se, Te; Ln = Eu,
E = Se), whereas reactions of [YbL,(THF)] with PhSeSePh and iodine yielded the
mononuclear [YbL,(SePh)(THF)] and [YbL,(I)(THF)], respectively. Treatment of

[SmL,(THF),] with N,N'—dicyclohexylcarbodiimide afforded the mixed—ligand Sm(III)

tris(amidinate) [SmL, {CyNC(H)NCy}].

SiMez SlMe3
- P\ - Pr

oy \/ wSePh Pri \/
\THF 2 \THF
MesSi—™ N Pr PhSeSePh MesSI—N_ e
&/ hexane é/
Q\ SiMe;
Ln=Yb hexane/Et,0 Ln=Yb

2Lnly(THF), + 4[KL], 4K| r Ln (THF)x

L = [PhC(NSiMe3)(NCgH3Pr'»-2,6)]" Me,Si— _N \N o 2 CyN=C=NCy
PhEEPh Pr,%
(E = Se, Te) THF/Et,0
hexane or toluene Ln=Sm, Eu, x=2

) Ln=Yb,x=1
\ SiMeg pr'
' h
S

_ SiMes
Pri N/ c
{ N—SiMes S el
ori I//'Ln \\\\\\\\\\\ o, i \ /‘.““‘\\\\\N
\E/ 2 ‘_Ln\ )—H
N
Me;Si— i—N \
3 Pr Me;Si \ N PP \Cy
r" Me3S| Pr/’%
Ln=Sm, Eu, E = Se Ln=Sm
Ln=8Sm, E=Te
Lee et al.®
Scheme 3—9
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Lanthanide(Il) guanidinate complexes

The first lanthanide(II) guanidinate complex,
[{CyNC(N(SiMe3);)NCy},Yb(TMEDA)], was reported by Richeson and
co—workers.” This complex can be prepared by (i) salt elimination reaction of Ybl,
with Li{CyNC(N(SiMes),)NCy} (Scheme 3-10), and (ii) reduction of the Yb(III)

complex [Yb{CyNC(N(SiMe3),)NCy},(n—Cl),Li(TMEDA)] with excess Na/K in
plex [Yb{CyNC(N( )2)NCy}(p—Cl),Li( )]

benzene.

Cy, N(SiMes), Cy\ N(SiMes),
N—= ]
‘ SN _ Nak i. Li{CYNCIN(SiMe3),]NCy}

(TMEDA)LICI,Yb \ ! Yol

\ N—cy Benzene /\ N—cy ii. TMEDA

/N '/: /N

Cy  N(SiMe;), Cy  N(SiMes),

Richeson et al.®
Scheme 3—10

Recently, Jones and co—workers have successfully prepared a few homoleptic
lanthanide(Il) guanidinate complexes, [Ln(Giso),] [Ln = Sm, Eu, Yb; Giso =
{(2,6-Pr'’,C¢H3N),CNCy>} ] (Scheme 3—11), as well as heteroleptic ytterbium(II)
complexes [{Yb(Giso)(u—I)(THF)},] and [{Yb(h'-N:n~Ar-Giso},]. The Sm(II)

and Eu(Il) complexes have the unprecedented planar 4—coordinate lanthanide centers.
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Cy /Cy
Q&PFNFJQ

4 K(Giso), THF / Pr'

2 Lnly(THF), —————— 2

-4KI
pri ;‘2 Pri

&pr Yprlé
- Ybly(THF),
Ln=Sm, Eu, Yb
Q\PHTHF Prl
Pri Cy,

N
CV N l _-THE Nt ? T

/ i
CyP, N/ \#ﬁ Y N_L"\Jﬁﬁf
b ‘a

2 K(Giso), THF
-2 Kl THE

Ln=Yb Ln=Yb
Giso = [(ArN),C(NCy,)I"
Ar = 2,6-Pr,CoHg

Jones et al."°

Scheme 3—11

More recently, the same research group have isolated new lanthanide(II)
complexes using bulky amidinate ligand, [(2,6-Pr,CsHsN),CBu']" (Piso) and
guanidinate ligand, [(2,6—Pr'aC¢H3N),CNPr’,]° (Priso).!"  Salt metathetical reactions
of potassium guanidinate, K(Priso), with Lnl, (Ln = Sm, Eu, Yb) in THF, led to the
isolation of homoleptic [Ln(Priso);] (Ln = Sm, Eu, Yb) (Scheme 3-12)."
Co—crystallization of free guanidine (PrisoH) was observed in the above reactions.
Besides, the reaction that gave [Yb(Priso);] also led to a few crystals of heteroleptic
Yb(II) complex, [{Yb(Priso)(u—I)},]. Treatment of Sml, with two equivalents of
potassium amidinate, K(Piso), gave a few crystals of heteroleptic Sm(II)
[(nI—N:né—Ar—Piso)Sm(THF)(u—I)ZSm(nI—N:n6—Ar—Piso)] as the only isolable
product. Repeating the experiment in a 1:1 ratio gave only little improvement to the
product yield (14%). Reaction of the Sm(II) guanidinate complex [Sm(Giso);] with

CS,; led to the isolation of unsymmetrical coupling product,
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[(Gis0),Sm(p—1"—1n—S,CSCS)Sm(Giso),] (Scheme 3-13)."

Pr\ /Pr
Pri Pri ;
A PrTHF
2 K(Priso), THF / 2 pl Pr
Lnl,
-2KI
2 K(Piso), THF
-2KI

l
Pri fég’spr' (

Ln IHJ_rr‘J
Pri Pri N/ N >
i
N
) Ln=S8Sm, Eu, Yb
r /
Sl
Bu’4</P i

Ln=Yb
! ,\}Bu Priso = [(ArN),C(NPro)]
. ~ Piso = [(ArN),CBuU']
i — Ln N )
Pr . \I/ NP Ar = 2,6-Pri,CoHs
Pr Pr/
THF
Ln=Sm
Jones et a/."!
Scheme 3—12
QPr )\Prﬁ y\N
Pr’ \ / Pr!

P
Pr
Pr/ N\/\ Ny
ML s\ e
Pr Sm s Sm  py
3 N/ s/ “N
- i i
ALY Ay
PrNT N_Pr' pri N—cCy
cy” ey &Y ey oy
Jones et al.""!

Scheme 3—13
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3.2 Results and Discussion
3.2.1 Synthesis and Structure of  Potassium Complexes of
[(2,6-Me,CsH3;N)C(NHCy)(NCy)| (LY,
[(2,6-Me,CcH3N)C{N(SiMe3)Cy}(NCy)|™ (LY and
[(2,6-Pr',C¢H3N)C(NEt,)(NCeH3Pr',-2,6) (L)
Preparation
Potassium complexes of  [(2,6-Me,CcH3N)C(NHCy)(NCy)] (L),
[(2,6-Me,CsH3N)C {N(SiMe3)Cy} (NCy)] (L% and
[(2,6-Pr’,CeH3N)C(NEt)(NCeH3Pr',—2,6)]” (L) were used as ligand transfer reagents
for the synthesis of lanthanide(II) guanidinate complexes in this work. Lithium
complexes of the L%, L and L’ ligands were readily prepared by deprotonation of an
appropriate  aniline or  amine with LiBu”/TMEDA (TMEDA =
N,N,N',N'-tetramethylethylenediamine), followed by the addition of substituted

carbodiimides RN=C=NR (R = Cy or C¢H3Pr'’>—2,6) (Scheme 3-14).1%8

Cy. R R2. R

N~ SN
Prf Pr!
on L s SOl
NN NN
) R! R2 . Pr \ / Pr
\L/ 1. LiBu", Et,0, TMEDA N 1. LiBu", Et,0, TMEDA
Li N Li
<\ 2.cyN=c=NCy H 2. ArN=C=NAr .
=N NI =N N
/ TMEDA = N,N,N',N"-tetramethylethylenediamine N
Ar = CgH3Pr'»-2,6 - .
[LILATMEDA)]: R" = H, R? = 2,6-Me,CgHs [LILS(TMEDA)]: R' = R? = Et
[LIL3TMEDA)]: R = SiMeg, R? = 2,6-Me,CgH3
Yeung L. F.12
Wong, G. F."3
Scheme 3—14
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Potassium complexes of L? L’ and L’ were obtained by transmetallation
reactions of lithium complexes [LiL"(TMEDA)] (n = 2, 3, 5) with potassium
tert—butoxide in THF (Scheme 3-15). The [KL*(THF)os], (12), KL® (13) and

[KL’(THF),] (14) complexes were isolated in good yields.

Cy\
c N THF  Cy
N ~_+ HN
. N ( /K\ cy
. N \N 7 N/

Ty ol
n

R AR

NN 1. KOBU!, THF, r.t. 8h 12 (92%)
\/ - LioBu!
H 3
. L 2. Recryst. from Et,0 KL
=N NZ or toluene 13 (97%)
[LIL3TMEDA): R' =H, R2=R3 = Cy, Pri

[LIL3(TMEDA)]: R" = SiMe3, R? = R® = Cy, '
R* =2,6-Me,CgH3 oyl N—K.o " THF
[LIL3(TMEDA)]: R' = R? = Et,
R®=R* = 2,6-Pr,CqH;

R* =2,6-Me,CgH N
J

14 (89%)
Scheme 3—15

Physical Characterization of Complexes 12—14

All of the complexes 12—14 are sensitive to air and moisture. They are soluble
in THF and sparingly soluble in toluene, but insoluble in Et;O and hexane. The
molecular formula of complexes 12—14 has been confirmed by elemental analysis,
NMR spectroscopy ('H and >C) and X-ray diffraction analysis (for 12 and 14).

Table 3—1 summarizes the appearance and melting points of complexes 12—14.
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Table 3—1. Appearance and melting points of complexes 12—14

Compound Appearance M.p. (°C)
[KLz(THF)oj]n (12) Colorless crystals 229-231 (dec.)
KL® (13) White solid 215-216 (dec.)
[KL’(THF),] (14) Colorless crystals 245-247 (dec.)

NMR Spectra of Complexes 12—14

The NMR spectra of complexes 12—14 are shown in Figures A2-8 to A2-13
(Appendix 2). Owing to a poor solubility of 12—14 in C¢Dg, their NMR spectra were
measured in THF—ds solutions. The 'H and *C NMR spectra of complex 12 show
one set of resonance signals which are assignable to the L? ligand and the THF
molecule (L*THF = 4:1). In the 'H NMR, one singlet signal at 2.07 ppm is
assignable to the ortho methyl groups on the aryl substituent. This suggests that the
two methyl groups are chemically equivalent.  Protons on the cyclohexyl
substituents occur as broad signals at 0.9—1.9 and 3.4 ppm. The broadness of these
signals may be attributed to the ring flipping process of the cyclohexyl groups.
Similar peak broadening has also been observed in the precursor complex
[LiL’(TMEDA)]."?

The 'H and *C NMR spectra of complex 13 show one set of resonance signals

which are assignable to the L’ ligand. A singlet signal at 0.10 ppm is observed in the
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"H NMR, which is assignable to the silyl substituent of the L* ligand. The 'H NMR
suggests that the three methyl groups in the silyl substituent have similar chemical
environment. One set of broad signals in the range of 0.9-3.1 ppm are assignable to
the cyclohexyl protons. Similar peak broadening has also been observed for the
precursor compound [LiL*(TMEDA)].'* A singlet signal at 10.0 ppm is observed in
the *C NMR, which is assignable to the three carbon atoms in the silyl substituent.
A similar downfield shift has been observed for [LiL*(TMEDA)] (5.6 ppm). A
singlet signal at 20.3 ppm, and four singlet signals at 26.3, 27.4, 35.2 and 54.6 ppm
are assignable to the ortho methyl groups on the aryl substituent and the chyclohexyl
groups, respectively. Four singlet signals at 115.1, 127.5, 128.8 and 154.4 ppm, and
one singlet signal at 158.7 ppm are assignable to the aryl carbons and central carbon
on the N-C—N backbone, respectively.
The 'H and >C NMR spectra of complex 14 show one set of resonance signals
which are assignable to the L ligand and the THF molecule (L THF = 2:1). The
two doublet signals at 1.09 and 1.18 ppm and a septet signal at 3.66 ppm are
assignable to the isopropyl methyl protons and methine protons, respectively.
These indicate that the two isopropyl groups on each phenyl ring are chemically
non—equivalent. This may be attributed to a hindered rotation of the isopropyl

groups. Two singlet signals at 13.6 and 28.3 ppm are observed in the BC NMR
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spectrum, which are assignable to the methyl and methylene carbons on the ethyl

groups, respectively. Another two singlet signals at 24.4 and 43.9 ppm are

assignable to the methyl and methine carbons on the isopropyl groups of the aryl

substituents. Four singlet peaks at 118.1, 122.9, 141.8 and 154.4 ppm, and one

singlet peak at 158.2 ppm are assignable to the carbons on the aryl substituent and

the N-C—N backbone, respectively.

Crystal Structures of Complexes 12 and 14

Single crystals of complexes 12 and 14 were obtained from a mixed THF/Et,O
(1:1) solution. Figures 3—1 and 3-2 show the X-ray structures of potassium
complexes 12 and 14, respectively. Selected bond lengths and angles are listed in
Tables 3-2 and 3-3. Selected crystallographic data are listed in Table A3-5
(Appendix 3).

I [KL(THF)os]s (12)

Complex 12 crystallizes in the monoclinic space group P2;/c. It exists as a
one—dimensional polymer made up of linked binuclear K,L% subunits. The two
potassium atoms [K(1) and K(2)] exhibit different binding modes. The K(1) center
is bound by two L? ligands, each of which is coordinated in an n'-amide:n’—arene
mode. A similar coordination mode has been observed in [KL'-0.5PhMe], (1).

The K(2) center is bound by one THF molecule, and two L? ligands in n'—amide and
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n’—guanidinate modes, respectively. If the n’—arene is considered as a single
coordination point, the coordination geometry around the K(1) and K(2) centers can
be described as distorted tetrahedral. The K—N distances fall within the range of
2.722(4)-2.993(4) A, which are comparable to the corresponding distances in
complex 1 [2.806(4)-2.962(4) A], and other reported potassium complexes, such as,
[{K[CYNC(N(SiMe3),)NCy]}»'CeHe] [2.765(2)-2.806(2) A]'* and [{K(Priso)}.]
(Priso = [(2,6-Pr,CH3N),CNPr’,]) [2.755(3) A]."”>  The almost identical C(9)-N(1)
[1.327(6) A] {C(30)-N(4) [1.330(6) A]} and C(9)-N(3) [1.325(5) A] {C(30)-N(5)
[1.312(5) A]} distances indicate delocalization of the anionic charge in between the
two nitrogen atoms through the N-C-N backbone in 12. The observed
K(1)—Centroid(1) and K(1)—Centroid(2) (centroid = center position of phenyl ring)
distances in 12 are 2.934 and 2.903 A, respectively, which are slightly longer than that
of 2.895 A in complex 1, but comparable to the corresponding distances of 2.945 and
3.077 A in [{K(Priso)}w].15 The potassium—oxygen bond distance of 2.729(5) A in
12, falls within the range of 2.646(3)-2.780(3) A in
[{K(THF),} {Pip(Giso)>} {K(THF)s}] [Pip(Giso)> = [{ANCNAr}, {u-—N(CoHa)N} >
Ar = 2,6—Pr"2C6H3].15 The bite angles formed by N(3)-K(1)-Centroid(1) and
N(5)-K(1)-Centroid(2) are measured to be 80.5 and 81.2° respectively. They are

similar to that in [{K(Priso)}] [79.0°]."°
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2. [KL(THF),] (14)

Complex 14 crystallizes in the orthorhombic space group Pbcn. The K(1)
center is bound by two THF molecules and one L’ ligand. The latter binds to the
metal in an n'—amide:n’~arene coordination mode. If the n°—arene is considered as a
single coordination point, the coordination geometry around K(1) metal is best
described as distorted tetrahedral. The potassium—nitrogen bond distance in 14
[2.7404 A] is shorter than the corresponding distances of 2.778(3) and 2.852(4) A in
complex 12. This suggests that the steric repulsion exerted by the two THF
molecules and one L’ ligand around K(1) in complex 14 is smaller than that due to
two L* ligands around K(1) in complex 12. The nearly identical C(13)-N(1)
[1.338(6)] and C(13)-N(3) [1.324(6)] distances indicate delocalization of the anionic
charge on the N-C—-N backbone. The observed K(1)-Centroid(1) distance of 2.889
A in 14, is shorter than the corresponding distances of 2.934 and 2.903 A in 12. This
may be due to a shorter K-N bond distance in the former complex. The K(1)-O(1)
and K(1)-O(2) bond distances of 2.666(4) and 2.690(4) A, respectively, are shorter
than the corresponding distance of 2.729(5) A in complex 12. The N(1)-C(13)-N(3)
bond angle of 122.9(4)° in 14 is comparable to the corresponding angles of 124.2(4)

and 125.9(4)° in 12.
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Figure 3—1. Molecular structure of [KL*(THF)os]a (12).

Table 3-2. Selected bond distances (A) and angles (deg.) for compound 12

[KL*(THF)o.s]s (12)
K(1)-N(3) 2.778(3) K(1)-N(5) 2.852(4)
K(2)-N(4) 2.722(4) K(2)-N(6) 2.993(4)
C(9)-N(1) 1.327(6) C(9)-N(2) 1.407(4)
C(9)»-N(@3) 1.325(5) C(30)-N4) 1.330(6)
C(30)-N(5) 1.312(5) C(30)-N(6) 1.446(6)
K(1)-Centroid(1)" 2.934 K(1)-Centroid(2)’ 2.903
K(2)-0O(1) 2.729(5)
N(3)-K(1)—Centroid(1) 80.5 N(5)-K(1)—Centroid(2) 81.2
Centroid(1)-K(1)—Centroid(2) 119.6 NQ3)-K(1)-N(5) 123.9(1)
N(I)-C(9)-N(@3) 124.2(4) N(4)-C(30)-N(5) 125.9(4)
N(4)-C(30)-N(6) 112.8(4)

" Centroid(1) = center position of phenyl ring formed by C(1)-C(6).
" Centroid(2) = center position of phenyl ring formed by C(22)—C(27).
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Figure 3-2. Molecular structure of [KL>(THF),] (14).

Table 3-3. Selected bond distances (A) and angles (deg.) for compound 14

[KL(THF),] (14)

K(1)-N(1)
K(1)-0(2)
C(13)-N(1)
C(13)-N(3)

N(1)-K(1)—Centroid(1)
N(1)-K(1)-O(1)
N(1)-C(13)-N(3)

O(2)-K(1)—Centroid(1)

2.740(4)
2.666(4)
1.338(6)
1.324(6)

81.2

110.3(1)

122.9(4)
105.4

K(1)-0(1)
K(1)-Centroid(1)’
C(13)-N(2)

O(1)-K(1)-0(2)
N(1)-K(1)-0(2)
O(1)-K(1)—Centroid(1)

2.690(4)
2.889
1.421(6)

85.9(1)
133.6(1)
150.4

" Centroid(1) = center position of phenyl ring formed by C(18)—C(23).
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3.2.2 Synthesis and Structure of Ln(II) (Ln = Sm, Eu, Yb) Complexes of the
L', L% L? and L’ Ligands

Preparation

Reaction of Eul,(THF), with two equivalents of [KL'-0.5PhMe], (1)" in THF
yielded dimeric [{Eu(Ll)(p,—Ll)}z] (15) (Scheme 3-16). Metathesis reactions of
Lnly(THF); (Ln = Yb, Eu) with potassium guanidinates 12 and 13 in THF, led to the
isolation of [{Ln(Lz)(u—Lz)}z-nCéHm] [Lh = Eu,n =2 (16); Ln = Yb, n = 0 (17)],
[Yb(L?)(THF),] (18) (Scheme 3—17) and [Ln(L*),(THF),-0.25CsH 4] [Ln = Eu (19),
Yb (20)], respectively (Scheme 3—18). Treatment of Sml,(THF), with one molar
equivalent of 13 in THF yielded the iodide bridged Sm(II) complex
[{Sm(L*)(u-I)(THF)},] (21). Salt metathesis reaction of SmI,(THF), with two
equivalents of 14 gave the mononuclear Sm(I) complex [Sm(L’),] (22) (Scheme

3-19).

Pric
NH

Q‘ el
THF \\
4 [KL'-0.5PhMe], \

+ 2 EUly(THF), ——————>

o . :
1 ° Ct:rr(f 1 e / \

HN
~pri

15 (68%)
Scheme 3—16

¥ The preparation of complex 1 has been described in Chapter 2.
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Physical Characterization of Complexes 15-22

The molecular formula of complexes 15-22 was confirmed by elemental analysis
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and X-ray diffraction analysis.

NMR spectroscopy were also carried out for the

diamagnetic Yb(II) complexes 17, 18 and 20. All of the complexes (except 21) are

soluble in THF, toluene, Et,O and hexane.

However, complex 21 is only soluble in

THF. The appearance and melting points of complexes 15-22 are summarized in

Table 3—4.

Table 3—4. Appearance and melting points of complexes 15-22

Compound

Appearance

M.p. (°C)

[{Eu(L)(-L")}2] (15)
[{Eu(L?)(p-L%)}2-2CcHu4] (16)
[{Yb(L*)(n-L*)}2] (17)
[Yb(L?),(THF),] (18)
[Eu(L*)2(THF),-0.25CsH 4] (19)
[Yb(L),(THF),-0.25C4H 4] (20)
[{Sm(L’)(u-T)(THF)}] (21)

[Sm(L%),] (22)

Orange crystals
Orange crystals
Red crystals
Red crystals
Orange crystals

Red crystals

Dark green crystals

Purple crystals

211-212 (dec.)
241-243 (dec.)
185-186 (dec.)
174-175 (dec.)
252-253 (dec.)
178-179 (dec.)
168-169 (dec.)

161-162 (dec.)

NMR Spectra of Yb(III) Complexes 17, 18 and 20

The 'H and *C NMR spectra of complexes 17, 18 and 20 are shown in Figures

A2-14, A2-15 and A2-17 to A2-20 (Appendix 2), respectively. The 'H NMR

spectrum of complex 17 shows three broad signals at 2.18, 2.30 and 2.41 ppm,

respectively, which are assignable to the ortho methyl groups on the aryl substituent.
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These indicate that the methyl groups on each phenyl ring are chemically
non—equivalent. This may be attributed to a hindered rotation of the methyl groups.
Broadening of the resonance signals may be attributed to the equilibrium process
between monomer and dimer, therefore variable temperature 'H NMR studies of
complex 17 were carried out at 25°C to 90°C (Figure A2-16). However, no
significant change was observed in the '"H NMR of 17 over the above temperature
range. Apparently, the peak broadening of complex 17 is not due to fluxional
behavior. The “C NMR spectrum of complex 17 shows two sets of resonance
signals corresponding to the L* ligands. This is consistent with the solid—state
structure of complex 17 (vide infra), in which one terminal L* ligand is bonded to
each Yb center in a «* coordination mode, while another L? ligand bridges two Yb
centers in a p—n°:n° coordination mode.

The 'H NMR spectrum of complex 18 shows one set of signal, corresponding to
two L? ligands and three THF solvent molecules, indicating that the two L? ligands
are chemically equivalent. A broad singlet signal at 2.47 ppm is assignable to the
ortho methyl groups on the aryl substituent. Two sets of broad resonance signals are
observed for the cyclohexyl substituents in both 'H and '*C NMR spectra. These
spectroscopic behaviors suggest that the two cyclohexyl substituents in each L? ligand

are chemically non—equivalent.
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The '"H NMR spectrum of complex 20 shows one set of resonance signal
assignable to the L’ ligand, THF and hexane molecules with an integral ratio of
L*:THF:hexane = 8:8:1. The two L’ ligands in each monomeric unit are chemically
equivalent. In the "H NMR spectrum, two broad signals at 0.46 and 2.46 ppm are
assignable to SiMe; and the ortho methyl groups on the aryl substituent, respectively.
Similar to complex 18, the two cyclohexyl substituents in each L’ ligand in complex
20 are chemically non—equivalent. The cyclohexyl substituents exist as two sets of

resonance signals in both 'H and *C NMR spectra.

Crystal Structures of Complexes 1522

Single crystals of 15 suitable for X—ray diffraction analysis were obtained from
toluene. Those of 16, 17, 19, 20 and 22 were obtained from hexane. Single
crystals of 18 and 21 were obtained from Et,O and THF, respectively. Selected
crystallographic data of these complexes are listed in Tables A3—6 to A3—-8 (Appendix
3), respectively.

I [{EuL)(p-L)}2] (15)

The molecular structure of complex 15 with atom labeling is shown in Figure

3-3. Selected bond lengths and angles are listed in Table 3-5.

Complex 15 crystallizes in the monoclinic space group Pl. The europium
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center in complex 15 is coordinated by one k’~bound L' ligand and two
p-n>n’~bound L' ligands. A similar p—n’:n’ binding mode has been reported for
Eu(Il) bis(pyrazolate) complex [{Eu(‘Buypz),(THF)},]."® The coordination
geometry around the Eu(l) atom in complex 15 is best described as distorted
octahedral, with the two axial positions being occupied by N(3) and N(6)#
[N(3)-Eu(1)-N(6)# = 154.83(8)°], whereas the equatorial plane consisting of N(1),
N(4), N(4)# and N(6) [sum of bond angles around Eu(l) = 344.0°]. A similar
heavily distorted octahedral geometry has also been observed for complexes 16 and
17 (vide infra). Besides, complex 15 (also for complexes 16 and 17) consists of an
inversion center in each dimeric unit. Compare to the monomeric Cr(II) derivative,
[Cr(L"),] (3), complex 15 crystallizes as a dimer. This results in an increase in the
coordination number in the latter complex (the coordination number of complex 3 is 4,
whereas the coordination number of 15 is 6), which may be attributed to a difference
in the ionic radius of Cr** [0.80 (A)] and Eu*" [1.17 (A)]."”

The Eu--Eu distance in 15 [3.4241(3) A] is longer than the sum of ionic radii of
two Eu(I) metals (2.34 A)."” Therefore, no metal-metal bond is expected to be
observed in 15.

The Eu-N distances of the terminal L' ligands [Eu(1)-N(3) = 2.560(2) A and

Eu(1)-N(1) = 2.561(2) A] are necessarily shorter than those of the bridging L' ligands
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[Eu(1)-N(6) = 2.635(2) A and Eu(1)-N(4) = 2.822(3) A]. The measured
Eu(1)-NUPPY) - distances [NOP°P) = N(3) and N(6)] are shorter than the
Eu(1)-N® distances [N®*Y = N(1) and N(4)]. On the other hand, the C—NPPD
distances [C(9)-N(3) = 1.325(4) A and C(24)-N(6) = 1.334(4) A] on the
NED_c_NbserropyD packbone of the terminal and bridging L' ligands are shorter than
the C-N® distances [C(9)-N(1) = 1.340(4) A and C(24)-N(4) = 1.350(4) A]. This
may be ascribed to the presence of a relatively stronger electron—donating Pr’
substituent as compared to that of the aryl substituent. Moreover, the almost
identical C-N bonds in the terminal L' ligand [C(9)-N(1) 1.340(4) A and C(9)-N(3)
1.325(4) A] and the bridging L' ligand [C(24)-N(4) 1.350(4) A and C(24)-N(6)
1.334(4) A] indicates the delocalization of the anionic charge over the N(1)-C(9)-N(3)
and N(4)-C(24)-N(6) ligand moieties, respectively. A similar trend on the C—N
bond distances has also been observed in complexes 16 and 17.

The terminal Eu—N distances of 2.560(2) and 2.561(2) A in 15 are comparable to
the corresponding distances of 2.525(2)-2.563(2) A in [Eu(Giso);] [Giso =
{(2,6-Pr,CeH3N),CNCy,} 1,!° 2.496(2) and 2.503(2) A in complex [Eu(Priso),]

[Priso = {(2,6-PrhCeH;N),CNPry} 1" 2.526(4)-2.768(4) A in

[Eu{PhC(NSiMC3)(NC6H3PIj2—2,6)}2(THF)2]8 and 2.473(1) and 2.518(1) A in the

bis(pyrazolate) complex [{Eu(tBuzpz)g(THF)}g].16 On the other hand, they are
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reasonably longer than the Eu(Il) bis(amide) complexes such as
[Eu{N(SiMe3),}2(DME),] [2.530(4) A]** and [NaEu {N(SiMes),}3] [2.448(4) A].*

The bridging Eu-N distances of 2.635(2) and 2.822(3) A in 15 are comparable to
the corresponding distances of 2.552(1)-2.792(1) A in [{Eu('Buypz),(THF)},].'

The sum of bond angles around C(9) and C(24) are 360.0°, indicating that the
central carbon atoms on the terminal and bridging L' ligands are sp® hybridized. A
similar observation has also been noted in the corresponding carbon atoms in
complexes 16 and 17.

The N(4)-Eu(1)-N(6) (bridging) and N(1)-Eu(1)-N(3) (terminal) bite angles are
acute, namely 48.99(8) and 52.80(8)°, which are similar to those reported for the
four-membered metallacyclic ring complexes such as
[Eu{PhC(NSiMe;)(NCsH;Pr',—2,6)}2(THF),] [50.9(1) and 51.6(1)0],8 [Eu(Giso),]
[52.41(6) and 52.81(6)°]" and [Eu(Priso),] [53.33(9) and 53.96(9)°]."

2. [{Eu(L?)(pu—L*)},-2CeH4] (16)

The molecular structure of complex 16 with atom labeling is shown in Figure
3-4. Selected bond lengths and angles are listed in Table 3—6.

Complex 16 crystallizes in the monoclinic space group C2/c. Similar to
complex 15, each Eu(Il) center in complex 16 is coordinated by one «’~bound L*

ligand and two p—n’:n’ bound L? ligands. The coordination geometry around Eu(1)
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is best described as distorted octahedral, with the two axial positions being occupied
by N(3) and N(6) [N(3)-Eu(1)-N(6) = 154.8(1)°], whereas the equatorial plane
consisting of N(1), N(1)#, N(3)# and N(4) (sum of bond angles around Eu(l) =
381.6°).

The Eu--Eu distance in 16 [3.4297(5) A] is similar to the corresponding distance
in 15 [3.4241(3) A], indicating that no metal-metal bond is present in the dinuclear
complex.

The Eu-N distances of the terminal L ligand [Eu(1)-N(4) = 2.580(4) A and
Eu(1)-N(6) = 2.554(4) A] in 16 are comparable to the corresponding distances in 15
[2.560(2) and 2.561(2) A]. They are also comparable to the corresponding distances
in other Eu(Il) complexes such as [Eu(Giso),] [2.525(2)-2.563(2) A],IO [Eu(Priso);]
[2.496(2) and 2.503(2) Al [Eu{PhC(NSiMe;)(NC¢H;Pr'’,>—2,6)}»(THF)]
[2.526(4)-2.768(4) A]® and [{Eu(‘Bupz)»(THF)},] [2.473(1) and 2.518(1) A]."

The Eu-N distances of the bridging L2 ligand [Eu(1)-N(1) = 2.653(4) A and
Eu(1)-N(3) = 2.714(4) A] in 16 are slightly shorter than the corresponding distances
in 15 [2.635(2) and 2.822(3) A]. Although L' is a sterically more demanding ligand
than L?, the increases in the Eu—N distances in the latter complex may be due to other
factors besides steric effect.

The N(1)—Eu(1)-N(3) and N(4)-Eu(1)-N(6) bite angles in 16 are measured to be
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49.6(1) and 52.5(1)°, which are similar to the corresponding angles in 15 [48.99(8)
and 52.80(8)°]. The terminal bite angle is also similar to the corresponding angles
reported for other Eu(Il) complexes such as
[Eu{PhC(NSiMe3)(NCsH3Pr’>-2,6)}o(THF),] [50.9(1) and 51.6(1)°],® [Eu(Giso)]
[52.41(6) and 52.81(6)°]'® and [Eu(Priso),] [53.33(9) and 53.96(9)°]."

3. [{YbL)(u-L}2] (17)

The molecular structure of complex 17 with atom labeling is shown in Figure
3-5. Selected bond lengths and angles are listed in Table 3—7.

Complex 17 crystallizes in the monoclinic space group C2/c. It is isotypic to its
Eu(Il) analogue 16. Each Yb(II) center in the dimeric unit is coordinated by one
«>~bound L ligand and two p—n’:n’ bound L? ligands. The coordination geometry
around Yb(1) is best described as distorted octahedral, with the two axial positions
being occupied by N(3)# and N(6) [N(3)#-Yb(1)-N(6) = 154.3(1)°], whereas the
equatorial plane consisting of N(1), N(1)#, N(3) and N(4) (sum of bond angles around
Yb(1) =379.6°).

The observed Yb--Yb distance in 17 [3.2719(4) A] is longer than the sum of
ionic radii of two Yb(II) ions (2.04 A)."” Apparently, no metal-metal bond is present
in the dinuclear complex.

The measured Yb(1)-N©he¥ gistances [N¥he¥) = N(3) and N(6)] are
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shorter than the Yb(1)-N®" distances [N® = N(1) and N(4)] [Yb(1)-N(1) =
2.787(4) A, Yb(1)-N(3) = 2.552(4) A, Yb(1)-N(4) = 2.475(4) A, Yb(1)-N(6) =
2.451(4) A].  On the other hand, the C—N©**"*¥ gistances [C(9)-N(3) = 1.338(6) A
and C(30)-N(6) = 1.328(6) A] on the N®Y_C_N®@¢lohexyh packbone of the terminal
and bridging L' ligands are shorter than the C—-N®" distances [C(9)-N(1) = 1.342(6)
A and C(30)-N(4) = 1.354(5) A]. A similar trend is also observed in complex 15,
which suggests that the electron density is not equally distributed in the
unsymmetrical L? ligand.

The observed terminal Yb—N distances [Yb(1)-N(4) and Yb(1)-N(6)] in
complex 17 of 2.4551(4) and 2.475(4) A are slightly longer than the Yb-N®™d®
bonds in the Yb(II) bis(2—pyridylamide) complexes [Yb(Ap“®),(THF),] [Ap™® =
N(C¢HoMes—2,4,6){2—CsH3N-6—(CsHaMes—2.4,6)}] [2.396(5) AL,'™ [Yb(Ap')(THF)]
[Ap' = N(CeH3Pr'>-2,6){2-CsH3N-6—(CsHsMer—2,6)}] [2.380(4) and 2.384(3) A],"®
[Yp(Ap).] [2.371(1) and 2.404(2) A]"™ and [Yb(Ap (THF),] [Ap =
N(CeH3Pr'»-2,6){2—CsH;N—6—(CsH,Pr's—2,4,6)}] [2.431(6) and 2.464(7) A]."”
However, they are comparable to the Yb-N®"% bonds in [Yb(Ap™®)»(THF),]
[2.544(4) AL, [Yb(Ap)2(THF)] [2.466(4) and 2.479(4) AL'" [Yp(Ap'):.] [2.432(2)
and 2.449(2) A]" and [Yb(Ap )(THF),] [2.511(5) and 2.511(6) Al.” A longer

Yb-N®" bond has been observed comparing to the Yb—N®"? bond in the above
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Yb(II) bis(2—pyridylamide) complexes, which can be explained by a localized anionic

charge at the N9 atom.'®

The terminal Yb—N distances are also comparable to
the Yb(II) bis(amidinate) complexes [Yb{PhC(NSiMes),},(THF),] [2.468(2) and
2.478(2) A]®™ and [Yb{PhC(NSiMes)(NC¢H3Pr'>—2,6)},(THF)] [2.399(3)-2.453(4)
ALY Yb(l) guanidinate—iodo complexes [{Yb(Giso)(u—I)(THF)},] [2.373(3) and
2.426(3) A]" and [{Yb(Priso)(u—I)},] [2.36(1) and 2.425(9) A]' and Yb(II)
bis(guanidinate) complexes [Yb(Giso),] [2.378(2)-2.430(2) A" and [Yb(Priso),]
[2.376(3) and 2.390(3) A]."

The N-Yb-N bite angles of the bridging [N(4)-Yb(1)-N(6)] and terminal
[N(1)-Yb(1)-N(3)] L* ligands in 17 are acute, namely 49.5(1) and 54.6(1)°. The
terminal N-Yb-N bite angle is similar to the corresponding angles in the
four-membered metallacyclic complexes such as [Yb(ApMe)z(THF)z] [54.8(2)0],18
[Yb(Ap)2(THF)] [55.8(2) and 56.2(1)°],'® [Yb(Ap"),] [56.02(6) and 56.05(6)°],"*
[Yb(Ap )2(THF),] [54.4(2) and 55.1(2)°],"° [Yb{PhC(NSiMes),}»(THF),] [55.6(1)°],%*
[Yb{PhC(NSiMe3)(NC¢H3Pr'>—2,6)},(THF)] [55.8(1) and 56.3(1)°],° [Yb(Giso),]
[55.79(8) and 56.48(8)°]'® and [Yb(Priso),] [55.8(1)°]."!

4. [Yb(L?)(THF),] (18)
The molecular structure of complex 18 with atom labeling is shown in Figure

3-6. Selected bond lengths and angles are listed in Table 3-8.
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Complex 18 crystallizes in the monoclinic space group P2i/c. The Yb(II)
center in complex 18 is coordinated by two k’~bound L? ligand and two THF
molecules, which formed a six—coordinate environment around the metal center.
The two THF ligands coordinate in a cis—manner with O(1)-Yb(1)-O(2) = 82.2(2)°.
The coordination geometry around Yb(1) can be described as distorted octahedral,
with the two axial positions being occupied by N(1) and N(4) [N(1)-Yb(1)-N(4) =
163.8(2)°], whereas the equatorial plane being occupied by N(3), N(6), O(1) and O(2)
[sum of bond angles around Yb(l) = 380.9°]. Beside, the complex consists of a
two—fold rotational axis passing through the metal center and bisecting the
O(1)-Yb(1)-O(2) angle. A similar two—fold rotational axis has also been found in
complexes 19 and 20.

The observed Yb—Nhe¥) distances in complex 18 [Yb(1)-N(3) = 2.422(4) A,
Yb(1)-N(6) = 2.412(5) A] are shorter than the Yb-N® distances [Yb(1)-N(1) =
2.470(4) A, Yb(1)-N(4) = 2.479(4) A], indicates a more localized anionic charge on
the N© atom.  The Yb-N distances in 18 [2.412(5)-2.479(4) A] are
comparable to the terminal Yb-N distances in 17 [2.451(4) and 2.475(4) A], which
suggests a less steric congestion environment around the Yb(II) center in the former
complex.  They are also similar to the corresponding distances in other

six—coordinate Yb(II) complexes such as [Yb(Ap™®),(THF),] [Yb-N®™) = 2 396(5)
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A, YO-N® =2 544(4) A]"® and [Yb{PhC(NSiMes),},(THF),] [2.468(2) and 2.478(2)
A1,% as well as five—coordinate complexes [Yb(Ap")»(THF)] [Yb-N®"4) = 2 380(4)
and 23843 A, Yb-N®™Y = 24664 and 24794) A]"™ and
[Yb{PhC(NSiMe3)(NCsH3Pr’>-2,6)},(THF)] [2.399(3)-2.453(4) A].* Besides, they
are comparable to the corresponding distances in the four—coordinate complex
[Yb(Giso),] [2.378(2)-2.430(2) A],' but marginally longer than the corresponding
distances in [Yb(Priso),] [2.376(3) and 2.390(3) A]."

The Yb(1)-O(2) and Yb(1)-O(1) distances in 18 are measured to be 2.429(4) and
2.452(4) A, respectively, which are comparable to those reported in the six—coordinate
complexes [Yb(Ap“®)(THF),] [2.428(4) A]"™ and [Yb{PhC(NSiMe;),}»(THF),]
[2.406(3) and 2.424(3) A].

The N(4)-Yb-N(6) and N(1)-Yb-N(3) bite angles in 18 [55.0(2) and 55.1(1)°]
are similar to those of 54.8(2)° in [Yb(Ap™)»(THF),],'"® 54.4(2) and 55.1(2)° in
[Yb(Ap )2(THF),]" and 55.6(1)° in [Yb{PhC(NSiMe3), }»(THF),].**

5. [Eu(L*),(THF),-0.25C¢H 4] (19)

The molecular structure of complex 19 with atom labeling is shown in Figure
3-7. Selected bond lengths and angles are listed in Table 3-9.

The hexane solvated complex 19 crystallizes in the monoclinic space group

P2,/c. The Eu(Il) center in complex 19 is coordinated by two k’~bound L’ ligand
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and two THF molecules. The two coordinated THF molecules bind to the Eu(Il)
center in a cis—manner [O(1)-Eu(1)-O(2) = 81.2(1)°]. The coordination geometry
around Eu(1) can be described as distorted octahedral, with the two axial positions
being occupied by N(1) and N(4) [N(1)-Eu(1)-N(4) = 166.9(1)°], whereas the
equatorial plane being occupied by N(3), N(6), O(1) and O(2) [sum of bond angles
around Eu(1) = 385.7°].

The Eu-N distances in complex 19 [Eu(1)-N(1) = 2.558(3) A, Eu(1)-N(3) =
2.565(4) A, Eu(1)-N(4) = 2.582(4) A and Eu(1)-N(6) = 2.556(4) A] are similar to the
Eu-N bond distances of the terminal L' ligand in 15 [2.560(2) and 2.561(2) A] and
those of the terminal L* ligand in 16 [2.554(4) and 2.580(4) A]. They are also
comparable to the corresponding distances of 2.526(4)-2.768(4) A in
[Eu{PhC(NSiMe;)(NC¢H3Pr'>-2,6)},(THF),]* and  2.518(1)-2.792(1) A in
[{Eu(‘Buzpz)o(THF)},]."

The Eu(1)-0O(2) and Eu(1)-O(1) bond distances are measured to be 2.594(4) and
2.599(4) A, respectively, which are comparable to those reported in the Eu(Il)
complexes [ {Eu(‘Buypz),(THF)} ] [2.583(1) N and
[Eu{PhC(NSiMe;)(NCsH3Pr',—2,6)}2(THF),] [transoid: 2.604(4) A; cisoid: 2.527(4)
and 2.570(4) A].

The N(1)-Eu(1)-N(3) and N(4)-Eu(1)-N(6) bite angles are acute, namely 52.3(1)
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and 51.7(1)°.

The C-N—C angles on the N9 atoms [C(9)-N(3)-C(19) = 122.2(4)° and
C(33)-N(6)-C(43) = 123.1(4)° and the N®*" atoms [C(9)-N(1)-C(1) = 123.7(4)° and
C(33)-N(4)-C(25) = 125.5(4)°] in 19 are larger than the corresponding angles in 18
[C(B0)-N(6)-C(37) = 119.9(4)° and C(30)-N(4)-C(22) = 121.4(4)°]. This suggests
that an additional SiMes substituent on L’ leads to an increase in steric bulkiness of
the ligand environment, and, hence, the cyclohexyl and aryl substituents on the
N(@eohexyD and N@ atoms are pushed towards the Eu(Il) center. The Eu(ll) center
in 19 is now more hindered as compared to complex 18, which only allows the
coordination of small molecules (such as THF) to the metal center in the former
complex.

6. [Yb(L*),(THF),-0.25CsH 4] (20)

The molecular structure of complex 20 with atom labeling is shown in Figure
3-8. Selected bond lengths and angles are listed in Table 3—10.

The hexane solvated complex 20 is isostructural to its Eu(Il) analogue 19. It
crystallizes in the monoclinic space group P2;/c. The Yb(II) center is coordinated
by two k’~bound L’ ligands and two THF molecules. The two coordinated THF
molecules bind to the Yb(II) center in a cis—manner with O(1)-Yb(1)-O(2) = 81.7(1)°.

The coordination geometry around Yb(1) can be described as distorted octahedral,
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with the two axial positions being occupied by N(1) and N(4) [N(1)-Yb(1)-N(4) =
168.1(1)°], whereas the equatorial plane being occupied by N(3), N(6), O(1) and O(2)
[sum of bond angles around Yb(1) = 383.1°].

The Yb-N bond distances in complex 20 [Yb(1)-N(1) = 2.475(3) A, Yb(1)-N(3)
=2.451(4) A, Yb(1)-N(4) = 2.451(3) A and Yb(1)-N(6) = 2.474(3) A] are similar to
the corresponding distances in 18 [2.412(5)-2.479(4) A]. On the other hand, they
are reasonably shorter than the Eu-N bond distances in 19 [2.556(4)-2.582(4) A]
(ionic radius of Eu?" = 1.17 A ,Yb*" = 1.02 A)."”

The Yb(1)-O(2) and Yb(1)-O(1) distances of 2.484(3) and 2.485(3) A in 20 are
slightly longer than the corresponding distances of 2.429(4) and 2.452(4) A in 18.
This may be attributed to a more bulky ligand environment generated by ligand L’ as
compared to that of L2

The N(1)-Yb(1)-N(3) and N(4)-Yb(1)-N(6) bite angles are acute, namely
53.6(1) and 54.5(1)°.

7. [{Sm(L*)(u-D(THF)}2] 21)

The molecular structure of complex 21 with atom labeling is shown in Figure
3-9. Selected bond lengths and angles are listed in Table 3—11.

Complex 21 crystallizes in the triclinic space group P1. The Sm(II) center is

coordinated by one k*~bound L’ ligand, two p-bridging iodide ligands and two THF
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molecules. The two coordinated THF molecules attach to the Sm(II) center in a
cis—manner with O(1)-Sm(1)-O(2) = 80.2(2)°. The coordination geometry around
Sm(1) can be best described as distorted octahedral, with the two axial positions being
occupied by N(1) and I(1)# [N(1)-Sm(1)-I(1)# = 154.9(1)°], whereas the equatorial
plane consists of I(1), N(3), O(1) and O(2) [sum of bond angles around Sm(1) =
373.3°]. Besides, the complex consists of an inversion center.

The Sm(1)-N(3) and Sm(1)-N(1) distances of 2.510(4) and 2.544(4) A in
complex 21 are similar to the corresponding distances in the amidinate complexes
[Sm(DippForm),(THF);] [2.529(3) and 2.617(3) A1)
[Sm{PhC(NSiMe;)(NCsH3Pr'>—2,6)} ,(THF),] [2.49(1)-2.67(1) AP and
[(nI—N:né—Ar—Piso)Sm(THF)(u—I)ZSm(nI—N:n6—Ar—Piso)] [2.483(4) and 2.552(4)
A]H and the guanidinate complexes [Sm(Giso),] [2.529(2)-2.570(2) A]lo and
[Sm(Priso),] [2.507(2) and 2.515(3) A]."

The Sm(1)-O(2) and Sm(1)-O(1) distances of 2.576(5) and 2.582(5) A are
comparable to the corresponding distances in [Sm(DippForm),(THF),] [2.560(3) and
2.599(3) A],” [Sm{PhC(NSiMe;)(NC¢H3Pr',—2.6)}2(THF),] [2.61(1)-2.64(1) A]® and
[(nl—N:né—Ar—Piso)Sm(THF )(u—I)ZSm(nI—N:n6—Ar—Piso)] [2.605(4) A]."

The Sm(1)-I(1)# and Sm(1)-I(1) distances of 3.3045(6) and 3.3343(6) A in 21

are comparable to the corresponding distances of 3.356(2) and 3.459(2) A in
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[{(CsMes)Sm(p—I)(THF),},],% 3.275(2) and 3.299(2) A in
[{Sm(Ap )(u—I)(THF),},]*! and 3.1972(8)-3.3218(8) A in
[(N'-N:n°~Ar—Piso)Sm(THF)(p—I),Sm(n'-N:n’~Ar—Piso0)]."

The N(1)-Sm(1)-N(3) bite angle in 21 [52.5(1)°] is similar to the corresponding
angles in the six—coordinate complexes [Sm(DippForm),(THF),] [52.9(1)°] and
[Sm{PhC(NSiMe;)(NCsH3Pr'’—2,6)}(THF),] [52.3(4) and 53.7(4)°].}

8. [Sm(L’).] (22)

The molecular structure of complex 22 with atom labeling is shown in Figure
3—-10. Selected bond lengths and angles are listed in Table 3—12.

Complex 22 crystallizes in the orthorhombic space group Pna2;. Atom Sm(1)
exhibits positional disorder with Sm(1') at a minor site, the occupancy ratio being
0.6:0.4. Each Sm(II) center in complex 22 is coordinated by two k’~bound L’
ligands. The coordination geometry around each metal center can be best described
as distorted square planar, with the square plane consists of N(1), N(2), N(4) and N(5)
[sum of bond angles around Sm(1) and Sm(1") are 334.1 and 331.7°, respectively].
A similar coordination geometry has been reported for the Sm(II) bis(guanidinate)
complex [Sm(Giso),] [sum of bond angle around Sm(II) center has been reported to
be 357.6°1."° 1t has been proposed that the formation of the square planar geometry

in the latter complex, [Sm(Giso),], may be ascribed to the Sm?*Me agostic
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interaction (the shortest SmC interaction is measured to be 3.64 A).'"® In complex
22, the Sm(1)--*C(42) and Sm(1')--*C(24) interactions are measured to be 3.452(8) and
3.35(1) A, respectively. They are also comparable to the Sm--C interaction in
[Sm{N(SiMes),}»(THF),] [3.32(1) A].®* Based on a comparison with these two
complexes, Sm”"-Me agostic interaction exists in complex 22.

The C-N distances on the N-C—N backbone are similar to each other [C(1)-N(1)
= 1.340(8) A, C(1)-N(2) = 1.338(8) A, C(30)-N(4) = 1.342(8) A and C(30)-N(5) =
1.333(8) A], which indicate a delocalization of the anionic charge over the N-C-N
backbone.

The Sm-N distances of 2.496(5)-2.551(5) A in complex 22 are similar to the
corresponding distances in complex 21 [2.510(4) and 2.544(4) A] and other Sm(II)
bis(guanidinate) complexes, such as [Sm(Giso),] [2.529(2)-2.570(2) A]IO and
[Sm(Priso),] [2.507(2) and 2.515(3) A]."

The N-Sm-N bite angles in 22 [53.1(2)-53.9(2)°] are comparable to the
corresponding angles in 21 [52.5(1)°] and other Sm(II) bis(guanidinate) complexes

[Sm(Giso),] [52.55(7) and 52.18(7)°]" and [Sm(Priso),] [52.8(1) and 53.8(1)°]."
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Figure 3-3. Molecular structure of [{Eu(L")(u-L"},] (15)

Table 3-5. Selected bond distances (A) and angles (deg.) for compound 15

[{Eu(L)(u-L")}2] (15)

Eu(1)-N(1) 2.561(2) Eu(1)-N(3) 2.560(2)
Eu(1)-N(4) 2.822(3) Eu(1)-N(6) 2.635(2)
C(9)-N(1) 1.340(4) C(9)-N(2) 1.405(4)
C(9)-N(3) 1.325(4) C(24)-N(4) 1.350(4)
C(24)-N(5) 1.375(4) C(24)-N(6) 1.334(4)

Eu(1)-Eu(1)# 3.4241(3)
N(1)-Eu(1)-N(3) 52.80(8) N(1)-C(9)-N(3) 117.3(3)

Eu(1)-N(4)-Eu(1)# 76.99(6) Eu(1)-N(6)-Eu(1)# 78.95(6)

N(4)-C(24)-N(6) 113.9(2) N(4)-Eu(1)-N(6) 48.99(8)

N(3)-Eu(1)-N(6)# 154.83(8) N(1)-Eu(1)-N(4) 125.92(8)

N(1)-Eu(1)-N(@)# 120.52(8) N(4)#Eu(1)-N(6) 48.56(8)

Symmetry code: # —x+1,-y+1,-z
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Figure 3—4. Molecular structure of [{Eu(L*)(u—L?},2-2C6H14] (16). The hexane

solvent molecule is omitted for clarity.

Table 3-6. Selected bond distances (A) and angles (deg.) for compound 16

[{Eu(L?)(u-L7)}2-2CeHis] (16)

Eu(1)-N(1) 2.653(4) Eu(1)-N(3) 2.714(4)
Eu(1)-N(4) 2.580(4) Eu(1)-N(6) 2.554(4)
C(9)-N(1) 1.348(6) C(9)-N(2) 1.369(6)
C(9)-N(3) 1.346(5) C(30)-N(4) 1.359(6)
C(30)-N(5) 1.375(6) C(30)-N(6) 1.334(6)

Eu(1)-Eu(1)# 3.4297(5)
N(1)-Eu(1)-N(3) 49.6(1) N(1)-C(9)-N(3) 113.5(4)

Eu(1)-N(1)-Eu(1)# 77.98(9) Eu(1)-N(3)-Eu(1)# 79.7(1)

N(4)-C(30)-N(6) 115.0(4) N(4)-Eu(1)-N(6) 52.5(1)
N(3)-Eu(1)-N(6) 154.8(1) N(1)-Eu(1)-N(4) 125.4(1)
N(4)-Eu(1)-N(1)# 123.4(1) N(1)-Eu(1)-NQ3)# 83.2(1)
C(30)-N(4)-C(22) 121.4(4) C(30)-N(6)-C(37) 119.9(4)

Symmetry code: #  —x,—y+l,—z+1
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Figure 3-5. Molecular structure of [{Yb(Lz)(u—Lz)} 2] (17)

Table 3-7. Selected bond distances (A) and angles (deg.) for compound 17

[{Yb(L*)(u-L)}2] 17)

Yb(1)-N(1) 2.787(4) Yb(1)-N(3) 2.552(4)
Yb(1)-N(4) 2.475(4) Yb(1)-N(6) 2.451(4)
C(9)-N(1) 1.342(6) C(9)-N(2) 1.368(6)
C(9)-N(@3) 1.338(6) C(30)-N(4) 1.354(5)
C(30)-N(5) 1.373(5) C(30)-N(6) 1.328(6)
Yb(1)-Yb(1)# 3.2719(4)
N(1)-Yb(1)-NQ3) 49.5(1) N(1)-C(9)-N(3) 113.8(4)
Yb(1)-N(1)-Yb(1)# 75.8(1) Yb(1)-NQ3)-Yb(1)# 78.6(1)
N(4)-C(30)-N(6) 114.7(4) N(4)-Yb(1)-N(6) 54.6(1)
N(3)#-YDb(1)-N(6) 154.3(1) N(1)#-Yb(1)-N(4) 121.6(1)
N(1)-Yb(1)-N(4) 123.5(1) N(D#-YDb(1)-N(3) 85.0(1)
Symmetry code: # —x,—y+l,—z+1
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Figure 3—-6. Molecular structure of [{Yb(L»)(THF),] (18)

Table 3-8. Selected bond distances (A) and angles (deg.) for compound 18

[{Yb(L?),(THF),] (18)

Yb(1)-N(1) 2.470(4) Yb(1)-N(3) 2.422(4)
Yb(1)-N(4) 2.479(4) Yb(1)-N(6) 2.412(5)
Yb(1)-0(1) 2.452(4) Yb(1)-0(2) 2.429(4)

C(9)-N(1) 1.350(6) C(9)-N(2) 1.380(7)
C(9)-N(3) 1.322(6) C(30)-N(4) 1.341(7)
C(30)-N(5) 1.386(7) C(30)-N(6) 1.323(7)

N(1)-Yb(1)-N(3) 55.1(1) N(1)-C(9)-N(3) 115.9(5)

N(4)-Yb(1)-N(6) 55.002) N(4)-C(30)-N(6) 115.9(5)

O(1)-Yb(1)-0(2) 82.2(2) N(1)-Yb(1)-N(4) 163.8(2)

N(3)-Yb(1)-0(2) 95.3(2) O(1)-Yb(1)-N(6) 95.9(2)

N(3)-Yb(1)-N(6) 107.5(2)

140



Figure 3-7. Molecular structure of [Eu(L))»(THF),-0.25C¢H 4] (19). The hexane

solvent molecule is omitted for clarity.

Table 3-9. Selected bond distances (A) and angles (deg.) for compound 19

[Eu(L*),(THF),-0.25C¢H,4] (19)

Eu(1)-N(1) 2.558(3) Eu(1)-N(3) 2.565(4)
Eu(1)-N(4) 2.582(4) Eu(1)-N(6) 2.556(4)
Eu(1)-0(1) 2.599(4) Eu(1)-0(2) 2.594(4)
C(9)-N(1) 1.342(5) C(9)-N(2) 1.444(5)
C(9)-N(3) 1.321(5) C(33)-N(4) 1.333(6)
C(33)-N(5) 1.442(5) C(33)-N(6) 1.326(6)

N(1)-Eu(1)-N(3) 52.3(1) N(1)-C(9)-N(3) 115.8(4)

N(4)-Eu(1)-N(6) 51.7(1) N(4)-C(33)-N(6) 114.7(4)

O(1)-Eu(1)-0(2) 81.2(1) N(1)-Eu(1)-N(4) 166.9(1)

N(3)-Eu(1)-0(2) 93.6(1) O(1)-Eu(1)-N(6) 102.1(1)

N(3)-Eu(1)-N(6) 108.8(1) C(9)-N(1)-C(1) 123.7(4)

C(9)-N(3)-C(19) 122.2(4) C(33)-N(4)-C(25) 125.5(4)

C(33)-N(6)-C(43) 123.1(4)
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Figure 3-8. Molecular structure of [Yb(L*)2(THF),-0.25C¢H 4] (20). The hexane

solvent molecule is omitted for clarity.

Table 3-10. Selected bond distances (A) and angles (deg.) for compound 20

[Yb(L?)2(THF),-0.25C¢H,4] (20)

Yb(1)-N(1) 2.475(3) Yb(1)-NQ3) 2.451(4)
Yb(1)-N(4) 2.451(3) Yb(1)-N(6) 2.474(3)
Yb(1)-0(1) 2.485(3) Yb(1)-0(2) 2.484(3)

C(9)-N(1) 1.328(5) C(9)-N(2) 1.448(5)
C(9)-N(3) 1.315(5) C(33)-N(4) 1.344(5)
C(33)-N(5) 1.435(5) C(33)-N(6) 1.318(5)

N(1)-Yb(1)-N(3) 53.6(1) N(1)-C(9)-N(3) 114.5(4)

N(4)-Yb(1)-N(6) 54.5(1) N(4)-C(33)-N(6) 115.7(4)

O(1)-Yb(1)-0(2) 81.7(1) N(1)-Yb(1)-N(4) 168.1(1)

N(3)-Yb(1)-N(6) 107.8(1) N(3)-Yb(1)-0(2) 100.5(1)

N(6)-Yb(1)-O(1) 93.1(1)
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Figure 3-9. Molecular structure of [{Sm(L*)(u—I)(THF),},] (21).

Table 3—11.  Selected bond distances (A) and angles (deg.) for compound 21

[{Sm(L’)(u-T)(THF)2},] (21)

Sm(1)-N(1)
Sm(1)-I(1)
Sm(1)-O(1)
CO)-N(D)
C(9)-N@3)

N(1)-Sm(1)-N(3)
N(1)-Sm(1)-I(1)#
0(1)-Sm(1)-0(2)
N(3)-Sm(1)-0(2)

Sm(1)-I(1)-Sm(1)#

2.544(4)
3.3343(6)
2.582(5)
1.326(7)
1.326(6)

52.5(1)
154.9(1)
80.2(2)
91.6(2)
97.88(2)

Sm(1)-N(3)

Sm(1)-I(1)#
Sm(1)-0(2)
CO)-N(2)

N(1)-C(9)-N(3)
O(1)-Sm(1)-I(1)
1(1)-Sm(1)-N(3)
1(1)-Sm(1)-I(1)#

2.510(4)
3.3045(6)
2.576(5)
1.433(7)

115.0(5)
83.1(2)
118.4(1)
82.12(2)

Symmetry code: #

—x+1, —y+2, —z+1
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Figure 3-10. Molecular structure of [Sm(L’),] (22). Atom Sml exhibits positional

disorder with Sm1' at a minor site, the occupancy ratio being 0.6:0.4.

Table 3-12. Selected bond distances (A) and angles (deg.) for compound 22

[Sm(L’),] (22)

Sm(1)-N(1) 2.530(5) Sm(1)-N(2) 2.509(5)
Sm(1)-N(4) 2.505(5) Sm(1)-N(5) 2.475(5)
Sm(1")-N(1) 2.526(5) Sm(1)-N(2) 2.496(5)
Sm(1")-N(4) 2.551(5) Sm(1")-N(5) 2.497(5)
Sm(1)-C(42) 3.452(8) Sm(1')-C(24) 3.35(1)

C(1)-N(1) 1.340(8) C(1)-N(2) 1.338(8)
C(1)-N(3) 1.381(7) C(30)-N(4) 1.342(8)
C(30)-N(5) 1.333(8) C(30)-N(6) 1.385(8)

N(1)-Sm(1)-N(2) 53.42) N(4)-Sm(1)-N(5) 53.92)

N(1)-Sm(1)-N(5) 113.9(2) N(Q)-Sm(1)-N(4) 112.9(2)

N(1)-Sm(1")-N(2) 53.6(2) N(4)-Sm(1')-N(5) 53.1(2)

N(1)-Sm(1")-N(5) 113.2(2) N(2)-Sm(1")-N(4) 111.8(2)

N(1)-C(1)-N(2) 115.5(5) N(4)-C(30)-N(5) 115.0(5)
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3.2.3 Reactivity Studies

Lanthanide(II) complexes are strong reducing agents. The reduction potentials
of Eu3+/Eu2+, Yb*'/Yb* and Sm**/Sm*" were reported to be —0.35, —1.15 and —1.55,
respectively.! They are good starting materials for the preparation of heteroleptic
lanthanide(IIT) complexes.

Reaction of [ {Eu(L")(u-L"},] (15) with iodine

Treatment of Eu(Il) guanidinate 15 with one molar equivalent of I, gave purple
crystalline Eu(III) guanidinate—iodide complex [{Eu(L"),(u-I)},] (23) in 72% yield

(Scheme 3-20).
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Scheme 3—20

Reaction of [{Yb( Lz);( THF),] (18) with PhEEPh (E =S, Se)

Addition of diphenyl dichalcogenides PhEEPh (E = S, Se) to two molar
equivalents of 18 led to reductive cleavage of the E-E bond, yielding the
corresponding Yb(III) chalcogenate complexes [{Yb(L?)(u—EPh)},] [E = S (24),
Se(25)] (Scheme 3-21). Both complexes 24 and 25 were isolated as a yellow

crystalline solid from diethyl ether.
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Reaction of 18 with CuCl

Oxidation of complex 18 by CuCl led to the Yb(III) guanidinate—chloride
complex [{Yb(L*),(u—Cl)}2] (26), with concomitant reduction of Cu(I) to Cu(0).

Complex 26 was obtained as a yellow crystalline solid (Scheme 3-22).
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Scheme 3—22

Reaction of 18 with azobenzene

Treatment of complex 18 with one molar equivalent of PhNNPh led to the
isolation of [{Yb(L?),}2(u—n%n’~PhNNPh)] (27) in 37% yield (Scheme 3-23). Ina
separate experiment, a 2:1 reaction of 18 with PhNNPh under similar reaction
conditions (solvent and temperature) also yielded 27 as orange crystalline solid in

30% yield.
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Scheme 3—23

Reaction of [Yb(L*),(THF),-0.25CsH,4] (20) with azobenzene

Treatment of complex 20 with one molar equivalent of PhNNPh in toluene
yielded the blue, crystalline mononuclear Yb(III) complex [Yb(L?)2(n’~PhNNPh)-
PhMe] (28), which was isolated as a toluene solvated compound in 64% yield
(Scheme 3-24).

SiMe3 /SiMe3
Cy’N>/ cy—N
N
'
N, ‘ _Ph

PHNNPh toluene cy—N,, ”\\T
_ Yb.
Q\N/ \THF 0°C—=r.t., 8h N~ | SN
\ _ 4 Ph
Me3Si\N\ \Cy Me;Si—N \Cy
\
Cy Cy
-0.25CgH 14 -PhMe
20 28 (64%)
Scheme 3—24

Reaction of [Sm(L?),] (22) with CS,

Reaction of 22 with CS; in toluene afforded the coupling product
[(L):Sm(p—n’m=S,CSCS)Sm(L’),] (29) as green crystals in 66% yield (Scheme
3-25). It is interesting to note that two molecules of CS, was reduced by Sm(II)

metal together with the formation of a C—S bond as a coupled [S,CSCS]* ligand. A
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similar reaction of [Sm(Giso),] with CS; has been reported by Jones and co—workers.

In the latter study, a binuclear Sm(III) complex

[(Gis0),Sm(p—n’:n—S,CSCS)Sm(Giso),] was isolated and characterized. "
\\ >Pr /Q %P ’< NJ

Do Al Ay T e

Pr’ Q* I S \/ o
S 2 s, —_tolere 2
2 _/ 4< 'N>;N 2 Cs, 0°C—r.t., 8h pri . 's/< /‘ :

I

i Pr Pr é;rfﬁ\?f\,l ,Npr’
5’ \@ rN7Pr§ b’ r<

22 29 (66%)

Scheme 3—25

Physical Characterization of Complexes 23—29

Table 3—13 lists the appearance and melting points of complexes 23-29. The

molecular formula of these complexes was confirmed by elemental analysis and

X-ray diffraction analysis.

also measured.

IR and UV—Vis spectra of complexes 27 and 28 were

Table 3-13. Appearance and melting points of complexes 23-29

Compound

Appearance

M.p. (°C)

[{Eu(L)a(n-D)}2] (23)
[{YD(L)2(u—SPh)},] (24)
[{YB(L?)2(p-SePh)}>] (25)

[{YB(L?)(n—C1)}2] (26)
[{YD(L?)}o(un"m

Yb(L*),(n>~PhNNPh)- PhMe] (28)

2_PhNNPh)] (27)

[(L*),Sm(p—n>n=S,CSCS)Sm(L’),] (29)

Purple crystals
Yellow crystals
Yellow crystals
Yellow crystals
Orange crystals
Blue crystals

Green crystals

162-163 (dec.)
185-187 (dec.)
200201 (dec.)
212 (dec.)
199-202 (dec.)
185—187 (dec.)

181-182 (dec.)
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IR spectra of complexes 27 and 28

The IR spectra of complexes 27 and 28 are shown in Figures A4—1 and A4-2
(Appendix 4), respectively. The stretching frequency of the N-N bond of the
[PhNNPh]* ligand in complex 27 is measured to be 1070 (m) cm ', which is
comparable to the vy stretching of hydrazine (1077 cm ). A similar vy.x
stretching was also reported for [(CsMes)(THF)Sm],[N,Ph;], [1080 (m) and 1020 (s)

Cm—l] 23

The IR spectrum of complex 28 shows a strong absorption at 1534 cm ',
which is not observed in the spectrum of complex 27. This absorption peak belongs
to the vn= stretching of the [PhNNPh] ligand. It is similar to the vn=\ stretching of
cis—azobenzene (1512 cm™).** Besides, it is also comparable to the absorption peaks
at 1575 (m), 1470 (m) and 1445 (s) cm’' reported for [(C5Mes)28m(N2Ph2)(THF)].23

Based on the above comparison, the N-N bond of the [PhANNPh]*" ligand (complex 27)

and the [PhNNPh] ligand (complex 28) has 1 and 1.5 bond order, respectively.

UV-—Vis spectra of complexes 27 and 28

The UV—Vis spectra of complexes 27 and 28 are shown in Figures A5-5 and
A5-6 (Appendix 5), respectively. Complexes 27 and 28 dissolved in THF to give a
yellow and blue solution, respectively. The UV—Vis spectrum of complex 27 shows

one absorption maximum at Ama (6/M 'cm™): 443 (200), whereas that of complex 28
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shows two absorption maxima at Ay (/M 'cm™'): 585 (br, 800) and 378 (2700),
respectively.

Crystal Structures of Complexes 23-29

Single crystals of 24-26 suitable for X-ray diffraction analysis were obtained
from Et,O. Those of 23, 27 and 28 were obtained from hexane. Single crystals of
29 were obtained from toluene. Selected crystallographic data of these complexes
are listed in Tables A3—8 to A3—-10 (Appendix 3), respectively.

1. [{EuLa(p-D}2] (23)

The molecular structure of complex 23 with atom labeling is shown in Figure
3—11. Selected bond lengths and angles are listed in Table 3—14.

Complex 23 crystallizes in the monoclinic space group P2,. Each Eu(Ill)
center in the binuclear complex is coordinated by two k>~bound L' ligands and two
bridging iodide ligands.

The observed Eu—N bond distances of 2.34(1)-2.39(1) A in 23, are much shorter
than the terminal Eu-N bond distances of 2.560(2) and 2.561(2) A in the Eu(Il)
precursor 15, but are comparable to the corresponding distances in the six—coordinate
Eu(IIl) tris(amidinate) complex [Eu{Bu'NC(CH;3)NBu'}s] [2.423(8)-2.469(7) N
and the seven—coordinate Eu(1II) tris(amidinate) complex

[Eu{PhC(NSiMe;),}3(NCPh)] [2.423(4)-2.528(4) A].%
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The N-Eu-N bite angles of 56.0(4)-56.5(4)° in 23 are similar to the
corresponding angles in [Eu{Bu'NC(CH3)NBu'}s] [54.1(3) and 54.7(3)°]* and
[Eu{PhC(NSiMes), }3(NCPh)] [55.0(1)-55.3(1)°].%°
2. [{Yb(L?)(p-SPh)}2] (24)

The molecular structure of complex 24 with atom labeling is shown in Figure
3—12. Selected bond lengths and angles are listed in Table 3—15.

Complex 24 crystallizes in the triclinic space group P1. The binuclear complex
consists of a planar Yb,S; core. Each Yb(III) ion is coordinated by two k’—bound L?
ligands and two bridging phenyl sulphide ligands. The coordination geometry
around Yb(1) can be described as distorted octahedral: the two axial positions are
occupied by N(6) and S(1) [N(6)-Yb(1)-S(1) = 155.4(2)°], whereas the equatorial
plane is formed by N(1), N(3), N(4) and S(1)#. The sum of bond angles around
Yb(1) on the equatorial plane is measured to be 368.9°.

The Yb—N distances of 2.239(5)-2.339(9) A in complex 24 are shorter than the
corresponding distances of 2.412(5)-2.479(4) A in the Yb(II) precursor 18, but are
comparable to the corresponding distances in other Yb(III) sulphide or thiolate
complexes such as [{Yb[(Me3Si),NC(NCy):]z}2(u—1>m>-S2)] [2.299(6) and 2.306(6)
ALY [{Yb[(Me3Si),NC(NCy)]o(u—SBu")}2] [2.309(8) and 2.320(9) AJ*’ and

[{Yb[(MesSi)sNC(NCy)]o(1—SPh)}2] [2.320(7) and 2.354(8) A].”
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The Yb(1)-S(1)# and Yb(1)-S(1) distances of 2.7539(7) and 2.7698(9) A are
slightly longer than the corresponding distances in
[{YD[(Me3Si),NC(NCy), ]2} o(u—1*n>=S,)] [2.645(3)-2.671(3) A].”” However, they
are slightly shorter than those reported for [{Yb[(Me3Si),NC(NCy)]>(u—SBu")}»]
[2.784(4) and 2.808(4) A]*" and [{YD[(Me;Si):NC(NCy),]2(n—SPh)},] [2.804(4) and
2.826(4) A1.Y

The S(1)-Yb(1)-S(1)# and S(1)-Yb(1)#-S(1)# angles of 65.65(2)° are
comparable to the corresponding angles in [{Yb[(Me;Si);NC(NCy),]o(u—SBu")},]
[64.5(1) and 65.1(1)°]*" and [{Yb[(Me;Si);NC(NCy)]o(n—SPh)},] [63.1(1) and
63.6(1)°1.7
3. [{Yb(L)a(u-SePh)}s] (25)

The molecular structure of complex 25 with atom labeling is shown in Figure
3—-13. Selected bond lengths and angles are listed in Table 3—16.

Complex 25 crystallizes in the orthorhombic space group Pnma. Similar to
complex 24, the binuclear complex consists of a planar Yb,Se, core. Each Yb(III)
center in the dimeric unit is coordinated by two k*~bound L? ligands and two bridging
phenyl selenide ligands. The coordination geometry around Yb(1) can be described
as distorted octahedral: the two axial positions are occupied by N(3) and Se(1)

[N(3)-Yb(1)-Se(1) = 148.2(5)°], whereas the equatorial plane is formed by N(1),
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N(D#1, N(3)#1 and Se(1)#2. The sum of bond angles around Yb(l) on the
equatorial plane is measured to be 373.9°.

The average Yb—N distance of 2.31 A in 25 is slightly longer than the correspond
distance of 2.30 A in 24, this may be ascribed to the coordination of the sterically
more bulky ligand (SePh") to the Yb(III) center in 25 as compared to the SPh™ ligand
in 24. The Yb-N distances of 2.30(2)-2.31(2) A in 25 are similar to the
corresponding distances of 2.265(7)-2.366(7) A in
[Yb{PhC(NSiMe3),}»(SePh)(THF)]* and 2.277(4)-2.406(4) A in
[Yb{PhC(NSiMe3)(NCsH3Pr’>-2,6)}»(SePh)(THF)].}

The Yb—Se distances in complex 25 [2.910(2) A] are reasonably longer than the
Yb-S distances in complex 24 [2.7539(7) and 2.7698(9) A]. They are also longer
than the terminal Yb—Se distance in [Yb{PhC(NSiMe;),}.(SePh)(THF)] [2.805(1)
Al® and [Yb{PhC(NSiMe;)(NCsHsPr,-2,6)},(SePh)(THF)] [2.7604(7) A].
Apparently, sharing of the phenyl selenide anion by two Yb(IIl) centers in 25
lengthens the Yb—Se bonds.

The Se(1)-Yb(1)-Se(1)#2 bite angle of 65.1(1)° in 25 is similar to the S-Yb-S
bite angles of 65.65(2)° in 24.

4. [{Yb(LM)(n-CD)}2] (26)

The molecular structure of complex 26 with atom labeling is shown in Figure
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3-14. Selected bond lengths and angles are listed in Table 3—17.

Complex 26 crystallizes in the triclinic space group P1. The binuclear complex
consists of a planar Yb,Cl, core. Each Yb(III) center is coordinated by two
«’—bound L? ligands and two bridging chloride ligands.

The Yb-N distances of 2.249(8)-2.299(6) A in 26 are comparable to the
corresponding distances of 2.295(3)-2.332(3) A in the Yb(III) chloride complex
[Yb{(SiMe3),NC(NPr'),}(u-CI),Li(THF)]**  and  2.266(2)-2.271(1) A in
[{Yb{(Me;Si),NC(NCy),}ClL}»(LiCl),(THF)4].%

The Yb-Cl distances of 2.668(2)-2.680(2) A in 26 are comparable to the
corresponding distances of 2.608(1) and 2.631(1) A in
[Yb{(SiMe3),NC(NPr'),}(u—Cl),Li(THF)]** and  2.5944(7)-2.6727(7) A in
[{Yb{(Me3Si),NC(NCy),}CL}»(LiCl),(THF)4].%

The Cl(1)-Yb(2)-Cl(2) and CI(1)-Yb(1)-Cl(2) bite angles of 80.18(6) and
80.27(6)° are similar to the corresponding angle of 84.42(4)° in
[Yb{(SiMe3),NC(NPr'),}(u—Cl),Li(THF)],”® and 78.16(2) and 84.93(2)° in
[{Yb{(Me3Si),NC(NCy),}CL}»(LiCl),(THF)4].%

5. [{Yb(L):2}2(w—n"m*-PhNNPh)] (27)
The molecular structure of complex 27 with atom labeling is shown in Figure

3—-15. Selected bond lengths and angles are listed in Table 3—18.
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Complex 27 crystallizes in the triclinic space group P1. Each Yb(III) center in
the dinuclear complex is coordinated by two k’—bound L* ligands and one
[b—n*n>-Ph,N,]* ligand. A two—fold rotational axis is located at the center of
N(13)-N(14). The two phenyl rings on the [Ph,N,]* ligand are oriented cis to each
other. A similar  di-ytterbium(II) complex of the formula
[Me,Si(CsMe,)(NPh)Yb(THE)(u—n*:n’~PhoN,) Yb(NPh)(CsMe,s)SiMe,]  has  been
reported and shown to be a one—electron reductant.™

The Yb—N(guanidinate) [N(guanidinate) are nitrogen atoms N(1), N(3), N(4), N(6), N(7),
N(9), N(10) and N(12) on the L* ligands] distances of 2.315(4)-2.3504 A in 27 are
similar to the corresponding distances observed in Yb(III) complexes 24
[2.239(5)-2.339(9) A], 25 [2.30(2)-2.31(2) A] and 26 [2.249(8)-2.299(6) A].

The Yb—Nydrazenide) [N(hydrazenide) are nitrogen atoms N(13) and N(14) on the
[PhNL ligand] distances fall within the range of 2.259(4)-2.515(4) A, which are
comparable to the corresponding distances of 2.188(5)-2.572(5) A in
[{Yb(CsHs)(THF)},(PhoN,),]* and 2.271(5)-2.367(5) A in
[Me,Si(CsMe4)(NPh)Yb(THE)(u—n%:n’—PhoN,) Yb(NPh)(CsMes)SiMe,].*° The
N(13)-N(14) bond distance of 1.503(5) A is close to the bond length of a N-N single
bond (1.47 A).>' It is also comparable to the corresponding distance of 1.470(6) A in

[{Yb(CsHs)(THF)},(PhoN>),1.2 1.44(1) A in [{Sm(CsMes)(THF)},(Ph,N,),]* and
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1.468(7) A in
[Me,Si(CsMes)(NPh)Yb(THF)(pu—n%n'~PhoN,) Yb(NPh)(CsMes)SiMe,].*°  Based
on the above comparison, the N(13)-N(14) bond has a bond order of 1, which is
consistent to the result of the IR spectrum.

The N(13)-Yb(1)-N(14) [36.6(1)°] and N(13)-Yb(2)-N(14) [36.2(1)°] angles
are close to the corresponding angles reported for [{Yb(CsHs)(THF)}.(Ph,N>),]
[34.8(3) and 35.9(3)°]* and  [{Sm(CsMes)(THF)},(Ph,N>),] [33.8(3)°].%

6. [Yb(L*),(n~PhNNPh)-PhMe] (28)

The molecular structure of complex 28 with atom labeling is shown in Figure
3—-16. Selected bond lengths and angles are listed in Table 3—19.

Complex 28 crystallizes in the monoclinic space group P2;/c. In the solid state,
the toluene solvated complex 28 consists of a mononuclear, six—coordinate Yb(III)
center, which is coordinated by two «*~bound L ligands and one [n*~Ph,N,]  ligand.
Each molecule consists of a two—fold rotational axis bisecting the N(7)-Yb(1)-N(8)
angle. The two phenyl rings on the [PhoN,] ligand are cis to each other. The
Yb—N(guanidinate) [N(guanidinate) are nitrogen atoms N(1), N(3), N(4) and N(6) on the L}
ligands] distances of 2.280(6)-2.336(6) A in 28 are comparable to the corresponding
distances observed in Yb(III) complexes 24-27. The Yb(1)-N(7) and Yb(1)-N(8)

distances of 2.268(6) and 2.275(7) A, respectively, fall within the range of
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2.259(4)-2.515(4) A in 27 and 2.188(5)-2.572(5) A in
[{Yb(CsHs)(THF)}2(PhoN»),]. %

The observed N(7)-N(8) distance of 1.382(9) A in 28 is much shorter than the
corresponding distance of 1.503(5) A in 27. It falls within the bond distance range
of 1.47 A for an N-N single bond and 1.25 A for an N=N double bond.’’  Similar
N-N bond distances of 1.32(1) and 1.39(2) A have been reported for the Sm(II)
complex [{Sm(CsMes)(THF)}2(PhoN,),].2  From the above comparison, it is
concluded that the N(7)-N(8) bond has a bond order of 1.5.

The N(7)-Yb(1)-N(8) angle of 35.4(2)° is similar to those of 36.2(1) and
36.6(1)° in 27, 34.8(3) and 35.9(3)° in [ {Yb(CsHs)(THF)}2(Ph,N,),],>> and 33.8(3)° in
[{Sm(CsMes)(THF)}5(Ph,Ny),].>
7. [(L)Sm(p-n"m*-S.CSCS)Sm(L )] (29)

The molecular structure of complex 29 with atom labeling is shown in Figure
3—-17. Selected bond lengths and angles are listed in Table 3—20.

Complex 29 crystallizes in the monoclinic space group P2,/n. Each of the
Sm(IIl) centers in the binuclear complex adopts different coordination geometry.
Sm(1) is coordinated by two k’~bound L’ ligands and S(1) and S(2) of the
[SCSCS,]* ligand. The latter bind in an 1’~SCS coordination mode. Sm(2) is

coordinated by two k’~bound L’ ligands and C(60) and S(4) at the other end of the
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[SCSCS,]* ligand. The latter bind in an n’~SC coordination mode. A similar
coordination mode has been reported for the Sm(IIl) complex
[(Gis0),Sm(p—n"1*=S>CSCS)Sm(Giso),]."!  Reductive coupling of CS, through
head—to—head C—C bond formation (yielding [S;CCS,]*") is commonly observed in
reactions with transition metal complexes,’ though a number of head—to—tail C—S
coupling products have also been reported.®® It has been proposed that the sterically
hindered ligand environment generated by the Giso ligand only allows a head—to—tail
C-S coupling of the linear CS, substrate in
[(Giso)ZSm(u—n3:112—SZCSCS)Srn(Giso)2].11 Conceivably, a similar steric bulkiness
of the L’ ligands in 29 (as compared to that of Giso) does not favor a head—to—head
C—C coupling of two CS, molecules.

The Sm—Nguanidinate) [N(guanidinate) are nitrogen atoms N(1), N(2), N(4), N(6), N(7),
N(9), N(10) and N(12) on the L’ ligands] distances of 2.383(5)-2.461(5) A in 29 are
similar to the corresponding distances of 2.386(5)-2.486(5) A in
[(Giso),Sm(p—1"m*~S,CSCS)Sm(Giso),]," 2.378(3)-2.434(3) A in
[Sm{(SiMe3),NC(NCy),}»(u—Cl),Li(THF),],** 2.425(6)-2.460(6) A in
[Sm{Ph,NC(NCy),}3]*° and 2.395(4)-2.426(4) A in
[Sm{CyNC[N(SiMe;)2INCy}>{CH(SiMe),}].”

The Sm-S distances of 2.790(2)-2.870(2) A in 29 are comparable to the
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corresponding distances of 2.813(8)-2.998(5) A in
[(Giso),Sm(p—n:1"=S>CSCS)Sm(Giso),]." The S(1)-Sm(1)-S(2) angle of
63.04(5)° is slightly larger than that of 59.9(2)° in
[(Gis0),Sm(p—1"1*=S,CSCS)Sm(Giso),],!" whereas the S(4)-Sm(2)-C(60) angle of
35.8(1)° is comparable to the corresponding angle of 34.7(3)° in

[(Giso)Sm(u—11n*~S,CSCS)Sm(Giso),]."!
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Figure 3—11. Molecular structure of [{Eu(L"2(p=1)},] (23).

Table 3-14. Selected bond distances (A) and angles (deg.) for compound 23

[{Eu(L)2(n-D}2] (23)

Eu(1)-N(1)
Eu(1)-N(4)
Eu(2)-N(7)
Eu(2)-N(10)
Eu(1)-I(1)
Eu(2)-1(1)

N(1)-Eu(1)-N(3)
N(4)-Eu(1)-N(6)
N(7)-Eu(2)-N(9)
N(10)-Eu(2)-N(12)
Eu(1)-I(1)-Eu(2)
I(1)-Eu(1)-1(2)

2.37(1)
2.37(1)
2.39(1)
2.34(1)
3.169(1)
3.159(1)

56.3(4)
56.5(4)
56.5(4)
56.0(4)
101.63(3)
78.74(3)

Eu(1)-N(3)
Eu(1)-N(6)
Eu(2)-N(9)
Eu(2)-N(12)
Eu(1)-1(2)
Eu(2)-1(2)

N(1)-C(9)-N@3)
N(4)-C(24)-N(6)
N(7)-C(39)-N(9)

N(10)-C(54)-N(12)

Eu(1)-1(2)-Eu(2)

I(1)-Eu(2)-12)

2.38(1)
2.39(1)
2.35(1)
2.389(9)
3.158(1)
3.190(1)

116(1)
113(1)
113(1)
112(1)
101.21(3)
78.41(3)
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Figure 3—-12. Molecular structure of [{Yb(Lz)z(u—SPh)}z] (24).

Table 3-15. Selected bond distances (A) and angles (deg.) for compound 24

[{YD(L*)2(n-SPh)},] (24)

Yb(1)-N(1)
Yb(1)-N(6)
Yb(1)-S(1)
S(1)-C(43)
C(9)-N(2)

C(30)-N(4)
C(30)-N(6)

N(1)-Yb(1)-N(3)
Yb(1)-S(1)-Yb(1)#
Yb(1)-S(1)#-Yb(1)#

N(1)-C(9)-N(3)
N(6)-Yb(1)-S(1)

N(1)-Yb(1)-S(1)#

2.286(7)
2.339(9)

2.7698(9)
1.75(1)
1.39 (2)
1.34(1)
1.33(2)

59.1(3)
114.36(3)

114.36(3)

115(1)
155.4(2)
133.02)

Yb(1)-N(4)
Yb(1)-N(9)
Yb(1)-S(1)#
COFN()
COING)
C(30)-N(5)

N(4)-Yb(1)-N(6)
S(1)-Yb(1)-S(1)#
S(1)-Yb(1)#-S(1)#
N(4)-C(30)-N(6)
N#-Yb(1)-NG)
N(@)-Yb(1)-S(1)#

2.321(6)
2.239(5)
2.7539(7)
1.30(2)
1.34(2)
1.38 (1)

57.9(3)
65.65(2)
65.65(2)
116.0(9)
68.8(2)
108.0(1)

Symmetry code: #

—x+1, —y+2, —z+1
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Figure 3-13. Molecular structure of [{Yb(Lz)z(u—SePh)}z] (25).

Table 3-16. Selected bond distances (A) and angles (deg.) for compound 25

[{YD(L?)2(-SePh)}>] (25)

Yb(1)-N(1) 2.312) Yb(1)-N(1)#1 2.31(2)
Yb(1)-N(3) 2.3002) Yb(1)-N(3)#1 2.30(2)
Yb(1)-Se(1) 2.910(2) Yb(1)-Se(1)#2 2.910(2)
Se(1)-C(22) 1.89(3) C(9)-N(1) 1.38(3)
C(9)-N(2) 1.38(3) C(9)-N(3) 1.32(3)
N(1)-Yb(1)-N(3) 59.0(8) N(1#1-Yb(1)-N(3)#1 59.0(8)
Yb(1)-Se(1)-Yb(1)#2 114.9(1) Se(1)-Yb(1)-Se(1)#2 65.1(1)
N(1)-C(9)-N(3) 115(2) N(3)-Yb(1)-Se(1) 148.2(5)
N(1)-Yb(1)-Se(1)#2 108.3(5) N(1)#1-Yb(1)-Se(1)#2 108.8(6)
N(1)-Yb(1)-N3)#1 97.8(7)

Symmetry code:  #1

X, -y, —z+1 #2  —x, -y, —z+t1
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Figure 3-14. Molecular structure of [{Yb(Lz)z(u—Cl)}z] (26).

Table 3-17. Selected bond distances (A) and angles (deg.) for compound 26

[{YD(L)2(p-C1)} ] (26)

Yb(1)-N(1)
Yb(1)-N(4)
Yb(2)-N(7)
Yb(2)-N(10)
Yb(1)-CI(1)
Yb(2)-CI(1)
N(1)-C(9)
N(3)-C(9)
N(5)-C(30)
N(7)-C(51)
N(9)-C(51)
N(11)-C(72)

N(1)-Yb(1)-N(3)
N(4)-Yb(1)-N(6)
N(7)-Yb(2)-N(9)

N(10)-Yb(2)-N(12)

Yb(1)-Cl(1)-Yb(2)
CI(1)-Yb(1)-CI(2)
N(3)-Yb(1)-N(6)

2.279(6)
2.299(6)
2.292(7)
2.283(7)
2.675(2)
2.669(2)
1.34(1)
1.34(1)
1.35(1)
1.36(1)
1.36(1)
1.34(1)

58.4(2)
58.7(2)
59.2(2)
58.1(2)
99.59(6)
80.27(6)
150.9(3)

Yb(1)-N(3)
Yb(1)-N(6)
Yb(2)-N(9)
Yb(2)-N(12)
Yb(1)-Cl(2)
Yb(2)-Cl(2)
N(2)-C(9)
N(4)-C(30)
N(6)-C(30)
N(8)-C(51)
N(10)-C(72)
N(12)-C(72)

N(1)-C(9)-N(3)
N(4)-C(30)-N(6)
N(7)-C(51)-N(9)

N(10)-C(72)-N(12)

Yb(1)-Cl(2)-Yb(2)
CI(1)-Yb(2)-CI(2)

N(9)-Yb(2)-N(12)

2.290(7)
2.253(8)
2.249(8)
2.282(7)
2.668(2)
2.680(2)
1.35(1)
1.35(1)
1.35(1)
1.36(1)
1.34(1)
1.34(1)

112.2(7)
111.9(7)
111.2(7)
111.3(7)
99.49(6)
80.18(6)
151.0(3)
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Figure 3-15. Molecular structure of [ {Yb(L?),}2(u—n%n’~PhNNPh)] (27).

Table 3-18. Selected bond distances (A) and angles (deg.) for compound 27

[{Yb(L?)}2(u—n"1’~PhNNPh)] (27)

Yb(1)-N(1)
Yb(1)-N(4)
Yb(2)-N(7)
Yb(2)-N(10)

Yb(1)-N(13)

Yb(2)-N(13)
N(1)-C(9)
N(4)-C(30)
N(7)-C(51)

N(10)-C(72)

N(13)-N(14)

N(1)-Yb(1)-N(3)
N(4)-Yb(1)-N(6)
N(7)-Yb(2)-N(9)

N(10)-Yb(2)-N(12)

Yb(1)-N(13)-Yb(2)

N(13)-Yb(1)-N(14)

2.315(4)
2.350(4)
2.344(4)
2.336(4)
2.259(4)
2.515(4)
1.358(6)
1.338(7)
1.354(6)
1.345(7)
1.503(5)

57.7(1)
57.9(2)
57.9(2)
58.0(2)
126.4(2)
36.6(1)

Yb(1)-N(3)
Yb(1)-N(6)
Yb(2)-N(9)
Yb(2)-N(12)
Yb(1)-N(14)
Yb(2)-N(14)

N(3)-C(9)
N(6)-C(30)
N(©9)-C(51)
N(12)-C(72)

N(D-C(9)-N(3)
N(4)-C(30)-N(6)
N(7)-C(51)-N(9)

N(10)-C(72)-N(12)
Yb(1)-N(14)-Yb(2)
N(13)-Yb(2)-N(14)

2.330(4)
2.330(4)
2.328(4)
2.335(4)
2.481(4)
2.268(4)
1.323(6)
1.336(7)
1.331(6)
1.341(7)

113.5(4)
115.7(5)
114.7(4)
114.8(5)
127.7(2)
36.2(1)
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Figure 3-16. Molecular structure of [Yb(L*),(n’~PhNNPh) - PhMe] (28). The

toluene solvent molecule is omitted for clarity.

Table 3-19. Selected bond distances (A) and angles (deg.) for compound 28

[Yb(L?)2(n>~PhNNPh)- PhMe] (28)

Yb(1)-N(1)
Yb(1)-N(4)
Yb(1)-N(7)
N(1)-C(9)
NG)-C9)
N(5)-C(33)
N(7)-N(8)

N(1)-Yb(1)-N(3)
N(4)-Yb(1)-N(6)
N(7)-Yb(1)-N(8)
N(4)-Yb(1)-N(7)
N(1)-Yb(1)-N(4)

2.301(7)
2.280(6)
2.268(6)
1.378(9)
1.35(1)
1.43(1)
1.382(9)

58.3(2)
57.92)
35.4(2)
101.8(2)
123.9(2)

Yb(1)-NQ3)
Yb(1)-N(6)
Yb(1)-N(8)
N(©2)-C(9)
N(4)-C(33)
N(6)-C(33)

N(D-C(9)-N(3)
N(4)-C(33)-N(6)
N(3)-Yb(1)-N(6)
N(1)-Yb(1)-N(8)

2.322(7)
2.336(6)
2.275(7)
1.40(1)
1.37(1)
1.31(1)

111.6(7)
112.9(7)
144.9(2)
112.8(2)
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Figure 3-17. Molecular structure of [(L*),Sm(p—n>n’~S2CSCS)Sm(L>),] (29).

Table 3-20. Selected bond distances (A) and angles (deg.) for compound 29

[(L*),Sm(p—n>n>~S,CSCS)Sm(L’),] (29)

Sm(1)-N(1) 2.433(5) Sm(1)-N(2)
Sm(1)-N(4) 2.424(5) Sm(1)-N(6)
Sm(2)-N(7) 2.383(5) Sm(2)-N(9)
Sm(2)-N(10) 2.448(5) Sm(2)-N(12)
Sm(1)-S(1) 2.870(2) Sm(1)-S(2)
Sm(2)-S(4) 2.790(2) Sm(2)-C(60)
C(59)-S(1) 1.655(6) C(59)-S(2)
C(60)-S(3) 1.676(6) C(60)-S(4)
N(1)-C(13) 1.343(7) N(2)-C(13)
N(4)-C(42) 1.368(7) N(6)-C(42)
N(7)-C(73) 1.363(7) N(9)-C(73)

N(10)-C(102) 1.316(7) N(12)-C(102)
N(1)-Sm(1)-N(2) 55.3(2) N(1)-C(13)-N(2)
N(4)-Sm(1)-N(6) 55.0(2) N(4)-C(42)-N(6)
N(7)-Sm(2)-N(9) 55.5(2) N(7)-C(73)-N(9)

N(10)-Sm(2)-N(12) 54.4(2) N(10)-C(102)-N(12)

S(1)-Sm(1)-S(2) 63.04(5) S(4)-Sm(2)-C(60)

2.405(5)
2.452(5)
2.461(5)
2.442(5)
2.860(2)
2.522(6)
1.711(6)
1.654(6)
1.359(7)
1.316(7)
1.336(7)
1.354(7)

112.4(5)
113.9(5)
113.6(5)
113.8(5)
35.8(1)
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3.24 Other Attempted Reactions in This Work

Attempted reactions of [{Eu(L")(u—L")},] (15) with CuCl and Br,, respectively

Treatment of complex 15 with CuCl and Br,, respectively, led to an immediate
color change of the solution from orange to red and purple, respectively.
Unfortunately, only an intractable oil was obtained after work—up. The latter

remained unidentified in this work.

Attempted reactions of [{Eu(L)(u-L»}, - 2C¢H4] (16) and [Eu(L*),(THF), -

0.25C¢H 4] (19) with PhANNPh

The reactions of 16 and 19, respectively, with PANNPh were examined in this
work. These reactions only resulted in a brown intractable oil after work—up. The
product remained unidentified in this work.

Attempted reactions of [{Yb(L?),(THF),] (18) with Br,, I, and PhTeTePh,

respectively

Attempts to  prepare  mixed-ligand  Yb(IIl)  guanidinate—bromide,

guanidinate—iodide and guanidinate—telluride complexes by treatment of complex 18

with Br,, I, and PhTeTePh, respectively, have been unsuccessful. In all these

reactions, only a yellow intractable oil was obtained after work—up. The latter

remained unidentified in this work.
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3.3 Summary

The coordination chemistry of a series of related bulky guanidinate ligands,
namely [(2,6-Me,CsHsN)C(NHPr)(NPr)]™ (LY, [(2,6-MexCsHsN)C(NHCy)(NCy)]®
(L), [(2,6-Me,CsH3N)C {N(SiMe3)Cy} (NCy)]” (L% and
[(2,6-Pr',CHsN)C(NEt, ) (NC¢H3Pr,—2,6)]” (L°) with divalent Eu, Sm and Yb ions
was examined in this work. The reaction of Eul,(THF), with [KL'-0.5PhMe], (1)
gave the neutral, binuclear Eu(II) bis(guanidiante) complex [{Eu(L")(u—L")},] (15).
Treatment of Lnl,(THF), (Ln = Eu, Yb) with [KL*(THF)ys], (12) and KL* (13) led to
the isolation of dimeric [{Ln(Lz)(u—Lz)}z ‘nCe¢Hy4] [Ln =Eu,n=2 (16); Ln=Yb,n =
0 (17)], [Yb(L?)(THF),] (18) and monomeric [Ln(L*),(THF),-0.25CsH,4] [Ln = Eu
(19), Yb (20)]. The heteroleptic Sm(IT) complex [{Sm(L*)(u—I)(THF)},] (21) was
prepared by treatment of Sml,(THF), with one molar equivalent of 13. While the
reaction of Sml,(THF), with [KLS(THF)Z] (14) gave the homoleptic Sm(II) complex
[Sm(L)2] (22).

The reaction chemistry of complexes 15, 18, 20 and 22 has been studied in this
work. Oxidation of 15 with iodine yielded the Eu(Ill) guanidinate—-iodide complex
[{Eu(L"2(u-1)}2] (23). Reactions of 18 with PhEEPh (E = S, Se) gave the
corresponding Yb(III) guanidinate—chalcogenato complexes [{Yb(L?),(1—SPh)},] (24)

and [{Yb(L?),(n—SePh)},] (25). Complex 18 was readily oxidized by CuCl to yield
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the corresponding Yb(III) guanidinate—chloride complex [{Yb(Lz)z(u—Cl)}z] (26).
The reactions of complexes 18 and 20 with PhNNPh resulted in the isolation of
binuclear [{Yb(L*):}2(n—n*n’~PhNNPh)] (27) and mononuclear
[Yb(L?),(n’~PhNNPh)- PhMe] (28), respectively. The N-N bond of the [PhANNPh]*"
ligand (complex 27) and the [PhNNPh] ligand (complex 28) has 1 and 1.5 bond order,
respectively. Direct reaction of 22 with CS, led to a head—to—tail coupling of CS,

and the formation of the unsymmetrical [(L’),Sm(p—n>n’-S>,CSCS)Sm(L>),] (29).
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3.4 Experimental Section for Chapter 3
Reagents:

Potassium tert—butoxide (Aldrich), azobenzene (Aldrich), carbon disulphide (5
M in THF) (Aldrich), copper(I) chloride (Strem), samarium (Strem), europium (Strem)
and ytterbium (Strem) metals were used as received. Lnl,(THF), (Ln = Sm, Eu, Yb)
were prepared according to literature procedures.”> The potassium reagent [KL'-
0.5PhMe], (1) was prepared according to the procedure as described in Chapter 2.
The lithium guanidinates [LiL"(TMEDA)] (n = 2, 3, 5) were prepared as described
previously by former members of our research group.'*"
Synthesis of [KL*(THF)gs]a (12). To a slurry of KOBu' (1.2 g, 10.7 mmol) in THF
(20 ml) at room temperature was added a colorless solution of [LiLATMEDA)] (4.8 g,
10.7 mmol) in the same solvent (20 ml). The reaction mixture was allowed to stir
for 1 d. All the volatiles were removed in vacuo and the residue was extracted with
Et,O (50 ml). Standing the milky suspension at room temperature for 1d gave 12 as
colorless crystals. Yield: 3.93 g, 9.8 mmol, 92%. M.p.: 229-231 °C (dec.). 'H
NMR (400.13 MHz, THF—dg): 6 0.94-1.03 (m, 4H, CsH\11), 1.09-1.15 (m, 2H, CsH11),
1.23-1.32 (m, 4H, C¢H11), 1.54-1.57 (m, 2H, CecHy1), 1.63-1.66 (m, 4H, CsHiy),
1.76-1.79 (m, 1H, THF), 1.94 (br, 4H, C¢H11), 2.07 (s, 6H, CH3), 3.43 (br, 2H, CcH11),

3.60-3.63 (m, 1H, THF), 6.45 (br, 1H, p-ArH), 6.80 (d, J = 6.8 Hz, 2H, m-ArH).
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BC NMR (100.62 MHz, THF-dg): & 19.7, 26.2, 26.5, 27.2, 35.8, 51.6, 68.0, 115.8,
127.8, 130.8, 156.8. Anal. Found: C, 68.77; H, 8.89; N, 10.15%. Calc. for
C4sH72KoNGO: C, 68.78; H, 9.03; N, 10.46%.

Synthesis of KL* (13). Complex 13 was prepared by a procedure similar to that of
12, starting with 6.91 g (13.2 mmol) of [LiL3(TMEDA)] and 1.56 g (13.9 mmol) of
KOBU'. Complex 13 was recrystallized as a white solid from toluene. Yield: 5.64
g, 12.9 mmol, 97%. M.p.: 215-216 °C (dec.). 'H NMR (400.13 MHz, THF—dg): &
0.10 (s, 9H, Si(CHs3)3), 0.97 (br, 6H, C¢H11), 1.40-1.42 (m, 6H, C¢H\1), 1.56 (br, 8H,
CeH11), 2.11 (s, 6H, ArCHs), 3.06 (br, 2H, CsH11), 6.25 (br, 1H, p—ArH), 6.68 (d, J =
4.8 Hz, 2H, m—ArH). “C NMR (100.62 MHz, THF—ds): & 10.0, 19.7, 20.3, 26.3,
27.4,35.2,54.6,115.1, 127.5,127.7, 128.7, 129.4, 131.3, 154.4, 158.7.  Anal. Found:
C, 64.41; H,9.78; N, 9.63%. Calc. for Co4H4KN3Si: C, 65.85; H, 9.21; N, 9.59%."
Synthesis of [KL*(THF),] (14). This compound was prepared by a procedure
similar to that of 12, starting with 5.57 g (10.0 mmol) of [LiL*(TMEDA)] and 1.12 g
(10.0 mmol) of KOBu'. Complex 14 was isolated as colorless crystals. Yield: 5.50
g, 8.9 mmol, 89%. M.p.: 245-247 °C (dec.). 'H NMR (400.13 MHz, THF—dy):
0.92 (t, J = 6.8 Hz, 6H, CH,CH3), 1.09 (d, J = 7.2 Hz, 12H, CH(CHs),), 1.18 (d, J =

6.8 Hz, 12H, CH(CH),), 1.76-1.80 (m, 2H, THF), 2.9 (q, J = 6.8Hz, 4H, CH,CH),

¥ Satisfactory results of elemental analysis could not be obtained for this compound.
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3.60-3.63 (m, 2H, THF), 3.66 (septet, J = 6.8 Hz, 4H, CH(CHs),), 6.62 (t, J = 7.5 Hz,
2H, p-ArH), 6.92 (d, J = 7.5 Hz, 4H, m—ArH). C NMR (100.62 MHz, THF—ds): &
13.6,24.4,26.4,28.3,43.9, 68.2, 118.1, 122.9, 141.8, 154.4, 158.2.  Anal. Found: C,
71.45; H, 10.04; N, 7.15%. Calc. for C37HeoKN3O,: C, 71.91; H, 9.79; N, 6.80%.
Synthesis of [{Eu(Ll)(u—Ll)}z] (15). To apale green solution of Eul,(THF), (1.81 g,
3.29 mmol) in THF (20 ml) at 0 °C was added dropwise a colorless solution of 1 (2.20
g, 6.6 mmol) in the same solvent (20 ml). The yellow reaction mixture was allowed
to warm slowly to room temperature and stirred for 1 d. All the volatiles were
removed in vacuo. The yellow residue was extracted with toluene (40 ml). The
orange toluene extract was filtered and then concentrated to ca. 10 ml to give complex
15 as orange crystals. Yield: 1.44 g, 1.1 mmol, 68%. M.p.: 211-212 °C (dec.).
Anal. Found: C, 56.44; H, 7.08; N, 13.51%. Calcd. for C¢oEu,Ho¢Ni2: C, 55.89; H,
7.50; N, 13.03%.

Synthesis of [{Eu(Lz)(u—Lz)}z - 2C¢Hys] (16). To a pale green solution of
Eul,(THF), (1.29 g, 2.35 mmol) in THF (20 ml) at 0 °C was added dropwise a
colorless solution of 12 (1.8 g, 4.5 mmol) in the same solvent (20 ml). The yellow
reaction mixture was allowed to warm slowly to room temperature and stirred for 1 d.
The yellow solution was concentrated under reduced pressure to ca. 5 ml, followed by

extraction with hexane (20 ml). The orange solution was filtered and concentrated to
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ca. 10 ml to give complex 16 as orange crystals. Yield: 1.46 g, 0.82 mmol, 74%.
M.p.: 241-243 °C (dec.). Anal. Found: C, 64.31; H, 8.96; N, 9.92%. Calcd. for
CsaEupHiosNp+2C6H 14: C, 64.69; H, 8.82; N, 9.43%.

Synthesis of [{Yb(LZ)(u—LZ)}z] (17). This compound was prepared by a procedure
similar to that of 16, starting with 1.66 g (2.90 mmol) of YbI,(THF), and 1.97 g (4.91
mmol) of complex 12. Complex 17 was isolated as red crystals. Yield: 1.44 g,
0.87 mmol, 72%. M.p.: 185-186 °C (dec.). 'H NMR (400.13 MHz, toluene—ds):
0.86 (br, 12H, C¢H11), 0.93-1.03 (br, 8H, CeH11), 1.23 (br, 10H, CsH11), 1.41 (br, 16H,
CeH\11), 1.53 (br, 10H, C¢H11), 1.67 (br, 8H, CcH 1), 1.83 (br, 4H, Ce¢Hi1), 2.00 (br, 4H,
CeH11), 2.11 (overlapping with toluene—dg) (br, 7H, CsH11), 2.18 (br, 3H, CH3), 2.30
(br, 12H, CHs), 2.41 (br, 9H, CHs3), 2.83 (br, 3H, C¢H\1), 3.10 (br, 1H, CsH11), 3.26 (br,
2H, C¢Hy1), 3.36 (br, 1H, Ce¢Hyy), 3.64-3.66 (br, 1H, C¢Hiy), 4.02 (br, 1H, CcHyy),
6.74-6.75 (br, 4H, ArH), 6.82 (br, 3H, ArH), 6.99-7.09 (overlapping with toluene—ds)
(br, 5H, ArH). "C NMR (100.62 MHz, C¢D): 18.9, 19.9, 20.9, 23.2, 23.7, 25.3,
25.9, 26.6, 30.3, 34.3, 35.6, 36.3, 37.8, 50.5, 51.6, 52.4, 56.1, 57.5, 120.7, 121.8,
130.8, 132.5, 147.2, 148.1, 150.6, 151.3, 161.3, 163.0. Anal. Found: C, 60.39; H,
8.38; N, 10.49%. Calcd. for Cg4H12sN12YDb,: C, 61.07; H, 7.81; N, 10.17%.
Synthesis of [{Yb(Lz)z(THF)z] (18). To a yellow solution of YbI,(THF), (1.66 g,

2.90 mmol) in THF (20 ml) at 0°C was added dropwise a colorless solution of 12
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(1.97 g, 4.90 mmol) in the same solvent (20 ml). The brick red reaction mixture was
allowed to warm slowly to room temperature and stirred for 1 d. The solution was
concentrated under reduced pressure to ca. 5 ml, followed by extraction with Et,O (20
ml). The brick red solution was filtered and concentrated to ca. 10 ml to give
complex 18 as red crystals. Yield: 1.47 g, 1.52 mmol, 62%. M.p.: 174-175 °C
(dec.). 'H NMR (400.13 MHz, toluene—ds): 0.81-1.04 (m, 12H, CeHyy), 1.36
(overlapping with THF) (br, 2H, C¢H1;), 1.36 (br, 12H, THF), 1.44-1.62 (m, 12H,
CeH11), 1.74-1.76 (m, 4H, Ce¢H,1), 1.88-1.91 (m, 4H, C¢H11), 2.09-2.13 (m, 4H,
CeH11), 2.47 (s, 12H, CH3), 2.80-2.83 (m, 2H, C¢H11), 3.19-3.22 (m, 2H, C¢H1y), 3.51
(br, 12H, THF), 3.70 (d, J = 10.2 Hz, NH), 6.78 (t, J = 7.2 Hz, 2H, p—ArH), 7.06 (d, J
= 7.6 Hz, 4H, m—ArH). *C NMR (100.62 MHz, toluene—ds): 25.5, 26.0, 26.1, 26.6,
35.6, 37.6, 51.6, 52.2, 52.4, 55.8, 68.1, 118.7, 131.0, 147.9, 152.2, 162.6. Anal.
Found: C, 61.06; H, 8.90; N, 9.08%. Calcd. for C50HgoNsO,Yb: C, 61.07; H, 7.81; N,
10.17%."

Synthesis of [Eu(L3)2(THF)2-0.25C6H14] (19). To a pale green solution of
Eul,(THF), (1.43 g, 2.60 mmol) in THF (20 ml) at 0 °C was added dropwise a
colorless solution of 13 (2.30 g, 5.20 mmol) in the same solvent (20 ml). The yellow

reaction mixture was stirred at room temperature for 8 h. The solution was

T Results of elemental analysis of complex 18 is consistent to the formula Yb(L*),(THF),s. This may
be attributed to the partial evaporation of coordinated THF during the preparation process.
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concentrated under reduced pressure to ca. 5 ml, followed by extraction with hexane
(30 mL). The resulting orange solution was filtered and concentrated to ca. 10 ml to
give complex 19 as orange crystals. Yield: 1.65 g, 1.50 mmol, 57%. M.p.:
252-253 °C (dec.). Anal. Found: C, 60.99; H, 9.31; N, 8.23%. Calcd. for
Cs6EuHosN0,Si,+0.25CsH 4: C, 61.94; H, 8.99; N, 7.53%.F

Synthesis of [Yb(L*)(THF),-0.25C¢H 4] (20). This complex was prepared by a
procedure similar to that of 19, starting with 1.34 g (2.35 mmol) of YbI,(THF), and
1.77 g (4.28 mmol) of complex 13. Complex 20 was isolated as red crystals. Yield:
1.60 g, 1.41 mmol, 66%. M.p.: 178-179 °C (dec.). 'H NMR (400.13 MHz, C¢D)
3 0.46 (br, 18H, Si(CHs)3)), 0.89 (br, 1.5H, hexane), 0.97 (br, 4H, C¢H1y), 1.25 (br,
10H, hexane and THF), 1.37-1.79 (br, 30H, NC¢H11), 1.96 (br, 4H, C¢H,1), 2.18 (br,
4H, NCsH\11), 2.46(br, 12H, CHj), 3.13 (br, 2H, CsH1), 3.52 (br, 8H, THF), 6.91-6.98
(br, 3H, ArH), 7.11 (br, 3H, ArH). "*C NMR (100.62 MHz, C¢Ds): 5.4, 14.4, 21.4,
23.1, 25.0, 26.5, 26.7, 27.9, 32.0, 36.2, 38.3, 56.6, 60.5, 68.7, 120.3, 132.1, 151.5,
167.8. Anal. Found: C, 60.92; H, 9.14; N, 7.54%. Calcd. for
Cs6HoeN6O2S1,Yb+0.25CcH 14: C, 60.78; H, 8.83; N, 7.40%.

Synthesis of [{Sm(L3)(u—I)(THF)2}2] (21). To a dark blue solution of Sml,(THF),

(1.40 g, 2.56 mmol) in THF (20 ml) at 0 °C was added dropwise a colorless solution

! Results of elemental analysis of complex 19 is consistent to the formula Eu(L*),(THF),. This may
be attributed to the evaporation of solvated hexane during the preparation process.
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of 13 (0.99 g, 2.27 mmol) in the same solvent (20 ml). The dark green reaction
mixture was stirred at room temperature for 8 h. The solution was filtered and
concentrated under reduced pressure to ca. 5 ml. The dark green solution was kept
at —30 °C to give complex 21 as dark green crystals. Yield: 1.01 g, 0.61 mmol, 54%.
M.p.: 168-169 °C (dec.). Anal. Found: C, 48.81; H, 6.93; N, 6.70%. Calcd. for
CesH1121:N604S1,Smy: C, 46.86; H, 6.88; N, 5.12%."

Synthesis of [Sm(L®);] (22). To a dark blue solution of SmI,(THF), (2.05 g, 3.74
mmol) in THF (20 ml) at 0 °C was added dropwise a colorless solution of 14 (4.62 g,
7.48 mmol) in the same solvent (20 ml). The purple reaction mixture was stirred at
room temperature for 8 h. All the volatiles were removed in vacuo. The purple
residue was extracted with hexane (40 ml). The purple solution was filtered and
then concentrated to ca. 10 ml to give complex 22 as purple crystals. Yield: 2.59 g,
2.54 mmol, 68%. M.p.: 161-162 °C (dec.). Anal. Found: C, 67.66; H, 8.68; N,
8.47%. Calcd. for CsgHggsNgSm: C, 68.31; H, 8.70; N, 8.24%.

Reaction of [{Eu(Ll)(u—Ll)}z] (15) with I,. To an orange solution of complex 15
(1.2 g, 1.8 mmol) in THF (20 ml) at 0 °C was added dropwise a solution of I, (0.22 g,
1.8 mmol) in the same solvent (20 ml). The purple reaction mixture was stirred at

room temperature for 8 h. All the volatiles were removed in vacuo. The purple

¥ Satisfactory results of elemental analysis could not be obtained for this compound.
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residue was extracted with hexane (30 ml). The purple solution was filtered and
concentrated to ca. 10 ml to give [{Eu(L")(u-I)},] (23) as purple crystals. Yield:
1.00 g, 1.30 mmol, 72%. M.p.: 162—-163 °C (dec.). Anal. Found: C, 46.38; H, 6.68;
N, 10.63%. Calcd. for CeoEu,HolpNj2: C, 46.70; H, 6.27; N, 10.89%.

General procedure for the synthesis of [{Yb(Lz)z(u—EPh)}z] [E =S (24), Se (25)].
To a solution of complex 18 in Et,O (20 ml) was slowly added a solution of PhEEPh
in the same solvent (20 ml) at room temperature. The reaction mixture immediately
turned yellow. Stirring was continued at room temperature for 1 d. The solution
was filtered and then concentrated to ca. 10 ml to give a yellow crystalline product.
Synthesis of [{Yb(L*)(n-SPh)}2] 24). [{Yb(L>)(THF),] (18): 0.61g, 0.63 mmol;
PhSSPh: 0.07g, 0.32 mmol. Yield: 0.38 g, 0.20 mmol, 63%. M.p.: 185-187 °C
(dec.). Anal. Found: C, 61.06; H, 7.60; N, 9.42%. Calcd. for Cy¢H133N12S,Yb;,: C,
61.65; H, 7.44; N, 8.98%.

Synthesis of [{Yb(L?),(n-SePh)},] (25). [{Yb(L*),(THF),] (18): 1.68g, 1.73 mmol;
PhSeSePh: 0.27g, 0.87 mmol. Yield: 1.23 g, 0.63 mmol, 72%. M.p.: 200-201 °C
(dec.). Anal. Found: C, 58.16; H, 7.78; N, 8.90%. Calcd. for Co¢H 38N 2Se,Yby: C,
58.70; H, 7.08; N, 8.55%.

Reaction of [Yb(L?)(THF),] (18) with CuCl. To a slurry of CuCl (0.09g, 0.94

mmol) in Et,O (10 ml) at 0 °C was added dropwise a solution of complex 18 (0.92g,
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0.94 mmol) in the same solvent (20 ml). The reaction mixture was stirred at room
temperature for 8 h to afford a dark suspension. Standing the dark suspension at
room temperature for 10 minutes, a yellow solution with brown precipitate was
observed. The yellow solution was filtered and concentrated to give
[{Yb(Lz)z(u—Cl)}z] (26) as yellow crystals. Yield: 0.50 g, 0.29 mmol, 62%. M.p.:
212 °C (dec.). Anal. Found: C, 58.36; H, 7.66; N, 9.73%. Calcd. for
CsaClLH 28N 12 Ybs: C, 58.56; H, 7.49; N, 9.75%.

Reaction of [Yb(L?),(THF),] (18) with PANNPh. To a solution of complex 18
(1.28g, 1.3 mmol) in THF (20 ml) at 0 °C was added dropwise an orange solution of
PhNNPh (0.25g, 1.3 mmol) in the same solvent (20 ml). The brown reaction
mixture was warmed slowly to room temperature and stirred for 8 h. All the
volatiles were removed in vacuo and the brown residue was extracted with hexane (30
ml). The brown solution was filtered and concentrated to ca. 10 ml to give
[{YD(L?),}2(p—n*n>~PhNNPh)] (27) as orange crystals. Yield: 0.44 g, 0.24 mmol,
37%. M.p.: 199-202 °C (dec.). IR (KBr) 3394 (w br), 2930 (s), 2853 (m), 2373
(W), 2345(w), 1630 (m br), 1448 (s), 1261 (s), 1228 (s), 1070 (m), 841(s) cm .
UV—-Vis (THF) Amax (/M 'em™): 443 (200). Anal. Found: C, 63.24; H, 7.89; N,
10.74%. Calcd. for Co¢H13sN14Yb,: C, 62.86; H, 7.58; N, 10.69%.

Reaction of [Yb(L?),(THF);-0.25C¢H;4] (20) with PANNPh. To a solution of
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complex 20 (1.66 g, 1.46 mmol) in toluene (20 ml) at 0 °C was added dropwise an
orange solution of PANNPh (0.27 g, 1.46 mmol) in the same solvent (20 ml). The
blue reaction mixture was warmed slowly to room temperature and stirred for 8§ h.
The blue solution was filtered and concentrated to ca. 10 ml to give
[Yb(L)2(n>~PhNNPh)- PhMe] (28) as blue crystals. Yield: 1.18 g, 0.94 mmol, 64%.
M.p.: 185-187°C (dec.). IR (KBr) 3419 (w br), 2925 (s), 2853 (s), 2346 (w), 1638
(m), 1534 (s), 1452-1467 (s), 1269 (s), 1239 (s), 1150 (m), 1090 (s), 760 (s) cm .
UV-Vis (THF) Amax (¢/M 'em'): 585 (br, 800), 378 (2700). Anal. Found: C, 64.81;
H, 8.07; N, 9.30%. Calcd. for C¢oHooNgSi, Yb+C;Hg: C, 64.65; H, 7.94; N, 9.00%.

Reaction of [Sm(L?),] (22) with CS;. To a solution of complex 22 (1.58 g, 1.55
mmol) in toluene (20 ml) at 0 °C was added dropwise a solution of CS, (5 M in THF,
0.3 ml, 1.65 mmol). The green reaction mixture was warmed slowly to room
temperature and stirred for 8 h. The green solution was filtered and concentrated to
ca. 10 ml to give [(L*),Sm(p—n’n’-S>CSCS)Sm(L’),] (29) as green crystals. Yield:
1.14 g, 0.51 mmol, 66%. M.p.: 181-182 °C (dec.). Anal. Found: C, 64.24; H, 8.42;

N, 7.78%. Calcd. for C118H178N1QS4SI’1’121 C, 6467, H, 809, N, 7.67%.
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Chapter 4

Trivalent Lanthanide Complexes
Derived from the Unsymmetrical
[(2,6-Me,CsH;N)C(NHPr)(NPr')|

Ligand
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4.1 The Development of Organolanthanide(I1I) Chemistry

The lanthanide metals refer to the fifteen elements from lanthanum (La) to
lutetium (Lu). All lanthanide elements can exist in the oxidation state of +3 with
electronic configurations [Xe]4f" (n = 0-14). The shielding effect of the orbitals
decreases in the order s > p > d > f. Because of the poor shielding effect of the 4f
orbitals, there is a steady increase in the effective nuclear charge of the metal across
the row from La to Lu. This also results in a decrease in their ionic radii. This
trend is called the lanthanide contraction.

The first organolanthanide(Ill) complexes, [Ln(Cp);] (Ln = La, Ce, Pr, Nd, Sm,
Gd, Dy, Er, Yb; Cp = CsHs ), were reported by Wilkinson and Birmingham in the mid
1950's (Scheme 4-1)."  These complexes were synthesized by metathetical reactions
of an appropriate anhydrous lanthanide trichloride with sodium cyclopentadienide in
THF. In the following decades, the coordination chemistry of cyclopentadienyl

ligands with the lanthanide metals has been well studied.”

THF
LnC|3 + 3 NaC5H5 _m’ Ln(C5H5)3
Ln = La, Ce, Pr, Nd, Sm, Gd, Dy, Er, Yb
Wilkinson and Birmingham'

Scheme 4—1

Following an exhaustive study on cyclopentadienyl-type ligands, tremendous
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research efforts have been devoted to develop alternative ligand sets that can sterically
saturate the coordination sphere around the large lanthanide metal center, and at the
same time, keep enough space for further reactions. The chemistry of various types
of non—cyclopentadienyl ligand systems have been reviewed.” Some of them are

depicted in Chart 4—1.

R' " L] R R'
R\ | /R R\ /R | "
C N 0 R\ N /R
S) S S) N“© N
Alkyl anions Amides Alkoxides Amidinates

R, R, R" = H, alkyl, aryl, silyl

Chart 4—1

Guanidinates anions belong to a class of versatile ligands. They are flexible
ligands due to their tunable steric and electronic properties through introduction of
various substituents at the nitrogen atoms. The chemistry of lanthanide guanidinate
complexes has been reviewed.® Beside their applications in various polymerization
processes (see P.22 in Chapter 1), volatile lanthanide(IIl) tris(guanidinate) complexes
have been reported to be suitable precursors for the deposition of lanthanide metals
and lanthanide oxides (Ln,O;3) thin layers by atomic layer deposition (ALD) and
metal—organic chemical vapor deposition (MOCVD) processes.’

Recently, Devi and co—workers have reported on the preparations of Gd(III) and
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Dy(Ill) tris(guanidinates), [M{(Pr'N),C(NMe,)}3;] (M = Gd, Dy).”* The latter
complexes were found to be stable precursors for deposition of Gd,O; and Dy,0; thin
films on Si(100) substrates. Gadolinium nitride (GdN), an emerging material, has
attracted considerable attention due to its unique magnetic and electronic properties
and, thus, its potential applications in spintronics.® Gadolinium nitride thin films can
be grown by deposition of a volatile Gd(III) single—source precursors (SSP) on Al,Os
or Si(100) substrates, followed by purging nitrogen or ammonia as a reactive gas in

5b .
°C.>™® Devi and co—workers have demonstrated

the temperature range of 650-850
the preparation of GdAN thin film by wusing Gd(IIl) tris(guanidinate)
[Gd{(Pr'N),C(NMe,)}3] as SSP.™¢ Compared with other lanthanide complexes,

lanthanide(III) tris(guanidinate) complexes were found to be better SSP for MOCVD

of metal nitrides.

4.1.1 Lanthanide(III) Tris(guanidinate) Complexes

Lanthanide(IIl) tris(guanidinate) complexes were extensively studied by two
research groups led independently by Devi’ and Shen.” These complexes were
readily prepared by (i) metathetical reactions of lanthanide trichlorides with an
appropriate lithium guanidinate, and (ii) the reactions of a lanthanide triamide with a

substituted carbodiimide (Chart 4-2). Lanthanide(Ill) tris(guanidinate) complexes

188



were shown to be active catalysts for the ring—opening polymerization of

e—caprolactone,”® trimethylene carbonate,”® amidation of aldehydes with amines, ¢

and single—source precursors for MOCVD of Ln,O; (Ln = Gd, Dy).™

_Pr
R' HN
RN Br RoN ‘
NN B i N R P KR
‘ >7 / a N NN THF
PrI§N//, l \\\\\ ) N) R“N//".L -“\\\\ ) NR R\N ’,’( Pri
“Ln” )—NR, n_ )—NR, ==Ln-NT
N
ENERY R=N_ \ \N\ Prie PVAN P
N b >—N - N "N N7 OnH
[ Pr \ H /. \ |
R,N Pr! RoN R' Pr! R py
Ln= Gd, Dy Ln=Nd,R=Pr,R'=Cy Ln=La, R = Ph
R = Me, Et, P’ Ln=Nd, Tb, R=Pr, R = Pr Ln = La, Nd, R = p-CICgH,
Ln = Nd, Sm, R = Ph, R' = Cy
Devi et al.52 Shen et al.”

Chart4—2

4.1.2 Lanthanide(III) Bis(guanidinate) Complexes

Richeson and co—workers have reported on the preparation of Sm(III) and Yb(III)
bis(guanidinate) complexes of the type [Ln{CyNC[N(SiMes),]NCy},(u—Cl),Li(X);]
(Ln = Sm, Yb; Cy = cyclohexyl; X = Et,0, 0.5 TMEDA) (Scheme 4-2)8
Substitution of the chloro ligands in these complexes by [CH(SiMes;),] and
[N(SiMe;)] gave the corresponding alkyl and amido compounds, respectively.
Later on, Shen’ and Trifonov'® have used the same ligand to prepare similar Sm(III)
and Lu(III) bis(guanidinate) complexes Ln{CyNC[N(SiMe3),|NCy},(u—Cl),Li(THF),

(Ln = Sm, Lu),”'* as well as Ln{CyNC[N(SiMe3),]NCy},CI(THF) (Ln = Nd, Sm,
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Lu).'"” The latter complexes were prepared by the reactions of an appropriate LnCl;
with two equivalents of sodium guanidinate Na{CyNC[N(SiMes),|NCy}. It is noted
that the use of sodium guanidinate may suppress the formation of ate—complexes.
The Lu(Ill) complex [Lu{CyNC[N(SiMes3);]NCy},(u—CI),Li(THF),] underwent
further reactions with LiCH,SiMe;, yielding the corresponding alkyl complex
[Lu{CyNC[N(SiMe3);]NCy}2(CH,SiMe3)] (Scheme 4-3).!'  Besides, addition of
PhSiH; to [Lu{CyNC[N(SiMes),]NCy}.(CH,SiMes;)] gave the hydrido complex
[Lu{CyNC[N(SiMe3)2]NCy}z(u—H)z]z.11 Results of a preliminary study showed that
the latter hydrido complex could catalyze the hydrosilylation of 1-nonene with

PhSiH; to give PhSiH,(n—CoH ) as the only isolable product.

. SiMe
Me;Si.. _SiMe; S 30
N Me3Si—N y
THF /
LnCl; + 2 cCy_ )\ cy — = N
N\ ./N - LiCl Cy~N,,,,' I wClu,,
L LS L0,
Cy-N \
- N
SiMes Messi~N\ Cy
Me;si—N &Y SiMe,
>;-N Ln=Sm, Yb
Cy-N,, / X =Et,0, 1/2 TMEDA
“Ln—E(SiMe3),
oy-NT | LIE(SiMes),
=
\
Me3S|——N\ Cy toluene or Et,O
SiMe, -2 LiCl
Ln=8Sm, Yb
E =CH,N
Richeson et al.8
Scheme 4—2
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MegSi—N O MeSi—N SV
/s '/\' AN

2 Cy=N.,,, | .Cl., i i hexane, 0°C Cy=N,,,,, )
LU Li(THF), + 2 LiCH,SiMe; ————— 2 Lu—CH,SiMes

cy-N -4 LiCl cy-N
Y \\ Y

N
CyiNf‘ | Ho, \:N—Cy 2 PhSiH,
/

LuQ, —~Lu’,
- \ H ‘N-Cy hexane, r.t.
=N N
\ -2 MeSiCH,SiH,Ph
Me3Si~N\ Cy cy /N—SIM83

Cy—N

Trifonov et a/l.""

Scheme 4—3

More recently, Trifonov and co—workers have isolated a series of lanthanide(III)
borohydride complexes of the type [(Me;Si),NC(NCy),].Ln(u—BHy),Li(THF), (Ln =
Nd, Sm, Yb)" by the reactions of an appropriate Ln(IIl) tris(borohydrides),
Ln(BH4)3(THF), (Ln = Nd, Sm, Yb), with a twofold molar excess of
Li[(Me;Si),NC(NCy),] in toluene at 65 °C (Scheme 4-4). The borohydride
complexes, especially the NdA(III) complex, acted as mono-—initiators for the
ring—opening polymerization of rac—lactide, yielding atactic polymers with controlled

molecular weights and relatively narrow polydispersities (1.09<M/M;<1.77).

SiMes
Me,Si—N  CY
3 /
toluene N
Ln(BH,)s(THF ~
(BH,)3(THF), 6590 Cy~N/,,,LI BH,
_— ‘Ln L Li(THF
s o oy [T
2 Li[(Me3Si),NC(NCy),] - LiBH4 YR
N
\
Me3Si——l\{ Cy
Ln=Nd, Sm, Yb SiMe;

Trifonov et al.’?

Scheme 4—4
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The coordination properties of [(Mes;Si),NC(NPr,),]” has been extensively
studied by Shen'” and Trifonov.'"* A few lanthanide(III) bis(guanidinate) complexes
derived from the [(Me;Si),NC(NPr,),] ligand have been isolated, e.g.
[Ln{Pr'NC[N(SiMe3),]NPr'},(u—C1),Li(THF),] (Ln = Nd, Yb, Lu)"**"% and
[Ln{Pr'NC[N(SiMe;),]NPr'}»(u—C1)]> (Ln = Nd, Sm, Yb)'*® (Chart 4-3). They were
prepared by the reactions of LnCl; (Ln = Nd, Sm, Yb, Lu) with two molar equivalents
of Li[(Me3Si),NC(NPr,),] in an appropriate solvent. Subsequent reactions of these
complexes with LiN(Pri)z, LiMe, NaOPr/, KOBU/, LiCH,SiMe; were also studied

(Scheme 4-5 and Scheme 4-6). These complexes were proved to be efficient

13a,14b 13b,c,14c

initiators for the polymerization of olefins, g—caprolactone, methyl

13b 114 14 . .
methacrylate, *” rac—lactide, " rac—B-butyrolactone, " as well as hydrosilylation of
- oy 14
I-nonene with PhSiH;.
SiMes SiMes Me;Si
Me;Si—N_ 7" Me;si—N 7" P{ N-SiMes
oo /’/\‘ ,, /T N=\ .
r'~N,,, Gl Pr\N,,,“ .\\\““CI’“m, \ /N r
Pri,N/Ln\CI/LI(THF)z pri,N/L{‘\Clr—L/n lllll Nepyl
L S
MesSi—N  Pr MesSi—N o "/ N-sivte,
SiMeg SiMe, Me;Si
Ln = Nd, Yb, Lu Ln =Nd, Sm, Yb
Shen et al."®
Trifonov et al. 142
Chart4—3
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; SiMe;
Messi—N 7" Messi—N 7"
N N
; SiMe. e
PrLN,,,“L, Mo.Si—N 3Pr, 4 MeLi ) Pr"N,,,“L{ Me,, Li(TMEDA
n €391 eLi n i
2 N \“swuea ® \ N4 / I e i )
N S NG / TMEDA N
\ 2LiCHSMe, N LGl v
Me;3Si—N Pri 2 PN \n\C|/ i(THF), Me3Si——l\{ Pri
i
SiMe; \ N SiMe;
\
Ln=Gd, Yb, Lu i— i -
MesSi—N Py 2 MX Ln=Nd, Yb
SiMe; \ /SiMe3
i i
2 PhSiH; Ln = Nd, Sm, Gd, Yb, Lu Messi—N 7"
. - AN
SiMe; MesSi, M=K, X = OBu! Pr—N,, |
Me3Si—N ;’r’ Pf\' N-SiMe; M=Na,X=0Pr 2 pri/N/L\u_x
Pr’FN/_ "\l H '\\l D N—Pr/ >= N\
““'Ln""\\\\ ///,,l“an/ Messi——l\{ Prf
PN | TSHTT [N SiMe,
-
N N X = OBu!, OPr'
. . = us, r,
MesSi—N  Pr Pt N-siwe
SiMe; Me;Si
Ln=Gd, Yb, Lu
Shen et al.13ap
Trifonov et al.*
Scheme 4—5
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Scheme 4—6

4.1.3 Lanthanide(IIT) Mono(guanidinate) Complexes
The first lanthanide(IIT) mono(guanidinate) complex,
[La{CyNC(NSiMes),)NCy} {N(SiMes),},], was reported by Arnold and

co—workers.">  This complex was synthesized by the reaction of La[N(SiMe3),]; with
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1,3—dicyclohexylcarbodiimide in refluxing toluene (Scheme 4-7). The
corresponding bis(guanidinate) complex [La{CyNC(NSiMes);)NCy},{N(SiMes),}]
was also isolated in this reaction, but these two complexes could be separated by
fractional crystallization. [La{CyNC(NSiMe;),)NCy},{N(SiMes),}]reacted cleanly
with two equivalents of 2,6—di—tert—butylphenol in pentane to give the corresponding

bis(phenoxide) complex [La{CyNC(NSiMe;),)NCy}(OCsH;Bu,-2,6)].

/SiMe3
Me3Si\N/3iMes MeSSi—N>’ /Cy
N
. ~
La(N(SiMes),); toluene ¢y | gy cy-N,. |
reflux, 48 h N N + ‘La—N(SiMe3),
v \/ oy N |
!_a\ \N
CyN=C=NCy . : > \
N(SIMe3)2 N(SlMe3)2 Me3S|—'N Cy
(60%) SiMes
(15%)

MesSi. SiMes

2 HOCgH5'Bu,-2,6
pentane, -78°C CV\NJ.\\N/CY
- 2 HN(SiMes), \‘L a/
Bu o O 1Bu
t
B
"
(93%)

Arnold et al.’®

Scheme 4—7
Mono(guanidinate) Er(IID) and  Yb(III) borohydride complexes
[{(Me;S1),NC(NCy),}Ln(BH4),(THF);] (Ln = Er, Yb) were prepared by the reactions
of Ln(BHy4);(THF); (Ln = Er, Yb) with one molar equivalent of sodium guanidinate

Na[(Me3Si),NC(NCy),] in THF (Scheme 4-8).'°
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Yuan et al.'®

Scheme 4—38

Ln =Yb (55%)
Ln =Er (59%)

Treatment of [Ln(MBMP){N(SiMes),}»(THF),] [Ln = Nd, Yb; MBMP =

2,2°~methylene bis(6—tert—butyl-4—methyl-phenolate)] with Pr'N=C=NPr' gave the

corresponding mixed ligand complexes [Nd(p—O-MBMP){(Pr'N),CN(SiMe3),} ], and

[Yb(MBMP){(Pr'N),CN(SiMe3),}] (Scheme 4-9).""

Bu
O THF

O\ | 4 , THF

/Ln——N(SiMe3)2 + Pr'IN=C=NPr

o
O THF
Bu o
Ln =Nd, Yb <
o)

Shen et al."”

Scheme 4—9

Recently, Zhou and

—_—

Bu 0 o] Bu
e o

co—workers have

Me3S| Pr\i /\o Prl /
N—<( AN / / \ )>—N\

N SiMe
Me;Si \ 3

(65%)

reported on a number of

bis(cyclopentadienyl) lanthanide guanidinates [Cp,LnL] (Cp = CsHs, Ln =

lanthanides, L = guanidinates) derived from various types of substituted guanidinate

ligands (Chart 4-4)."" These mixed—ligand guanidinate complexes were prepared by

the reactions of [Cp,LnL] (L = amides) with an appropriate carbodiimide, except for
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[(CsHs)Ln{p—n":n>-N=C(NMe3),}]> (Ln = Gd, Er),"*® which were prepared by salt

metathesis reactions of Cp,LnCl with lithium guanidinate LIN=C(NMey),.

Prf
= N
o N)%JQS
<™ O
Ln = D;rEr, Yb

R
&= N
b )>—NH
&N P

Pr

Ln =Dy, Er, Yb
R =1Bu, Ph

Pr'
= N P
En/ N)>7N/
N \
<& NP

Pr!
Ln = Gd, Dy, Yb

—
Ll
@\( =

N—

Zhou et al.'8

Chart4—4

18e

Pri
= N
v N)>—N Q
<& O

Pri

AN

Ln =Dy, Er, Yb
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4.2 Results and Discussion
4.2.1 Synthesis and Structure of Lanthanide(IlII) Tris(guanidinate)

and Bis(guanidinate) Complexes Derived from Ligand L'

Preparation

The preparation of [KL'-0.5PhMe], (1) have been described in Chapter 2.  Salt
metathesis reactions of an appropriate anhydrous LnCl; (Ln = Ce, Pr, Gd, Tb, Ho, Er,
Tm) with three molar equivalents of potassium reagent 1 in THF yielded the
corresponding homoleptic lanthanide(III) tris(guanidinate) complexes [Ln(L");] [Ln =

Ce (30), Pr (31), Gd (32), Tb (33), Ho (34), Er (35), Tm (36)] (Scheme 4-10).

e Py

LnCl + 3 [KL'-05PhMe], ———————> ‘L
nC3 [ e]n OOC_>r.t., 1d / E \ ) NH
Ln = Ce, Pr, Gd, Tb, 1 -3KCl Ne & N

Ho, Er, Tm HN>¥7,§ ﬁ
%f

30: Ln = Ce (70%)
31:Ln=Pr (77%)
32: Ln = Gd (72%)
33:Ln=Tb (75%)
34: Ln = Ho (80%)
35:Ln=Er (78%)
36: Ln = Tm (82%)

Scheme 4—10
Treatment of LnCls (Ln = Ce, Lu) with two molar equivalents of 1 in THF led to
the isolation of Dbinuclear lanthanide(IIl)  bis(guanidinate) complexes

[{Ln(L")(u—C1)}»] [Ln = Ce (37), Lu (38)] (Scheme 4-11).
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37 Ln = Ce (70%)
38:Ln=Lu (70 %)

Scheme 4—11

Physical Characterization of Complexes 30—38

All of the complexes 30—38 are sensitive to air and moisture. They are readily
soluble in common organic solvents such as THF, toluene, Et,O and hexane. The
formulation of complexes 30-38 has been confirmed by elemental analysis, NMR
spectroscopy (for 38) and X-ray diffraction analysis. Table 4—1 summarizes the
appearance and melting points of complexes 30-38.

Table 4-1. Appearance and melting points of complexes 30-38

Compound Appearance M.p. (°C)
[Ce(L")3](30) Yellow crystals 174-176
[Pr(L")s] (31) Pale green crystals 189-192
[GA(L";](32) Colorless crystals 176-178
[Tb(L")3] (33) Colorless crystals 173-174
[Ho(L")3] (34) Pink crystals 173174
[Er(L");] (35) Colorless crystals 162—-164
[Tm(L"):] (36) Colorless crystals 175-176

[{Ce(L")2(u—C1)}2] (37) Yellow crystals 180181
[{Lu(L2(u—C1)},] (38) Colorless crystals 189-190

NMR Spectra of Complex 38
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The NMR spectra of complex 38 are shown in Figures A2-21 and A2-22
(Appendix 2), respectively. Complex 38 was dissolved in C¢Dg for NMR analysis.
The 'H and ">C NMR spectra of complex 38 show only one set of resonance signals
which are assignable to the L' ligand, indicating that the four L' ligands in each
dimeric unit are chemically equivalent. Its '"H NMR shows one broad signal and one
doublet signal at 0.72 and 0.78 ppm, respectively, which are assignable to the
isopropyl methyl groups. A doublet of septet signal at 2.83 ppm and one septet
signal at 3.21 ppm are assignable to the methine proton on the isopropyl group
attached to the non—coordinated amino nitrogen atom and the coordinated nitrogen
atom, respectively. Besides, a singlet signal at 2.17 ppm is assignable to the ortho
methyl groups on the aryl substituent. A triplet signal at 6.66 ppm and a doublet
signal at 6.81 ppm are assignable to the para and meta protons on the aryl substituent,
respectively. The C NMR spectrum of 38 also shows broad resonance signals due
to the isopropyl methyl groups (74.5 and 76.0 ppm) and the isopropyl methine
carbons (95.1 and 96.6 ppm), respectively. One singlet signal at 70.3 ppm, four
singlet signals at 172.7, 178.7, 184.1 and 197.1 ppm, and one singlet signal at 214.3
ppm are assignable to the ortho methyl groups on the aryl substituents, the carbon
atoms on the aryl substituents and the central carbon atom on the N-C—N backbone,

respectively.
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Crystal Structures of Complexes 30-38

Single crystals of complexes 30—36 were obtained from pentane, whereas those
of complexes 37 and 38 were obtained from hexane. Figures 4—1 to 4-9 show the
molecular structures of the homoleptic complexes 30-38, respectively. Selected
bond lengths and angles are listed in Tables 4-2 to 4-10. Selected crystallographic
data are listed in Tables A3—11 to A3—13 (Appendix 3), respectively.

1. [Ln(L"] [Ln = Ce (30), Pr (31), Gd (32), Tb (33), Ho (34), Er (35), Tm (36)]

Complexes 30-36 are isotypic, in which the metal center is coordinated by three
’~bound L' ligands. All of them crystallize in a triclinic crystal system with space
group P1. Each of them consists of a three—fold rotational axis passing through the
metal center. The coordination geometry around the metal center can be best
described as a distorted trigonal prism: one of the trigonal planes is consisted of
nitrogen atoms N(1), N(4) and N(7), while the other trigonal plane is composed of
nitrogen atoms N(3), N(6) and N(9). It is noteworthy that the solid—state structures
of complexes 30-36 show that they are A—isomers, but, the possibility for both A—
and A—isomers co—exist as a racemic mixture for each complex should not be
excluded.” Table 4-11 summarizes important structural parameters for complexes

30-36.

"A— and A-isomers are enantiomers. Both isomers have the same energy of crystallization in
non—chiral solvents (e.g. pentane).
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Table 4-11.

NE_L - NOoPropyD apnotes (%) (A) for complexes 30-36.

The CE™P_NEYT  distances, CCI_NIPOPDT  distances, Ln—N® distances, Ln-N®®P) distances (A) and the

[Ln(L");]

C(center)_N(aryl) ( A)

C(center)_N(isopropyl) ( A)

Lo-N@ (&)

Ln_N(iSOPI‘Opyl) (A)

N(aryl)_L n_I\I(isopropyl) (0)

30 (Ln = Ce)

31 (Ln=Pr)

32 (Ln=Gd)

33 (Ln =Tb)

34 (Ln =Ho)

35 (Ln=Er)

36 (Ln =Tm)

1.336(3)-1.338(3)

1.340(3)-1.347(3)

1.336(4)—1.346(4)

1.338(4)-1.341(4)

1.342(4)-1.350(4)

1.335(3)-1.343(3)

1.331(4)-1.355(4)

1.326(4)-1.335(3)

1.328(4)-1.335(3)

1.325(5)-1.332(4)

1.327(5)-1.335(4)

1.330(4)—1.338(4)

1.332(3)-1.337(3)

1.324(4)-1.338(4)

2.480(2)-2.514(2)

2.463(2)-2.503(2)

2.401(3)-2.428(3)

2.386(3)-2.417(2)

2.362(3)-2.392(3)

2.352(2)-2.377(2)

2.332(2)-2.368(2)

2.482(2)-2.504(2)

2.463(2)-2.489(2)

2.398(3)-2.411(3)

2.383(3)-2.402(2)

2.357(3)-2.377(3)

2.343(3)-2.365(2)

2.331(2)-2.357(2)

53.58(8)-53.71(7)

54.10(7)-54.15(8)

55.56(9)-55.87(9)

55.95(8)-56.07(8)

56.66(9)-56.81(9)

56.96(8)-57.06(7)

57.05(8)-57.44(8)

™ = carbon atoms C(9), C(24) and C(39) on the N-C-N backbone; N Y = nitrogen atoms N(1), N(4) and N(7), each of them attached to the aryl substituent of the L'
ligand; NP = pitrogen atoms N(3), N(6) and N(9), each of them attached to the isopropyl substituent of the L' ligand.
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The observed CC™ N gpd cleenen_NGsopoy) pond distances are almost
identical in 30-36, indicating a delocalization of the anionic charge over the
guanidinate N—-C—N moiety. Because of different steric and electronic properties of
substituents on the N-C-N moiety, the C™P_NEY and Ceener_Nsorory) pond
distances are slightly different in complexes 30-36. The observed C“™e_Nseprory)
distances are marginally shorter than the C“™"-N®Y) distances. This may be
ascribed to the presence of a relatively strong electron—donating Pr' substituent as
compared to that of the aryl substituent. A higher electron density on the N@Pry)
atom resulted in a shorter Ln-NPP) bond  in which the observed Ln—NUsPrpyD
bond distances listed in Table 4-10 are marginally shorter than the Ln-N®" distances
in the above complexes 30-36. Both the Ln—N®" and Ln-N®PPY) distances of
complexes 30-36 decrease across the lanthanide series. This trend is consistent with
the lanthanide contraction. Moreover, the N®Y—_Ln-N® ) pite angles increase
across the lanthanide series. When the Ln—N distances decrease, an increase in steric
repulsion forces the aryl and isopropyl substituents around the coordinated N@ and
NsoPropYD atoms pointing away from the metal center, resulted in an increment of the
bite angle.

The Ce-N distances of 2.480(2)-2.514(2) A in 30 are slightly longer than the

corresponding distances of 2.422(8)-2.507(2) A in [Ce{Bu'NC(CH;)NBu'};]."
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However, they are comparable to the corresponding distances of 2.487(5)-2.502(5) A
in [Ce{(PhC=C)C(NPr'),}5]*° and 2.482(2)-2.492(2) A in [Ce{Pr'NC(Ph)NPr'}5].*!

The N®_Ce-NPPY) pite angles of 53.58(8)—53.71(7)° in 30 are similar to
those of 52.44(7)-54.7(3)° in [Ce{Bu'NC(CH3)NBu'}3]," 54.1(2) and 54.3(2)° in
[Ce{(PhC=C)C(NPr'),}3]* and 53.95(5)-54.12(7)° in [Ce{Pr'NC(Ph)NPr'}5].>!

The Pr-N distances of 2.463(2)-2.503(2) A in 31 are similar to those of
2.460(4)-2.468(4) A in the four-membered tris(guanidinate) complex
[Pr{PhC(NCy),}3],”> and 2.479(5)-2.536(5) A in the six-membered
tris(B—diketiminate) complex [Pr{(4—ClCsH4)NC(Me)},CH}3].2 However, they are
reasonably longer than those of 2.423(8)-2.431(8) A in the ate—complex
[{{(Me3S1),N}4Pr} {K(THF)6}].24 This suggests that an increase in the coordination
number around the metal center resulted in a longer metal-ligand bond distance.

The N®Y_pr_NPPY) pite angles of 54.10(7)—54.15(8)° in 31 are similar to the
corresponding angles of 54.8(2)° in the four-membered [Pr{PhC(NCy)2}3],22 but are
much smaller than those of 71.6(2)-74.9(2)° in the six-membered
[Pr{(4-CIC¢H4)NC(Me)},CH};].%

The Gd-N distances of 2.398(3)-2.428(3) A in 32 are comparable to those
reported for other Gd(III) tris(guanidinate) complexes such as, [Gd{(NPr’),CNMe;}s]

[2.410(7) ALY [Gd{(NPr'),CNEt,}s] [2.406(9) A]" and [Gd{(NPr),CNPr’}]

203



[2.405(4) A1” and Gd(110) tris(2—pyridylamide) complex
[Gd{6-Me—2—(SiMesN)CsH3N V3] [2.334(7)-2.460(7) A],” but they are slightly
shorter than those of 2.415(5)-2.601(5) A in the eight—coordinated Gd(III)
dipyridylamide complex [Gd, {N(CsH4N),}¢].%

The N®Y_Gd-NPPY) pite angles of 55.56(9)-55.87(9)° in 32 are similar to
those of 55.82(7)-55.90(7)° in [Gd{(NPr),CNMe;};],” 55.6(2) and 55.9(2)° in
[Gd{(NPr'),CNEt,}3]" and 55.69(7) and 55.0(1)° in [Gd{(NPr'),CNPr’}s],"” but are
slightly smaller than those of 56.5(2)-56.8(2)° in [Gd {6-Me—2—(SiMesN)CsH;N}5].2

The Tb-N distances of 2.383(3)-2.417(2) A in 33 are similar to the
corresponding distances of 2.380(6)-2.411(6) A in the six—coordinate complex
[Tb{Pr'NC(NPr',)NPr'};],’ but are reasonably longer than those of 2.23(1) A in the
three—coordinate complex [Tb {N(SiMe3)2}3].27

The N®Y_Tb-NPPY) pite angles of 55.95(8)—56.07(8)° in 33 are marginally
smaller than those of 56.2(2)-56.6(2)° in [Tb{Pr'NC(NPr'’,)NPr'}3].”

The Ho—N distances of 2.357(3)-2.392(3) A in 34 are reasonably longer than
those of 2.235(2)-2.278(2) A in the monodentate Ho(IIl) tris(amide) complex
[Ho {N(SiHMCz)2}3(THF)2],28 but are similar to the corresponding distances of
2.367(6)-2.386(7) A in the six—coordinated Ho(IIl) tris(amidinate) complex

[{Ho(EtForm);} -2THF].””  On the other hand, they are marginally shorter than those
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of 2.366(5)-2.516(5) A in the eight—coordinated Ho(Ill) dipyridylamide complex
[Ho {N(CsH4N)2}6].

The N®YW_Ho-NPPY) pite angles of 56.66(9)-56.81(9)° in 34 are similar to
the corresponding angles of 56.4(3)-57.4(3)° in [{Ho(EtForm);} -2THF],”® but are
smaller than those of 73.4(2)-87.3(2)° in [Ho, {N(CsH4N),}].*°

The Er-N distances of 2.343(3)-2.377(2) A in 35 are similar to those in the
six—coordinate complex [Er{Bu'NC(CH;)NBu'}s] [2.35(1)-2.41(1) A]" and
[Er{6-Me—2—(SiMe;N)CsH3N}3] [2.279(4)-2.387(4) A],* but are reasonably shorter
than those in the eight—coordinate complex [Er(PhNNNPh);(CsHsN),-(CsHsN); -
(C7Hy)o.5] [2.378(6)—2.484(6) A]*! and [Er, {N(CsHsN),}6] [2.367(9)-2.513(9) A].*°

The NOY_Er-N®PPY) bite angles of 56.96(8)—57.06(7)° in 35 are similar to the
corresponding angles of 56.6(6) and 57.2(5)° in [Er{ButNC(CH3)NBut}3],19 but are
smaller than those of 73.4(4)—88.8(4)° in [Er, {N(CsH4N),}¢].*°

The Tm-N distances of 2.331(2)-2.368(2) A in 36 are comparable to the
corresponding distances of 2.355(4)-2.517(4) A in the eight—coordinated Tm(III)
dipyridylamide complex [Tm; {N(C5H4N)2}6].30

The N(1)-Tm(1)-N(3), N(4)-Tm(1)-N(6) and N(7)-Tm(1)-N(9) bite angles are

acute, namely 57.05(8), 57.11(9) and 57.44(8)°.
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Figure 4-1. Molecular structure of [Ce(L")s] (30)

Table 4-2. Selected bond distances (A) and angles (deg.) for compound 30

[Ce(L")s] (30)

Ce(1)-N(1) 2.480(2) Ce(1)-N(3) 2.490(2)
Ce(1)-N(4) 2.514(2) Ce(1)-N(6) 2.482(2)
Ce(1)-N(7) 2.503(2) Ce(1)-N(9) 2.504(2)
N(1)-C(9) 1.336(3) N(2)-C(9) 1.371(3)
N(@3)-C(9) 1.334(3) N(4)-C(24) 1.336(4)
N(5)-C(24) 1.378(4) N(6)-C(24) 1.326(4)
N(7)-C(39) 1.338(3) N(8)-C(39) 1.373(3)
N(9)-C(39) 1.335(3)

N(1)-Ce(1)-N(3) 53.63(7) N(4)-Ce(1)-N(6) 53.58(8)

N(7)-Ce(1)-N(9) 53.71(7) N(1)-C(9)-N(3) 114.2(2)

N(4)-C(24)-N(6) 115.6(2) N(7)-C(39)-N(9) 115.6(2)
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Figure 4-2. Molecular structure of [Pr(L");] (31)

Table 4-3. Selected bond distances (A) and angles (deg.) for compound 31
[Pr(L)s] (31)

Pr(1)-N(1) 2.463(2) Pr(1)-N(3) 2.476(2)
Pr(1)-N(4) 2.503(2) Pr(1)-N(6) 2.463(2)
Pr(1)-N(7) 2.478(2) Pr(1)-N(9) 2.489(2)
N(1)-C(9) 1.347(3) N(2)-C(9) 1.365(3)
NQB)-C(9) 1.335(3) N(4)-C(24) 1.344(4)
N(5)-C(24) 1.380(4) N(6)-C(24) 1.328(4)
N(7)-C(39) 1.340(3) N(8)-C(39) 1.373(4)
N(9)-C(39) 1.333(3)

N(1)-Pr(1)-N(3) 54.10(7) N(4)-Pr(1)-N(6) 54.15(8)

N(7)-Pr(1)-N(9) 54.14(7) N(1)-C(9)-N(3) 113.8(2)

N(4)-C(24)-N(6) 115.6(2) N(7)-C(39)-N(9) 115.57(2)
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Figure 4-3. Molecular structure of [GA(L")s] (32)

Table 44. Selected bond distances (A) and angles (deg.) for compound 32

[Gd(L")] (32)

Gd(1)-N(1) 2.401(3) Gd(1)-N(3) 2.403(3)
Gd(1)-N(4) 2.428(3) Gd(1)-N(6) 2.398(3)
Gd(1)-N(7) 2.413(2) Gd(1)-N(9) 2.411(3)
N(1)-C(9) 1.341(4) N(2)-C(9) 1.370(4)
N(@3)-C(9) 1.330(4) N(4)-C(24) 1.336(4)
N(5)-C(24) 1.373(4) N(6)-C(24) 1.325(5)
N(7)-C(39) 1.346(4) N(8)-C(39) 1.370(4)
N(9)-C(39) 1.332(4)

N(1)-Gd(1)-N(3) 55.56(9) N(4)-Gd(1)-N(6) 55.6(1)

N(7)-Gd(1)-N(9) 55.87(9) N(1)-C(9)-N(3) 113.9(3)

N(4)-C(24)-N(6) 115.4(3) N(7)-C(39)-N(9) 115.1(3)
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Figure 4-4. Molecular structure of [Tb(L");] (33)

Table 4-5. Selected bond distances (A) and angles (deg.) for compound 33
[Tb(L)3] (33)

Tb(1)-N(1) 2.386(3) Tb(1)-N(3) 2.392(2)
Tb(1)-N(4) 2.417(2) Tb(1)-N(6) 2.383(3)
Tb(1)-N(7) 2.394(2) Tb(1)-N(9) 2.402(2)
N(1)-C(9) 1.341(4) N(2)-C(9) 1.371(4)
NQB)-C(9) 1.333(4) N(4)-C(24) 1.340(4)
N(5)-C(24) 1.378(4) N(6)-C(24) 1.327(5)
N(7)-C(39) 1.338(4) N(8)-C(39) 1.371(4)
N(9)-C(39) 1.335(4)

N(1)-Tb(1)-N(3) 55.95(8) N(4)-Tb(1)-N(6) 55.96(9)

N(7)-Tb(1)-N(9) 56.07(8) N(1)-C(9)-N(3) 113.9(2)

N(4)-C(24)-N(6) 115.2(3) N(7)-C(39)-N(9) 115.0(3)
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Figure 4-5. Molecular structure of [Ho(L");] (34)

Table 4-6. Selected bond distances (A) and angles (deg.) for compound 34

[Ho(L")s] (34)

Ho(1)-N(1) 2.362(3) Ho(1)-N(3) 2.371(3)
Ho(1)-N(4) 2.392(3) Ho(1)-N(6) 2.357(3)
Ho(1)-N(7) 2.371(2) Ho(1)-N(9) 2.377(3)
N(1)-C(9) 1.350(4) N(2)-C(9) 1.363(4)
N(@3)-C(9) 1.331(4) N(4)-C(24) 1.344(5)
N(5)-C(24) 1.377(5) N(6)-C(24) 1.330(4)
N(7)-C(39) 1.342(4) N(8)-C(39) 1.367(4)
N(9)-C(39) 1.338(4)

N(1)-Ho(1)-N(3) 56.66(9) N(4)-Ho(1)-N(6) 56.7(1)

N(7)-Ho(1)-N(9) 56.81(9) N(1)-C(9)-N(3) 113.8(3)

N(4)-C(24)-N(6) 115.1(3) N(7)-C(39)-N(9) 114.9(3)
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Figure 4-6. Molecular structure of [Ex(L")3] (35)

Table 4-7. Selected bond distances (A) and angles (deg.) for compound 35

[Ex(L")s] (35)

Er(1)-N(1) 2.352(2) Er(1)-N(3) 2.354(2)
Er(1)-N(4) 2.377(2) Er(1)-N(6) 2.343(3)
Er(1)-N(7) 2.355(2) Er(1)-N(9) 2.365(2)
N(1)-C(9) 1.343(3) N(2)-C(9) 1.372(3)
N(@3)-C(9) 1.337(3) N(4)-C(24) 1.336(3)
N(5)-C(24) 1.375(3) N(6)-C(24) 1.335(4)
N(7)-C(39) 1.335(3) N(8)-C(39) 1.376(3)
N(9)-C(39) 1.332(3)

N(1)-Er(1)-N(3) 57.06(7) N(4)-Er(1)-N(6) 56.96(8)

N(7)-Er(1)-N(9) 56.98(7) N(1)-C(9)-N(3) 114.02)

N(4)-C(24)-N(6) 114.9(2) N(7)-C(39)-N(9) 115.1(2)
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Figure 4-7. Molecular structure of [Tm(L")3] (36)

Table 4-8. Selected bond distances (A) and angles (deg.) for compound 36

[Tm(L')3] (36)

Tm(1)-N(1) 2.368(2) Tm(1)-N(3) 2.331(2)
Tm(1)-N(4) 2.344(2) Tm(1)-N(6) 2.357(2)
Tm(1)-N(7) 2.332(2) Tm(1)-N(9) 2.339(3)
N(1)-C(9) 1.345(4) N(2)-C(9) 1.366(4)
N(@3)-C(9) 1.338(4) N(4)-C(24) 1.355(4)
N(5)-C(24) 1.372(4) N(6)-C(24) 1.329(5)
N(7)-C(39) 1.331(4) N(8)-C(39) 1.390(4)
N(9)-C(39) 1.324(4)

N(1)-Tm(1)-N(3) 57.05(8) N(4)-Tm(1)-N(6) 57.44(8)

N(7)-Tm(1)-N(9) 57.11(9) N(1)-C(9)-N(3) 113.6(3)

N(4)-C(24)-N(6) 114.6(2) N(7)-C(39)-N(9) 114.5(3)
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2. [{Ln(L')(p-Ch}s] [Ln = Ce (37), Lu (38)]

Complexes 37 and 38 crystallize in a dimeric form, in which each metal center is
coordinated by two xk’~bound L' ligands and two bridging chloride ligands. For
complex 37, the coordination geometry around Ce(1) {Ce(2)} can be best described
as distorted octahedral. The two axial positions are occupied by N(6) and CI(2)
{N(9) and CI(1)} [N(6)-Ce(1)-CI(2) = 152.7(2)° {N(9)-Ce(3)-CI(1) = 147.3(1)°}],
whereas the equatorial plane consists of N(1), N(3), N(4) and CI(1) {N(7), N(10),
N(12) and CI(2)} [sum of bond angles around Ce(1) = 369.8° {Ce(2) = 371.9°}].
The coordination geometry around the Lu(1l) atom in 38 can also be described as
distorted octahedral, with the two axial positions being occupied by N(1) and CI(1)#1
[N(1)-Lu(1)-CI(1)#1 = 152.6(1)°], whereas the equatorial plane consists of N(3),
N(4), N(6) and CI(1) [sum of bond angles around Lu(1) = 363.5°]. It is suggested
that the difference in ionic radii of Ce®” (1.01 A) and Lu’" (0.86 A)* led to a different
in the coordination geometry between complexes 37 and 38 (the axial position of the
Ce(IIl) center is occupied by the nitrogen atom which is attached to an isopropyl
substituent, whereas the axial position of the Lu(III) center is occupied by the nitrogen
atom which is attached to an aryl substituent).

Complex 37 crystallizes in the triclinic space group P1. The binuclear complex

consists of a planar Ce,Cl, core (angle sum of the Ce,Cl, plane is 359.8°).
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The observed Ce-N distances of 2.421(5)-2.461(6) A in 37 are shorter than
those of 2.480(2)-2.514(2) A in 30. This may be due to a less steric congestion
environment around the metal center exerted by the two chloride ligands as compared
to one L' ligand. They are reasonably longer than those of 2.320(7) and 2.342(7) A
in the monodentate [{Ce(N(SiMe;3),)»(u—C1)(THF)},],* but are similar to those of
2.423(6)-2.487(5) A in the five—coordinate complex
[Ce(C1){(N(SiMe3)C(Ph)),CH},]** and 2.438(4)-2.761(4) A in the seven—coordinate
complex [ {Ce(N(SiMe3)C(Ph)N(CH,);NMe,)(u—Cl)}2].%

The Ce—Cl distances of 2.847(2)-2.8712 A in 37 are comparable to those of
2.843(2) and 2.859(2) A in the dimeric [{Ce(N(SiMes),)2(u—CI)(THF)},],* 2.866(2)
and 2.884(2) A in [{Ce(N(SiMe3)C(Ph)N(CH2)3NMez)2(|,L—Cl)}2],35 but are longer
than that of 2.697(2) A in the monomeric [Ce(Cl){(N(SiMe;)C(Ph)),CH},].**

The observed N@Y_Ce-NUPPY) pite angles of 54.7(2)-55.0(2)° in 37 are
comparable to those of 54.0(1) and 54.2(1)° in the four-membered
[{Ce(N(SiMe3)C(Ph)N(CHz)gNMez)z(|,L—Cl)}2],35 but are smaller than those of 78.2(2)
and 108.4(2)° in the six—membered [Ce(Cl){(N(SiMe3)C(Ph)),CH},].**  This
suggests an increase in the metallocyclic ring size resulted in an increase in the
N-M-N bite angle.

Complex 38 crystallizes in the tetragonal space group P42ic. This complex
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also has a planar Lu,Cl, core (angle sum of the Lu,Cl; plane is 358.7°) similar to that
in complex 37.

The observed Lu-N distances of 2.276(5)-2.290(5) A in complex 38 is
marginally longer than those of 2.184(3)-2.238(3) A in the five—coordinated Lu(III)
tris(amide) complex [Lu{N(SiMe;s),}3(THF),],*® but are similar to those in the Lu(IIl)
ate—complexs [Lu{(Me3Si):NC(NPr'),}2(u—CI),Li(THF),] [2.285(1)-2.346(2) A]'*
and [Lu{(Me3Si)aNC(NCy),}2(u—CI),Li(THF),] [2.320(5) and 2.291(5) A]" and the
Lu(IIT) bis(2—pyridylamide) complex [LuAp,CI(THF)] (Ap' =
(2,6-diisopropyl)[6—(2,6—dimethylphenyl)pyridin—2—ylJamide) [Lu-N®™% = 2 246(8)
and 2.248(7) A, Lu-N®"1% =2 422(8) and 2.46(1) A].”’

The Lu(1)-CI(1) and Lu(1)-CI(1)#1 distances of 2.651(1) and 2.677(2) A in
complex 38 are shorter than those of 2.7472 A in
[Lu{(Me3Si)2NC(NCy)2}z(u—Cl)zLi(THF)z],10 but are longer than those of 2.600(1)
and 2.623(1) A in [Lu{(Me;Si),NC(NPr'),}»(u—Cl),Li(THF),]."**

The N(4)-Lu(1)-N(6) and N(1)-Lu(1)-N(3) bite angles of 58.4(2) and 58.5(2)°
are similar to those in other four-membered Lu(IIl) complexes, such as
[Lu{(Me3Si);NC(NPr'),}»(u—Cl),Li(THF),] [57.86(6) and  57.87(6)°],'*
[Lu{(Me3Si);NC(NCy),}2(u—CI),Li(THF),]  [57.74(7)°]* and [LuAp',CI(THF)]

[56.7(3) and 58.7(2)°].%’
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Figure 4-8. Molecular structure of [{Ce(Ll)z(u—Cl)}z] 37)

Figure 4-9. Molecular structure of [ {Lu(Ll)z(u—Cl)}g] (38)
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Table 4-9. Selected bond distances (A) and angles (deg.) for compound 37

[{Ce(L)(u—CD)}2] (37)

Ce(1)-N(1) 2.421(5) Ce(1)-N(3) 2.443(6)
Ce(1)-N(4) 2.435(5) Ce(1)-N(6) 2.452(7)
Ce(2)-N(7) 2.438(5) Ce(2)-N(9) 2.461(6)

Ce(2)-N(10) 2.459(4) Ce(2)-N(12) 2.439(6)
Ce(1)-CI(1) 2.860(2) Ce(1)-CI(2) 2.855(3)
Ce(2)-CI(1) 2.871(2) Ce(2)-Cl(2) 2.847(2)
N(1)-C(9) 1.346(8) N(2)-C(9) 1.360(9)
N(3)-C(9) 1.356(9) N(4)-C(24) 1.351(8)
N(5)-C(24) 1.375(8) N(6)-C(24) 1.320(9)
N(7)-C(39) 1.360(8) N(8)-C(39) 1.365(9)
N(9)-C(39) 1.340(8) N(10)-C(54) 1.356(7)
N(11)-C(54) 1.365(8) N(12)-C(54) 1.329(7)
N(1)-Ce(1)-N(3) 55.0(2) N(4)-Ce(1)-N(6) 54.8(2)
N(7)-Ce(2)-N(9) 54.8(2) N(10)-Ce(2)-N(12) 54.7(2)
Ce(1)-Cl(1)-Ce(2) 103.14(5) Ce(1)-Cl(2)-Ce(2) 103.87(6)
CI(1)-Ce(1)-Cl(2) 76.42(5) CI(1)-Ce(2)-Cl(2) 76.39(5)
N(6)-Ce(1)-CI(2) 152.7(2) N(9)-Ce(2)-CI(1) 147.3(1)
N(1)-Ce(1)-CI(1) 105.9(1) N(4)-Ce(1)-CI(1) 108.2(1)
N(3)-Ce(1)-N(4) 100.7(2) N(7)-Ce(2)-Cl(2) 109.6(1)
N(10)-Ce(2)-C1(2) 104.0(1) N(7)-Ce(2)-N(12) 103.6(2)
N(1)-C(9)-N(3) 112.5(6) N(4)-C(24)-N(6) 114.5(6)
N(7)-C(39)-N(9) 113.2(6) N(10)-C(54)-N(12) 113.9(6)
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Table 4-10. Selected bond distances (A) and angles (deg.) for compound 38

[{Lu(L)2(p-CD)}2] (38)

Lu(1)-N(1)
Lu(1)-N(4)
Lu(1)-CI(1)
N(1)-C(9)
N(@3)-C(9)
N(5)-C(24)

N(1)-Lu(1)-N(3)

Lu(1)-CI(1)-Lu(1)#1

N(1)-Lu(1)-CI(1)#1
N(3)-Lu(1)-N(4)
N(D-C(9)-N(3)

2.284(5)
2.276(5)
2.651(1)
1.333(8)
1.332(8)
1.376(8)

58.5(2)
100.26(5)
152.6(1)
102.8(2)
113.4(6)

Lu(1)-N(3)
Lu(1)-N(6)
Lu(1)-CI(1)#1
N(2)-C(9)
N(4)-C(24)
N(6)-C(24)

N(4)-Lu(1)-N(6)
CI(1)-Lu(1)-CI(1)#1
N(3)-Lu(1)-CI(1)
N(6)-Lu(1)-CI(1)
N(4)-C(24)-N(6)

2.276(5)
2.290(5)
2.677(2)
1.360(9)
1.343(8)
1.322(8)

58.4(2)
79.10(5)
105.4(1)
96.9(1)
113.2(5)

Symmetry code: #1 —x,-y+l,z

218



4.3 Summary

A series of lanthanide(IIl) complexes supported by the guanidinate ligand
[(2,6-Me,CeHsN)C(NHPr)(NPr)]” (L") have been synthesized and structurally
characterized. Metathetical reactions of LnCl; (Ln = Ce, Pr, Gd, Tb, Ho, Er, Tm)
with three equivalents of [KL'-0.5PhMe], (1) gave mononuclear, homoleptic
complexes [Ln(L')s] [Ln = Ce (30), Pr (31), Gd (32), Tb (33), Ho (34), Er (35), Tm
(36)]. Dimeric complexes [{Ln(L")2(u—C1)},] [Ln = Ce (37), Lu (38)] were isolated

by the reactions of LnCl; (Ln = Ce, Lu) with two equivalents of 1.
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4.4 Experimental Section for Chapter 4
Starting Materials:

Anhydrous LnCl; (Ln = Ce, Pr, Gd, Tb, Ho, Er, Tm, Lu) were purchased from
Strem and used as received. The potassium reagent [KL'-0.5PhMe], (1) was
prepared according to the procedure as described in Chapter 2.

General procedure for the preparation of [Ln(L")3]. To a slurry of LnCls in
THF(20 ml) at 0 °C was added dropwise a colorless solution of complex 1 (three
equivalents) in the same solvent (20 ml). The reaction mixture was allowed to warm
slowly to room temperature and stirred for 1 d. All the volatiles were removed in
vacuo and the residue was extracted with pentane (30 ml). The solution was filtered
and then concentrated to ca. 5 ml to give the desired complex [Ln(L")s].

Synthesis of [Ce(L")3] (30). CeCls: 0.57 g, 2.30 mmol; Complex 1: 2.05 g, 6.20
mmol. Complex 30 was isolated as yellow crystals. Yield: 1.23 g, 1.4 mmol, 70%.
M.p.: 174-176 °C. Anal. Found: C, 61.41; H, 8.51; N, 14.27%. Calc. for
C4sCeH7No: C, 61.47; H, 8.25; N, 14.33%.

Synthesis of [Pr(LY;] (31). PrCls: 0.68 g, 2.75 mmol; Complex 1: 2.64 g, 7.96
mmol. Complex 31 was isolated as pale green crystals. Yield: 1.81 g, 2.05 mmol,
77%. M.p.: 189-192 °C. Anal. Found: C, 61.15; H, 8.88; N, 14.69%. Calc. for

C45H72N9PI’Z C, 6142, H, 825, N, 14.32%.
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Synthesis of [Gd(L")3] (32). GdCls: 0.74 g, 2.83 mmol; Complex 1: 2.56 g, 7.73
mmol. Complex 32 was isolated as colorless crystals. Yield: 1.66 g, 1.85 mmol,
72%. M.p.: 176-178 °C. Anal. Found: C, 59.69; H, 8.38; N, 14.25%. Calc. for
C45GdH7,Ng: C, 60.30; H, 8.10; N, 14.06%.

Synthesis of [Tb(L');] (33). TbCls: 0.60 g, 2.26 mmol; Complex 1: 2.11 g, 6.37
mmol. Complex 33 was isolated as colorless crystals. Yield: 1.43 g, 1.59 mmol,
75%. M.p.: 173-174 °C. Anal. Found: C, 59.94; H, 8.40; N, 14.34%. Calc. for
C4sH7,NoTh: C, 60.19; H, 8.08; N, 14.03%.

Synthesis of [Ho(L");] (34). HoCls: 0.71 g, 2.61 mmol; Complex 1: 2.37 g, 7.16
mmol. Complex 34 was isolated as pink crystals. Yield: 1.73 g, 1.91 mmol, 80%.
M.p.: 173-174 °C. Anal. Found: C, 59.43; H, 8.26; N, 14.39%. Calc. for
C4sH7,HoNo: C, 59.79; H, 8.03; N, 13.94%.

Synthesis of [Er(L")3] (35). ErCls: 0.65 g, 2.38 mmol; Complex 1: 2.11 g, 6.37
mmol. Complex 35 was isolated as colorless crystals. Yield: 1.50 g, 1.66 mmol,
78%. M.p.: 162-164 °C. Anal. Found: C, 59.22; H, 8.59; N, 14.35%. Calc. for
C4sErH7oNo: C, 59.63; H, 8.01; N, 13.90%.

Synthesis of [Tm(L")3] (36). TmCls: 0.65 g, 2.37 mmol; Complex 1: 2.33 g, 7.04
mmol. Complex 36 was isolated as colorless crystals. Yield: 1.75 g, 1.92 mmol,

82%. M.p.: 175-176 °C. Anal. Found: C, 59.27; H, 8.25; N, 14.14%. Calc. for
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C4sH72NoTm: C, 59.52; H, 7.99; N, 13.88%.

Synthesis of [{Ce(L")2(u—CD},] (37). To a slurry of CeCls (0.79 g, 3.2 mmol) in
THF (20 ml) at 0 °C was slowly added a colorless solution of complex 1 (2.12 g, 6.4
mmol) in the same solvent (20 ml). The reaction mixture was allowed to warm
slowly to room temperature and stirred for 1 d. All the volatiles were removed in
vacuo and the residue was extracted with hexane (30 ml). The solution was filtered
and then concentrated to ca. 5 ml to give complex 37 as yellow crystals. Yield: 1.49
g, 1.12 mmol, 70%. M.p.: 180-181. °C. Anal. Found: C, 54.09; H, 7.73; N,
11.86%. Calc. for C4Ce,;Cl,HoN1o: C, 53.92; H, 7.24; N, 12.57%.

Synthesis of [{Lu(L");(n—CI)},] (38). Complex 38 was prepared by a procedure
similar to the synthesis of 37, using 1.06 g (3.77 mmol) of LuCl; and 1.99 g (6.01
mmol) of complex 1. Complex 38 was isolated as colorless crystals. Yield: 1.48 g,
2.10 mmol, 70%. M.p.: 189-190 °C. 'H NMR (400.13 MHz, C¢D¢): & 0.72 (br,
24H, CH(CHs),), 0.78 (d, J = 6.8 Hz, 24H, CH(CHs),), 2.17 (s, 24H, ArCH3), 2.83 (d
of septet, J; = 6.4 Hz, J, = 9.8 Hz, 4H, CH(CH3),), 3.21 (septet, J = 6.3 Hz, 4H,
CH(CHj3)y), 3.71 (d, J = 9.9 Hz, 4H, NH), 6.66 (t, J = 7.4 Hz, 4H, p—ArH), 6.81 (d, J
= 7.4 Hz, 8H, m—ArH). "*C NMR (100.62 MHz, C¢Dy): & 70.3, 74.7, 76.0, 95.1,
96.6, 172.7, 178.7, 184.1, 197.1, 214.3.  Anal. Found: C, 51.80; H, 7.34; N, 12.48%.

Calc. for C60C12H96LU.2N122 C, 51.24; H, 688, N, 11.95%.
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5.1 Summary of This Research Work

In the present research work, we have investigated the coordination chemistry of
five related guanidinate ligands, namely [(2,6-Me,CsHsN)C(NHPr)(NPr)]™ (LY,
[(2,6-Me;CsHsN)C(NHCy)(NCy)]™ (L%, [(2,6-MesCeHsN)C {N(SiMes)Cy}(NCy)]”
(L), [(2,6-Pr',C6H3N)C{N(SiMes),} (NCeH3Pr>—2,6)] (LY and
[(2,6-Pr,CsHsN)C(NEL)(NC¢H3Pr',-2,6)] (L°), towards chromium and the
lanthanide metals. The reaction chemistry of divalent chromium and the lanthanide
guanidinate complexes was also examined.

Utilizing the least bulky ligand L', we have successfully prepared homoleptic
Cr(Il) complex [Cr(L"),] (3). With the more bulky L* ligand, heteroleptic Cr(II)
complexes [Cr(L*)(u—C1),Li(THF)(Et,0)] (4) and [{Cr(L*)(n—Cl)},] (5) were isolated.
It is noted that the use of sterically more bulky guanidinate ligand does not favour the
formation of Cr(II) bis(guanidinate) complexes. The reactivity of complex 3 as a
reducing agent was also studied in this work. This led to the isolation of a few Cr(III)
complexes, namely [Cr(L"),I] (6) and [Cr(L"),(EPh)] [E = S (7), Se (8), Te (9)], and a
Cr(IV) complex [Cr(L'){N(1-Ad)}] (10). Complex 4 underwent metathesis
reaction with NaOMe, resulting in the formation of dimeric Cr(Il) methoxide complex,
[{Cr(L)(n-OMe)}2] (10).

The coordination chemistry of ligands L', L% L* and L’ towards Ln(IT) (Ln = Sm,
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Eu, Yb) metal ions was studied. A series of divalent lanthanide complexes namely,
[{EuL)(-LD}2] (15), [{EuL?)(u-L2)}2 - 2CHia] (16), [{YL)(u-LY}a] (7).
[Yb(L?),(THF),] (18), [Eu(L*),(THF),-0.25C¢H 4] (19), [Yb(L*)2(THF),-0.25CsH 4]
(20), [{Sm(L3)(p,—I)(THF)2}2] (21) and [Sm(L’),] (22) were isolated. To our
knowledge, complex 22 represents the second example of a square planar Sm(II)
guanidinate, which has been structurally characterized.! Subsequent reactions of
complexes 15, 18, 20 and 22 with various oxidizing reagents (I, PhSSPh, PhSeSePh,
CuCl, PhNNPh and CS;) gave the corresponding lanthanide(Ill) complexes:
[{Eu(LDa(p-D}a] (23), [{YD(LY)(n-SPh)}a] (24), [{Yb(L )a(u-SePh)}a] (25),
[{YDL)2(n-CD}2] (26), [{YD(L )2}2(w—n"m*-PhNNPh)] (27), Yb(L')2(n*~PhNNPh)
-PhMe] (28) and [(L’),Sm(p—n*n’~S2CSCS)Sm(L),] (29). The reaction chemistry
of Sm(IT) guanidinate complex [Sm(Giso),] [Giso = {(2,6-Pr',C¢H3;N),CNCy,} ] has
been reported by Jones and co-workers.> However, a detailed investigation on the
reaction chemistry of Eu(Il) and Yb(II) guanidinate complexes remains rare. Our
work represents the first systematic study on the reaction chemistry of Eu(Il) and
Yb(II) guanidinate complexes.

The synthesis and structure of trivalent lanthanide complexes supported by the L'
ligand was examined. A series of mononuclear lanthanide(IIl) tris(guanidinate)

complexes with the general formula [Ln(L");] [Ln = Ce (30), Pr (31), Gd (32), Tb (33),
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Ho (34), Er (35), Tm (36)] were isolated. The observed Ln—N bond distances of
these complexes decrease across the row, which are consistent with the "lanthanide
contraction". In addition, two binuclear lanthanide(IIl) bis(guanidinate) complexes
[{Ce(L2(u—C1)}2] (37) and [{Lu(L")2(n—Cl)}2] (38)] were also synthesized in this

work.

5.2 Future Prospect

After an exhaustive study on the coordination chemistry of L'-L° with chromium
and the lanthanide metal ions, it is our intention to extend our work to the applications
of these complexes in polymer chemistry and material science in the future work.

Nitrogen—based chromium complexes have been proven to be excellent
non—-metallocene catalysts for olefin polymerizations.” This provide insights on the
catalytic study of our chromium guanidinate complexes 3-11 towards olefin
polymerization chemistry.

Lanthanide complexes are good initiators for the ring—opening polymerization of
lactones, probably because of their oxophilic behavior. Recently, Shen and
co—workers have demonstrated the polymerization of e—caprolactone by using
lanthanide guanidinate complexes as active initiators.” Therefore, a detailed study

on the catalytic propertied of the lanthanide(IIl) guanidinate complexes 30-38
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towards the ring opening polymerization of e—caprolactone will be carried out in the
future work. Besides, the reaction conditions will be studied carefully to find out an
optimal reaction condition for the achievement of specific molecular weights and
polydispersity indexes for polylactone.

Lanthanide guanidinate complexes can also be applied to material chemistry.
Devi and co—workers have reported on the deposition of lanthanide oxides and
lanthanide nitrides thin films on semiconductors by MOCVD or ALD methods,’
using lanthanide(IIl) tris(guanidinate) complexes as precursors due to their high
volatility and high thermal stability. Based on the above results, a study of using
lanthanide tris(guanidinate) complexes 30—36 as precursors for the deposition of the
corresponding lanthanide oxide and lanthanide nitride thin films can be carried out in
the future. Lanthanide oxide thin films being coated on a metal surface can act as
corrosion—resistant coatings,’ whereas lanthanide nitride thin films can be used as

materials for semi—conductor.’
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Appendix 1
General Procedures, Physical Measurements and X—Ray Diffraction
Analysis

All manipulations were carried out using standard Schlenk techniques or in a
MBRAUN MB 150-M drybox under an atmosphere of purified nitrogen. Solvents
were dried over sodium wire and distilled under nitrogen from sodium benzophenone
(diethyl ether and THF) or Na/K alloy (hexane, pentane and toluene), and degassed
twice by freeze—thaw cycles before use.

'H and *C NMR spectra were recorded on a Bruker Avance III 400 NMR
Spectrometer at 400.13 and 100.61 MHz, respectively. Chemical shifts were
referenced to residue protons of C¢Ds (7.16 ppm for 'H and 128.06 ppm for "*C),
toluene—dg (7.09 ppm for 'H and 20.43 ppm for *C) and THF—dg (3.58 ppm for 'H
and 67.21 ppm for BO). Magnetic moments were measured in C¢Dg solutions at 298
K by the Evans NMR method using a Bruker Avance III 400 NMR Spectrometer
(Equation Al-1. to Equation A1-3.)." Melting—points were recorded on an
Electrothermal melting point apparatus and were uncorrected. IR spectra were
recorded on a PerkinElmer Spectrum I FTIR Spectrometer or a PerkinElmer RXI

FTIR Spectrometer. UV-Vis spectra were recorded by a CARY 5G UV-Vis—NIR

" Schubert, E. M. J. Chem. Educ. 1992, 69, 62.
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Spectrophotometer. Elemental analysis (C, H, N) was performed by MEDAC Ltd.,
U.K.

Single—crystals of compounds 1-12 and 14-38 suitable for X-ray diffraction
studies were mounted in glass capillaries and sealed under nitrogen. Data were
collected on a Bruker SMART CCD diffractometer or a Bruker KAPPA APEX II
diffractometer with graphite-monochromatized Mo—K, radiation (A = 0.71073 A)
using ¢ and ® scan. The structures were solved by direct phase determination using
the computer program SHELX-97 and refined by full-matrix least squares with

anisotropic thermal parameters for the non-hydrogen atoms."

Hydrogen atoms were
introduced in their idealized positions and included in structure factor calculations

with assigned isotropic temperature factors.

Equation A1-1. :

3Af
Xe
47 fm

T%s

g = mass susceptibility of the solute (cm’/g)

Af = observed frequency shift of reference resonance (Hz)

f = spectrometer frequency (Hz)

%s = mass susceptibility of solvent (7 x 10~ cm’/g for C¢Ds)

m = mass of substance per cm’ of solvent (g/cm’)

" Scheldrick, G. M. SHELX-97; Package for Crystal Structure Solution and Refinement; University of
Gottingen: Gottingen, Germany, 1997.
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Equation A1-2. :
xm =MW -y,
%m = molar susceptibility of the solute (cm*/mol)
MW = molar mass of the solute (g/mol)
Equation A1-3. :
Uefr = 2.84,/;{m -T
Legr = effective magnetic moment (g)

T = Temperature (K)
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Appendix 2

NMR Spectra of Compounds

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

A2-1. "HNMR Spectrum of [KL'-0.5PhMe], (1).

A2-2. "“CNMR Spectrum of [KL'-0.5PhMe], (1).

A2-3. Variable Temperature '"H NMR Spectra of [KL'-0.5PhMe], (1) in
THF-dg from —80°C to 30°C.

A2-4. "HNMR Spectrum of [LiL*(Et,0)] (2).

A2-5. >C NMR Spectrum of [LiL*(Et,0)] (2).

A2-6. °C NMR(Dept 135) Spectrum of [LiL*(Et,0)] (2).

A2-7. Variable Temperature 'H NMR Spectra of [LiL*(Et;0)] (2) in
toluene-dg from 20°C to 65°C.

A2-8. 'HNMR Spectrum of [KLZ(THF)O_s]rl (12).

A2-9. “CNMR Spectrum of [KL*(THF)o 5], (12).

A2-10. "H NMR Spectrum of KL? (13).

A2-11. >C NMR Spectrum of KL* (13).

A2-12."H NMR Spectrum of [KL*(THF),] (14).

A2-13."°C NMR Spectrum of [KL*(THF),] (14).

A2-14."H NMR Spectrum of [{Yb(L*)(u—L?)},] (17).

A2-15."°C NMR Spectrum of [{Yb(L?)(u—L%)},] (17).
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Figure A2-16. Variable Temperature 'H NMR Spectra of [{Yb(Lz)(p—Lz)}z] (17) in
toluene—dg from 25°C to 90°C.

Figure A2-17. "H NMR Spectrum of [{Yb(LZ) 2(THF),] (18).

Figure A2-18."°C NMR Spectrum of [{Yb(L?) »(THF),] (18).

Figure A2-19.'H NMR Spectrum of [Yb(L?),(THF), - 0.25C¢H 4] (20).

Figure A2-20."°C NMR Spectrum of [Yb(L?),(THF),-0.25CsH 4] (20).

Figure A2-21.'"H NMR Spectrum of [ {Lu(L")2(u—C1)},] (38).

Figure A2-22."°C NMR Spectrum of [{Lu(L"),(u—Cl)}2] (38).
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Figure A2—1. "H NMR Spectrum of [KL'-0.5PhMe],, (1).

Figure A2-2. °C NMR Spectrum of [KL'-0.5PhMe], (1).
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Figure A2-3. Variable Temperature 'H NMR Spectra of [KL'-0.5PhMe], (1) in
THF-dg from —80°C to 30°C.
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Figure A2—4. '"H NMR Spectrum of [LiL*(Et,0)] (2).
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Figure A2-5. >C NMR Spectrum of [LiL*(Et;0)] (2).
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Figure A2-6. °C NMR(Dept 135) Spectrum of [LiL*(Et,0)] (2).
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Figure A2-7. Variable Temperature 'H NMR Spectra of [LiL*(Et,0)] (2) in
toluene-dg from 20°C to 65°C.
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Figure A2-8. 'H NMR Spectrum of [KL*(THF), ], (12).

Figure A2-9. >C NMR Spectrum of [KL*(THF)o 5], (12).
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Figure A2-10. "H NMR Spectrum of KL* (13).

Figure A2-11. °C NMR Spectrum of KL’ (13).
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Figure A2-12. "H NMR Spectrum of [KL*(THF),] (14).

Figure A2-13."°C NMR Spectrum of [KL*(THF),] (14).
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Figure A2-14. '"H NMR Spectrum of [{Yb(L?)(u—L?)},] (17).

Figure A2-15. °C NMR Spectrum of [ {Yb(L*)(u—L?)}2] (17).
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Figure A2-16. Variable Temperature 'H NMR Spectra of [ {Yb(L*)(u—L?)},] (17) in
toluene—dg from 25°C to 90°C.
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Figure A2-17. "H NMR Spectrum of [ {Yb(L?) »(THF),] (18).
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Figure A2-18. °C NMR Spectrum of [{Yb(L?) ,(THF),] (18).
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Figure A2-19. "H NMR Spectrum of [Yb(L*),(THF), - 0.25C¢H4] (20).
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Figure A2-20. °C NMR Spectrum of [Yb(L?),(THF), - 0.25C¢H 4] (20).
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Figure A2-21. "H NMR Spectrum of [{Lu(L"),(u—C)}»] (38).
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Figure A2-22."°C NMR Spectrum of [ {Lu(L"),(u—CD)},] (38).
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Appendix 3

Selected Crystallographic Data

Table A3-1.

Table A3-2.

Table A3-3.

Table A3-4.

Table A3-5.

Table A3-6.

Table A3-7.

Table A3-8.

Table A3-9.

Table A3-10.

Table A3—11.

Table A3-12.

Table A3-13.

Selected Crystallographic Data for Compounds 1 and 2.

Selected Crystallographic Data for Compounds 3—5

Selected Crystallographic Data for Compounds 6-8.

Selected Crystallographic Data for Compounds 9—-11.

Selected Crystallographic Data for Compounds 12 and 14.

Selected Crystallographic Data for Compounds 15-17.

Selected Crystallographic Data for Compounds 18-20.

Selected Crystallographic Data for Compounds 21-23.

Selected Crystallographic Data for Compounds 24-26.

Selected Crystallographic Data for Compounds 27-29.

Selected Crystallographic Data for Compounds 30-32.

Selected Crystallographic Data for Compounds 33-35.

Selected Crystallographic Data for Compounds 36-38.
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Table A3—1. Selected Crystallographic Data for Compounds 1 and 2.

1 2
Molecular formula C5.sHosKNj; C;5H¢, LiN;OSi,
Formula weight 331.54 604.00
Crystal size, mm3 0.40x0.30%0.20 0.50x0.40%0.30
Crystal system Orthorhombic Monoclinic
Space group Pbca P2,/c
a, A 18.6048(7) 11.908(1)
b, A 20.1569(8) 10.3673(9)
c, A 21.3578(8) 31.194(3)
a, deg 90 90
B, deg 90 92.766(2)
v, deg 90 90
4 16 4
v, A’ 8009.5(5) 3846.7(6)
Density, gecm™ 1.100 1.043
Abs coeff., mm’ 0.267 0.120
Temperature, K 296(2) 173(2)
Reflections collected 65777 28633
Independent reflections 7246 6965
Obs. Data with I>26(I) 3384 4462
Final R indices [[>26(I)]" Rl =0.0697 R1=10.0837
wR2 =0.1802 wR2 =0.2181
R indices (all data)” R1=0.1631 R1=0.1277
wR2 = 0.2505 wR2 = 0.2528

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo” - F¢)"/Sw(Fo’)’}'”
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Table A3-2. Selected Crystallographic Data for Compounds 3-5.
3 4 5
Molecular formula C;0H4sCrNg C39H7¢CI,LiN;0,S1, CeaH 04Cl1,CraNgSiy
Formula weight 544.74 799.00 1220.77
Crystal size, mm3 0.50%0.40%0.30 0.50%0.40%0.30 0.50%0.40%0.20
Crystal system Monoclinic Monoclinic Triclinic
Space group Pc P2/c Pl
a, A 7.8571(7) 15.585(1) 10.8072(8)
b, A 11.3359(9) 12.459(1) 17.407(1)
c, A 17.827(2) 23.918(2) 20.433(2)
a, deg 90 90 107.964(2)
B, deg 99.110(2) 97.999(2) 98.249(2)
Yy, deg 90 90 95.354(2)
4 2 4 2
v, A’ 1567.8(2) 4599.0(7) 3579.9(5)
Density, g cm? 1.154 1.154 1.132
Abs coeff., mm’ 0.392 0.450 0.483
Temperature, K 173(2) 173(2) 293(2)
Reflections collected 13019 44419 20010
Independent reflections 6650 8381 12909
Obs. Data with [>20(I) 5944 6278 5907
Final R indices [[>26(I)]" Rl =0.0783 R1=10.0846 R1=10.0728
wR2 =0.1936 wR2 =0.2234 wR2 =0.1681
R indices (all data)” R1=10.0860 R1=0.1075 R1=0.1485
wR2 =0.2025 wR2 =0.2383 wR2 =0.2168

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo - F¢)"/Sw(Fo’)’} "
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Table A3-3. Selected Crystallographic Data for Compounds 6-8.

6 7 8
Molecular formula C5oH4sCrINg C36H53CrNgS C36H53CrNgSe
Formula weight 671.64 653.90 700.80
Crystal size, mm3 0.50%0.40%0.30 0.50%0.40%0.30 0.50%0.40%0.30
Crystal system Orthorhombic Monoclinic Monoclinic
Space group Pca2, P2, P2,
a, A 15.845(2) 8.4456(7) 8.553(2)
b, A 11.633(1) 19.250(2) 18.958(4)
c, A 18.244(2) 11.551(1) 11.519(3)
a, deg 90 90 90
B, deg 90 104.298(2) 104.480(4)
Y, deg 90 90 90
4 4 2 2
v, A’ 3362.8(7) 1819.8(3) 1808.4(7)
Density, g cm? 1.327 1.193 1.287
Abs coeff., mm’ 1.285 0.404 1.355
Temperature, K 173(2) 296(2) 296(2)
Reflections collected 26039 17445 18564
Independent reflections 4775 6483 6424
Obs. Data with [>20(I) 4388 5606 4478
Final R indices [[>26(I)]°  R1 =0.0677 R1=10.0888 R1=10.0858
wR2=0.1752 wR2 =0.2048 wR2 =0.1990
R indices (all data)” R1=0.0729 R1=10.0973 R1=0.1184
wR2 =0.1815 wR2 =0.2127 wR2 =0.2208

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo - F¢)"/Sw(Fo’)’} "
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Table A3—4. Selected Crystallographic Data for Compounds 9—-11.

9 10 1
Molecular formula C36H53CrNgTe C4Hg;CrN5 CeaH 10CraNgO,Siy
Formula weight 749.44 693.97 1211.94
Crystal size, mm3 0.50%0.40%0.30 0.40%0.30%0.20 0.50%0.40%0.30
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2, P2/c P2,/c
a, A 8.8222(6) 13.083(7) 14.815(2)
b, A 19.024(1) 21.22(1) 21.685(3)
c, A 22.851(2) 19.51(1) 23.423(3)
a, deg 90 90 90
B, deg 96.643(2) 132.038(9) 95.354(2)
Y, deg 90 90 90
4 4 4 4
v, A’ 3809.4(5) 4023(4) 7492(2)
Density, g cm? 1.307 1.146 1.074
Abs coeff,, mm 1.082 0.320 0.394
Temperature, K 296(2) 173(2) 296(2)
Reflections collected 32967 27213 58884
Independent reflections 13637 7277 13563
Obs. Data with [>20(I) 10812 3191 7010
Final R indices [[>26(I)]" Rl =0.0876 R1=0.1462 R1=10.0651
wR2 =0.2070 wR2 =0.3446 wR2 =0.1430
R indices (all data)” R1=0.1041 R1=0.2610 R1=10.1300
wR2 =0.2187 wR2 = 0.4006 wR2 =0.1649

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo - F¢)"/Sw(Fo’)’} "
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Table A3-5. Selected Crystallographic Data for Compounds 12 and 14.

12 14
Molecular formula C46H72KoNgO C37H4KN;0,
Formula weight 803.30 617.98
Crystal size, mm3 0.50x0.40%0.30 0.50%0.40%0.30
Crystal system Monoclinic Orthorhombic
Space group P2,/c Pbcn
a, A 12.6390(9) 30.825(4)
b, A 31.967(3) 12.904(2)
c, A 12.3032(9) 18.639(2)
a, deg 90 90
B, deg 106.698(2) 90
Y, deg 90 90
4 4 8
v, A® 4761.3(6) 7413(2)
Density, g cm™ 1.121 1.107
Abs coeff,, mm 0.237 0.177
Temperature, K 293(2) 173(2)
Reflections collected 33225 59676
Independent reflections 8626 6718
Obs. Data with I>26(I) 4026 3078
Final R indices [[>26(I)]" Rl =0.0796 R1=10.0879
wR2 =0.1937 wR2 =0.1925
R indices (all data)” R1=0.1664 R1=0.2029
wR2 =0.2447 wR2 =0.2573

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo~ - F¢)"/Sw(Fo’)’}'”
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Table A3-6. Selected Crystallographic Data for Compounds 15-17.

15

16

17

Molecular formula
Formula weight
Crystal size, mm3
Crystal system
Space group

a, A

b, A

c, A

a, deg

P, deg

Y, deg
Z

Vv, A’

Density, g cm™

Abs coeff.,, mm
Temperature, K
Reflections collected
Independent reflections

Obs. Data with [>20(I)

Final R indices [I>26(I)]”

R indices (all data)”

CeoHosEupNi5
1289.41
0.40%x0.30%0.20
Monoclinic
Pl
12.5913(5)
12.6419(5)
22.0619(9)
87.151(1)
87.699(1)
67.551(1)

2

3240.8(2)
1.321

1.962

296(2)
41719

11596

9736
R1=0.0235
wR2 =0.0607

R1=0.0331

wR2 = 0.0699

CosHis6EunNy,
1782.25
0.40%0.30%0.20
Monoclinic
C2/c
30.248(2)
12.8148(8)
25.013(2)

90

105.971(2)
90

4

9321(1)
1.270

1.383

173(2)

63666

8451

6776
R1=10.0426
wR2 =0.0982
R1=10.0605

wR2 =0.1083

CgaHi2sN 2 Y by
1652.06
0.40%0.30%0.20
Monoclinic
C2/c
19.835(1)
17.083(1)
26.262(2)

90

91.071(1)

90

4

8897.0(9)
1.233

2.135

296(2)

36680

8028

5630
R1=10.0399
wR2 =0.0896
R1=10.0666

wR2 =0.0967

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo - F¢)"/Sw(Fo’)’} "
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Table A3-7. Selected Crystallographic Data for Compounds 18-20.

18 19 20
Molecular formula C50HgoYDN:O, Cs75Hg9 sEUN4O,Si, Cs7.5sHgg s YBNO,Si,
Formula weight 970.24 1115.07 1136.15
Crystal size, mm3 0.50%0.40%0.30 0.50%0.40%0.30 0.50%0.40%0.30
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2,/c P2/c P2,/c
a, A 19.9680(8) 22.394(2) 22.205(1)
b, A 11.5152(4) 15.539(1) 15.3818(7)
c, A 23.8955(9) 19.528(1) 19.4972(8)
a, deg 90 90 90
B, deg 109.047(1) 109.203(1) 108.275(1)
Y, deg 90 90 90
4 4 4 4
v, A’ 5193.6(3) 6417.4(8) 6323.4(5)
Density, g cm? 1.241 1.154 1.193
Abs coeff., mm’ 1.841 1.055 1.558
Temperature, K 296(2) 296(2) 296(2)
Reflections collected 46863 48824 47423
Independent reflections 12461 11573 11453
Obs. Data with [>20(I) 8338 8452 8864
Final R indices [[>26(I)]" Rl =0.0566 R1=10.0455 R1=10.0455
wR2=0.1172 wR2 =0.1168 wR2 =0.1208
R indices (all data)” R1=10.0951 R1=10.0706 R1=10.0638
wR2 =0.1308 wR2 =0.1373 wR2 =0.1374

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo - F¢)"/Sw(Fo’)’} "
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Table A3-8. Selected Crystallographic Data for Compounds 21-23.

21 22 23
Molecular formula CesH 12IoNgO4S1,Sm,  CsgHgsNgSm CeoHosEuaN 21,
Formula weight 1640.28 1019.69 771.60
Crystal size, mm3 0.50%0.40%0.30 0.50%0.40%0.30 0.50%0.40%0.30
Crystal system Triclinic Orthorhombic Monoclinic
Space group Pl Pna2, P2,
a, A 10.1716(6) 26.589(2) 11.7137(6)
b, A 11.9918(7) 12.6447(8) 27.338(1)
c, A 16.800(1) 16.905(1) 11.7288(6)
a, deg 83.039(1) 90 90
B, deg 73.060(1) 90 110.400(1)
Yy, deg 71.636(1) 90 90
4 1 4 4
v, A’ 1859.5(2) 5683.7(6) 3520.4(3)
Density, g cm? 1.465 1.192 1.456
Abs coeff., mm’ 2.470 1.072 2.684
Temperature, K 296(2) 173(2) 296(2)
Reflections collected 26788 45464 23148
Independent reflections 6700 10182 12377
Obs. Data with [>20(I) 5181 8094 11396
Final R indices [[>26(I)]°  R1 = 0.0452 R1=0.0701 R1=10.0588
wR2=0.1143 wR2 =0.1695 wR2 =0.1454
R indices (all data)” R1=0.0647 R1=10.0892 R1=10.0638
wR2 =0.1324 wR2 =0.1829 wR2=0.1476

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo - F¢)"/Sw(Fo’)’} "
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Table A3-9. Selected Crystallographic Data for Compounds 24-26.

24

25

26

Molecular formula
Formula weight
Crystal size, mm3
Crystal system
Space group

a, A

b, A

c, A

a, deg

P, deg

Y, deg
Z

Vv, A’

Density, g cm™

Abs coeff.,, mm
Temperature, K
Reflections collected
Independent reflections

Obs. Data with [>20(I)

Final R indices [I>26(1)]

R indices (all data)”

CosHi13sYDN 1S,
1870.38
0.50%0.40%0.30
Triclinic

Pl
12.5820(7)
13.3965(8)
15.2189(9)
103.845(1)
103.087(1)
100.546(1)

1

2348.4(2)
1.323

2.073

173(2)

57836

8484

7897
R1=0.0231
wR2 =0.0589
R1=0.0267

wR2 =0.0628

CosH135Yb,N12Se,
1964.18
0.40%0.30%0.20
Orthorhombic
Pnma
14.748(7)
28.46(2)
23.05(1)

90

90

90

4

9675(9)

1.348

2.722

296(2)

51930

11751

2551
R1=0.0689
wR2=10.1119
R1=0.3091

wR2 =0.1907

CgaH 25 YD N, Cly
1722.96
0.50%0.40%0.30
Triclinic

Pl

15.363(2)
18.375(2)
19.499(2)
62.761(2)
76.820(2)
67.830(2)

2

4522.3(9)
1.265

2.160

173(2)

62394

16231

12270
R1=0.0715
wR2 =0.1913
R1=10.0921

wR2=0.2116

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo - F¢)"/Sw(Fo’)’}'”
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Table A3-10. Selected Crystallographic Data for Compounds 27-29.

27 28 29
Molecular formula CosH335YbyN 4 Cg7Hog YDN;SI, Ci1gH178SmyN»S,
Formula weight 1834.28 1244.75 2193.66
Crystal size, mm3 0.40%x0.30%0.20 0.50%0.40%0.30 0.40%0.30%0.30
Crystal system Triclinic Monoclinic Monoclinic
Space group Pl P2/c P2\/n
a, A 13.6166(4) 25.352(2) 26.803(2)
b, A 17.0139(6) 12.899(1) 14.455(1)
c, A 22.5322(8) 21.329(2) 32.322(3)
a, deg 97.562(1) 90 90
B, deg 95.937(1) 101.424(2) 93.384(2)
Yy, deg 108.687(1) 90 90
4 2 4 4
v, A’ 4842.6(3) 6837(1) 12501(2)
Density, g cm? 1.258 1.209 1.166
Abs coeff., mm’ 1.969 1.446 1.044
Temperature, K 296(2) 173(2) 173(2)
Reflections collected 70445 60251 144699
Independent reflections 17453 12347 22648
Obs. Data with [>20(I) 12020 8686 15081
Final R indices [[>26(I)]°  R1 = 0.0409 R1=0.0795 R1=10.0635
wR2 =0.0948 wR2 =0.1924 wR2 =0.1432
R indices (all data)” R1=0.0691 R1=0.1094 R1=0.1010
wR2 =0.1033 wR2 =0.2052 wR2 =0.1568

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo - F¢)"/Sw(Fo’)’}'”
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Table A3—-11. Selected Crystallographic Data for Compounds 30-32.

30 31 32
Molecular formula C4sH7,CeNg C4sH7,PrNy C4sH7,GdNy
Formula weight 879.24 880.03 896.37
Crystal size, mm3 0.50%0.40%0.30 0.50%0.40%0.30 0.40%0.30%0.30
Crystal system Triclinic Triclinic Triclinic
Space group Pl P1 Pl
a, A 11.5658(8) 11.5725(5) 11.5581(5)
b, A 13.290(1) 13.2914(6) 13.1891(6)
c, A 17.547(1) 17.5415(8) 17.4853(7)
a, deg 85.731(1) 85.734(1) 85.649(1)
B, deg 88.732(1) 88.762(1) 88.670(1)
Yy, deg 65.707(1) 65.646(1) 65.466(1)
4 2 2 2
v, A’ 2451.4(3) 2451.1(2) 2417.7(2)
Density, g cm? 1.191 1.192 1.231
Abs coeff,, mm 0.966 1.031 1.409
Temperature, K 296(2) 296(2) 296(2)
Reflections collected 33124 28584 39829
Independent reflections 8746 8726 8692
Obs. Data with [>20(I) 8198 7897 7190
Final R indices [[>26(I)]"  R1 =0.0246 R1=10.0307 R1=10.0309
wR2 =0.0772 wR2 =0.0787 wR2 =0.0695
R indices (all data)” R1=0.0272 R1=0.0355 R1=10.0465
wR2 =0.0811 wR2 =0.0826 wR2 =0.0778

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo - F¢)"/Sw(Fo’)’}'”
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Table A3-12. Selected Crystallographic Data for Compounds 33-3S5.

33 34 35
Molecular formula C4sH7,TbNy C4sH7,HoNg C4sH7,ErNg
Formula weight 898.04 904.05 906.38
Crystal size, mm3 0.50%0.40%0.30 0.40%0.30%0.20 0.50%0.40%0.30
Crystal system Triclinic Triclinic Triclinic
Space group Pl P1 Pl
a, A 11.5873(6) 11.5930(5) 11.5898(5)
b, A 13.1778(7) 13.1483(6) 13.1235(5)
c, A 17.5017(9) 17.4971(8) 17.4851(7)
a, deg 85.556(1) 85.534(1) 85.490(1)
B, deg 88.587(1) 88.551(1) 88.496(1)
Yy, deg 65.385(1) 65.301(1) 65.270(1)
4 2 2 2
v, A’ 2422.2(2) 2415.6(2) 2408.0(2)
Density, g cm? 1.231 1.243 1.250
Abs coeff., mm’ 1.498 1.676 1.781
Temperature, K 296(2) 296(2) 296(2)
Reflections collected 28017 27211 35045
Independent reflections 8630 8570 8686
Obs. Data with [>20(I) 7901 7782 8135
Final R indices [[>26(I)]" Rl =0.0275 R1=10.0303 R1=10.0237
wR2 =0.0709 wR2 =0.0769 wR2 =0.0623
R indices (all data)” R1=0.0322 R1=0.0351 R1=10.0264
wR2=0.0771 wR2 =0.0810 wR2 = 0.0649

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo - F¢)"/Sw(Fo’)’}'”
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Table A3-13. Selected Crystallographic Data for Compounds 36—38.

36 37 38
Molecular formula C4sH7,TmNy CeoHosCerClLN 2 CeoHosLu,C1LN >
Formula weight 908.05 1336.63 1406.33
Crystal size, mm3 0.50%0.40%0.30 0.50%0.40%0.30 0.50%0.40%0.30
Crystal system Triclinic Triclinic Tetragonal
Space group Pl P1 PA42,c
a, A 11.8912(6) 11.6785(7) 16.9100(6)
b, A 12.5865(6) 27.000(2) 16.9100(6)
c, A 16.3279(8) 11.7304(7) 23.9556(8)
a, deg 88.072(1) 90 90
B, deg 85.358(1) 110.550(1) 90
Yy, deg 78.573(1) 90 90
4 2 2 4
v, A’ 2387.1(2) 3463.5(4) 6850.1(4)
Density, g cm? 1.263 1.282 1.364
Abs coeff., mm’ 1.897 1.417 2.986
Temperature, K 296(2) 296(2) 296(2)
Reflections collected 29138 38997 52941
Independent reflections 8627 12031 6232
Obs. Data with [>20(I) 8120 7782 5509
Final R indices [[>26(I)]°  R1=10.0277 R1=10.0303 R1=10.0287
wR2 =0.0742 wR2 =0.0769 wR2 =0.0708
R indices (all data)” R1=10.0299 R1=0.0351 R1=10.0385
wR2 = 0.0764 wR2 =0.0810 wR2 =0.0809

*R1 =X||Fo| - |Fc||/ Z|Fo|; wR2 ={Pw(Fo - F¢)"/Sw(Fo’)’}'”
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Appendix 4

IR Spectra of Compounds

Figure Ad—1. IR Spectrum of [{Yb(L?),}2(p—n*n>~PhNNPh)] (27).

Figure A4-2. IR Spectrum of [Yb(L*),(n>~PhNNPh)- PhMe] (28).
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Figure Ad—1. IR Spectrum of [{Yb(L?),}2(n—n*n>~PhNNPh)] (27).
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Figure A4-2. IR Spectrum of [Yb(L*),(n>~PhNNPh)- PhMe] (28).
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Appendix 5

UV—Vis Spectra of Compounds

Figure A5-1.

Figure A5-2.

Figure A5-3.

Figure A5—4.

Figure A5-5.

Figure A5-6.

UV-Vis Spectrum of [Cr(L"),] (3).
UV-Vis Spectrum of [Cr(L"),(SPh)] (7).
UV-Vis Spectrum of [Cr(L")»(SePh)] (8).

UV-Vis Spectrum of [Cr(L"),(TePh)] (9).

UV-Vis Spectrum of [ {Yb(L?),}2(p—n*n>~PhNNPh)] (27).

UV-Vis Spectrum of [Yb(L?),(n~PhNNPh)- PhMe] (28).
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Figure A5-1. UV-Vis Spectrum of [Cr(L"),] (3).

Figure A5-2. UV-Vis Spectrum of [Cr(L")2(SPh)] (7).
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Figure A5-3. UV-Vis Spectrum of [Cr(L"),(SePh)] (8).

Figure A5—4. UV-Vis Spectrum of [Cr(L")2(TePh)] (9).
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Figure A5-5. UV-Vis Spectrum of [ {Yb(L?),}»(n—n*n>~PhNNPh)] (27).

Figure A5—6. UV—Vis Spectrum of [Yb(L*)2(n>~PhNNPh) - PhMe] (28).
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