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d°fN-METAL COMPLEXES SUPPORTED BY
FERROCENE-BASED CHELATING LIGANDS

PAULA L. DIACONESCU

Department of Chemistry and Biochemistry,
University of California, Los Angeles, CA, USA

Ferrocene is widely incorporated in pharmaceutical candidates,
materials, and redox agents. In addition, ligand scaffolds make use
of ferrocene groups because of their steric, electronic, and redox
properties. In some cases, ferrocene is involved directly in the reac-
tivity of a metal center even when it is part of the supporting ligand.
While metal-ligand cooperation plays an important role in enzymatic
catalysis, it is less developed in organometallic chemistry. Our group
has focused on ferrocene-based chelating ligands because they pos-
sess unique electronic characteristics that make them especially ver-
satile in supporting a wide range of reactivity behaviors for the
resulting metal complexes.

The present review discusses the chemistry of metal complexes
with two types of ferrocene-based chelating ligands: (1) Schiff base;
and (2) diamide. The first class of ligands supports yttrium and
cerium alkoxides, while the second class is used for group 3 metal
(scandium, yttrium, lutetium, and lanthanum) alkyls.

Two series of Schiff base metal complexes are presented. The
two ancillary ligands differ by the type of the N=X functionality
that they incorporate: one ligand is based on an imine group,
whereas the other is based on an iminophosphorane group.
Cerium(IV) bis(alkoxide) complexes were targeted in order to deter-
mine whether the presence of a strongly oxidizing metal center
would give rise to a non-innocent redox behavior in the supporting
ligands. The experimental data indicated that iron remained in the
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+2 oxidation state and that cerium(IV) did not engage any part of
the ancillary ligand in redox behavior.

The reactivity of group 3 metal complexes supported by
1,1’-ferrocenylene diamide ligands toward aromatic N-heterocycles
is also discussed. These reactions are compared to analogous reac-
tions studied with group 3 metal complexes supported by pincer-
type pyridine diamides. That comparison showed that similar
reactions were observed with 1-methylimidazole, 2-picoline, and iso-
quinoline, although other types of reactions and a larger substrate
scope were identified for the ferrocene- than for the pyridine-based
complexes. Based on the reactions discussed herein and on isolated
examples drawn from the literature, it is concluded that the ferro-
cene diamides represent a versatile and privileged ligand framework.
It is proposed that the privileged status of these organometallic
ancillary ligands is a consequence of iron’s ability to accommodate
changes in the electronic density at the metal center more readily
than classical supporting ligands.

1. INTRODUCTION

The isolation of ferrocene in 1951"! represents a major landmark in
chemistry. The discovery of its unusual electronic structure>! generated
so much excitement that it is considered the birth of modern organome-
tallic chemistry.!®! This structure is still intensely exploited today and it is
incorporated in pharmaceutical candidates, materials, and redox
agents.”! In addition, ligand scaffolds make use of ferrocene groups
because of their steric, electronic, and redox properties. In some cases,
ferrocene is involved directly in the reactivity of a metal center even when
it is part of the supporting ligand. While metal-ligand cooperation plays
an important role in enzymatic catalysis,!'®"3! it is less developed in
organometallic chemistry.!'¥!

Ferrocene-based chelating ligands are particularly interesting
because they impart special steric and electronic properties to the result-
ing metal complexes. In this class, 1,1’-bis(diphenylphosphine)ferrocene
(dppH!'>19 is probably the most well known example because of its
applications to organic catalysis.’®! In the quest of developing alterna-
tives to metallocene a-olefin polymerization catalysts,!'”! chelating dia-
mides have emerged as great supporting ligands for early transition
metals.!'8! Such endeavors have provided an important stimulus for the
synthesis of 1,1’-di(heteroatom)-functionalized ferrocenes, where the
heteroatom is nitrogen, oxygen, and sulfur.!'”!
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We embarked on a road to uncover new bonding motifs and
reactivity of metal complexes as a result of supporting ligand design.
d’f"-Metal complexes were targeted because they incorporate highly
electrophilic metal centers that prove advantageous in reactions with
relatively unreactive substrates.

2. ALKOXIDE COMPLEXES SUPPORTED BY IMINE-BASED
LIGANDS

The lanthanides offer the possibility to study the interaction between fer-
rocene ligands and redox-active and inactive metals. Only one lantha-
nide, cerium(IV), is known to act as an oxidizing agent. A strongly
oxidizing metal center may transform the ferrocene in the backbone of
a supporting ligand into ferrocenium upon coordination. Cerium(IV)
has a redox potential of 0.88 V in water, while iron(III) has a redox
potential of 0.00 V (both referenced versus Cp,Fe/Cp,Fe™).!°! Therefore,
cerium(IV) alkoxides supported by Schiff bases incorporating ferrocene
(Chart 1)% were targeted in order to determine whether cerium(IV)
could oxidize the ferrocene backbone or a different functionality of the
ancillary ligand.*"! Schiff bases incorporating ferrocene, such as
1,1'-di(2,4-bis-tert-butyl-salicylimino)ferrocene (H,(NN**)), had been
previously used to generate magnesium, titanium, and zirconium com-
plexes; however, the redox properties of those complexes were not inves-
tigated.””?! A new ferrocene diphosphazene proligand, 1,1’-di(2-tert-
butyl-6-diphenylphosphiniminophenol)ferrocene (H,(NNP")), and its
complexes (Chart 1) were also synthesized and characterized to study

z
x M | E|E | X |z | Label
N//E tgy  Ce(IV)|O'Bu|OBu| C |'Bu| (NN**)Ce(O'Bu),
2
@ \z,° Ce(lll) |O'BU|THF | C  ['Bu [(NN*3)Ce(O'Bu)(THF)
/"‘"\ Ce(IV) | O'Bu|O'Bu | PPhy| H | (NNP"°%)Ce(O'Bu),
O\N\\a Q tBu  Ce(lll)|O'Bu|THF |PPhy| H |(NNP"°%)Ce(O'Bu)(THF)
X Y(lll) |OBu|[THF | C  |'Bu |(NN®3)Y(O'Bu)(THF)
Y(lll) |OBU|THF | PPhy| H |(NNPP°%)Y(O'Bu)(THF)
z

Chart 1. Schiff base ferrocene cerium and yttrium alkoxide complexes.
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whether the imine bond is important in determining the electronic
properties of the resulting compounds.

It is important to note that although the structures of Schiff base
metal complexes have been thoroughly studied,'**! complexes of d’f"
metals had not been the subject of electrochemical investigations.
Several studies of the electrochemical properties of Schiff base metal
complexes were reported>*?*! and, in certain cases, ligand-based oxida-
tions were identified.?6=3!

Both cerium(IV) complexes were synthesized from Ce(O'Bu)y-
(THF), and the protonated pro-ligands. For cerium(III) and yttrium(IIT)
alkoxide complexes, two methods were used: (1) the reaction of the
MIN(SiMes),]; (M = Ce) with the protonated pro-ligands (H,(NN*)),
followed by the reaction with #-butanol; and (2) salt metathesis between
the metal trichloride and the disodium salts of the pro-ligands to give
the monochloride complexes, which, in turn, reacted with potassium
tert-butoxide to form the corresponding alkoxides.*!! All the metal
complexes were characterized by cyclic voltammetry and 'H NMR,
Maossbauer, X-ray absorption near-edge structure (XANES), and
absorption spectroscopies. In addition, (NN**)Ce(O'Bu), and (NNP"°%)-
Ce(O'Bu), (Figure 1) were characterized by single-crystal X-ray crystal-
lography. Both complexes contain a pseudo-octahedral cerium ion,
with the two r-butoxide ligands coordinated trans in the axial positions.
Metrical parameters for the coordination environment of cerium are

Figure 1. ORTEP representations (thermal ellipsoids at 50% probability) of (NN*)-
Ce(O'Bu), (left) and (NNPE°%)Ce(O'Bu), (right); hydrogen atoms were removed for clarity.
(Figure appears in color online.)
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Figure 2. Cyclic voltammograms of (NN**)Ce(O'Bu), and (NNPP°*%)Ce(O'Bu), at 100 mV /s
scan rate (1.5mM in THF, 0.5M ["PryN][BAr], Cp,Fe/Cp,Fe* corrected). (Figure
appears in color online.)

similar for the two complexes, except that there is a larger deviation from
the planarity of the NCeOphenoxide arrangements in (NNPP$)Ce(O'Bu),
than in (NN**)Ce(O'Bu),.*"!

Cyclic-voltammetry studies were undertaken to probe the redox
events feasible to occur within the cerium(IV) alkoxide complexes
(Figure 2 and Table 1). The cyclic voltammograms of the two pro-ligands
H>(NN*#) and H,(NNP"*%) show one redox event that was assigned to the
Fe?*/3* couple. Changing the imine with a phosphorimine functionality
resulted in a more reducing potential for the Fe?*/3* event in Ho(NNPh°%)
(—0.633 V) than in H,(NN*") (0.287 V). All metal complexes show a

Table 1. Redox events for the compounds discussed”

Complex E; 2(Fe**/3) (V) E; 2(Ce*/4%) (V)
H,(NNs2 0.29° -
H,(NNPhos) —0.63¢ -
(NN**)Y(O'Bu)(THF) 0.09¢ -
(NNPP$)Y(O'Bu)(THF) —0.29° -
(NN**HCe(O'Bu)(THF) Eox=—0.21° E,.q=—1.05 -
(NNP"*$)Ce(O'Bu)(THF) —0.57° -
(NN*2)Ce(O'Bu), —0.28% Eox=—1.01° E o= —2.07
(NNPE°$)Ce(O'Bu), —0.38% Eox=—1.70° E,oq=—2.39

“Numbers are from 250mV /s scans.
1.5mM in THF, 0.5 M [Pr4N] [BArf], Cp,Fe/Cp,Fe*corrected.
“2.0mM in THF, 0.5M ["PryN] [BArf ], CpoFe/Cp,Fe™corrected.
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reversible (quasi-reversible for (NN**)Ce(O'Bu)(THF)), one-electron
event that was assigned to the Fe?*/>* couple. In addition, the cerium(IV)
complexes, (NN*)Ce(O'Bu), and (NNPP**)Ce(O'Bu),, show an irrevers-
ible reduction/oxidation event that was assigned to the Ce*"/*" couple
(Figure 2). The oxidation of cerium in (NN**)Ce(O'Bu)(THF) and
(NN*)Ce(O'Bu)(THF) was not observed. Overall, it was easier to oxi-
dize the backbone of the iminophosphorane than of the imine complexes
and it was more difficult to reduce cerium(IV) to cerium(III) in (NNP°%)
Ce(O'Bu), than in (NN**)Ce(O'Bu),.1*"!

All other experimental data indicated that iron remains in the +2
oxidation state and that cerium(IV) did not engage any part of the ancil-
lary ligand in redox behavior.

The cerium(IV) complexes supported by NN were used as the first
cerium(IV) alkoxide catalysts for the ring-opening polymerization of lac-
tide.?”) Although rare earth alkoxides had been studied extensively as
catalysts for the ring-opening polymerization (ROP) of cyclic esters,*’ !
cerium(IV) examples were virtually unknown.*!! The lactide poly-
merization activity of (NN**)Ce(O'Bu), was compared to the activity of
(NN**Y(O'Bu)(THF) and to that of Ce(O'Bu)4(THF),. The complex
(NN*#)Ce(O'Bu), was less active than Ce(O'Bu)4(THF), and (NN%)-
Y(O'Bu)(THF) (Table 2). It was found, however, from reactions with
D,L-lactide, that the ancillary ligand bound to the metal center prevented
chain transfer.

The different activities of the cerium(IV) and yttrium(II1) NN*!
complexes were explained on the basis of the electrophilicity of the metal
center. Investigation of Mulliken charges for the corresponding model
complexes showed that yttrium had a higher charge (1.92) than cerium
(IV) (1.64) in the respective complexes. The same trend was observed
for the #butoxide oxygen charges: —0.87 for the yttrium and —0.66
(average value) for the cerium NN**' model complex.

3. ALKYL COMPLEXES SUPPORTED BY DIAMIDE LIGANDS

1,1'-Ferrocenylene diamides (NN, Chart 2) appeared to be desirable
supporting frameworks because of a number of characteristics:

1. They are chelating ligands and, by enforcing a cis-coordination of the
two amide donors, block one side of the d’f" metal center, leaving the
other side open to attack by various substrates.
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Table 2. Data for ROP of lactide by (NN**)Ce(O'Bu), (70°C), Ce(O'Bu)4(THF), and
(NN**)Y(O'Bu)(THF) (room temperature)

Catalyst eq LA Time (min) Conversion (%) M, (kg/mol)* PDI
(NN**HCe(O'Bu), 100 20 94 32.7 1.45
200 20 920 534 1.36
300 35 89 584 1.39
400 35 94 47.4 1.55
500 48 88 64.7 1.27
Ce(O'Bu)4(THF), 100 20 96 5.8 1.54
200 20 89 13.5 1.34
300 20 92 24.8 1.67
400 40 82 23.7 1.15
500 40 98 17.5 1.24
(NN*#)Y(O'Bu)(THF) 100 5 97 17.9 1.21
200 5 98 42.1 1.15
300 15 98 59.1 1.19
400 40 86 66.3 1.17
500 40 90 92.9 1.13

“Molecular weights (M,,) were corrected by a Mark-Houwink factor of 0.58 (PS standards
were used).

2. The ferrocene backbone has the ability to accommodate changes in
the electronic density at the d’f"-metal center by varying the geometry
around iron.

JrSitBuMez |\\
NH
< o (NN
(cby\qn ipr ‘P)é
SitBuMe, Hy(NNPY)
Ad Mes

N;H @/N!H
- v -
NH ﬁé)fﬁl\H

\
Ad Mes

X

Chart 2. Diamine pro-ligands discussed. (Chart appears in color online.)
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3. A weak interaction of donor-acceptor type may occur between iron
and the d°f® metal, possibly influencing the reactivity of the complex.
4. The ligand backbone is redox active.

The first feature proved important in stabilizing mononuclear com-
plexes and allowing reactions with bulky substrates. A combination of
characteristics (1) and (3) gives these ligands a close resemblance to pin-
cer ligands; therefore, we also prepared the analogous complexes of
2,6-bis(2,6-diisopropylanilidomethyl)pyridine (NN, Chart 2) for com-
parison. The unique characteristics of the ferrocene-based ligands, how-
ever, are likely responsible for the plethora of new complexes and
reaction outcomes observed.

Ferrocene-diamide complexes were initially reported for group 4
metals by Arnold et al.,'*>*! who also showed that a highly reactive,
cationic titanium(IV) species was stabilized by an interaction with the
iron center.[*”! Such interactions had been proposed earlier for late tran-
sition metals.*®! Recently, the Stephan group has reported that ferroce-
nyl can stabilize cyclopentadienyl group 4 metal alkyl cations through an
iron-metal interaction.'*’! Since we started our work with NN, other
groups have reported complexes of group 3 metals supported by
1,1'-ferrocene diamides."****) Some of our work with d’f*-metal alkyl
complexes has been recently reviewed®®); therefore, the present review
is organized based on a reaction, instead of a substrate type.

3.1. SYNTHESIS AND CHARACTERIZATION
OF ALKYL COMPLEXES

Group 3 metal benzyl complexes were synthesized by acid-base reactions
from the corresponding fris(benzyl) compounds and the pro-ligands
H,(NN™) (NN = fc(NSi‘BuMe,),, fc = 1,1’-ferrocenylene) or Hy(NNP)
to give 1}‘;’-(CH2Ar)(THF) (Scheme 1; M =S¢, Lu: Ar=3,5-Me,CgH3;
M=Y, La: Ar=Ph)®'* or 1M-(CH,Ar)(THF) (Scheme 1; M=Y,
Ar=Ph; M=Lu, Ar= 3,5-Me2C6H3),[55] respectively.

The solid-state structures of all lx-(CHzAr)(THF) complexes were
determined by single-crystal X-ray diffraction (Table 3). For scandium,
yttrium, and lutetium, the iron-metal distance is larger than the sum of
the covalent radii®® (entries 1-5), while for lanthanum it is smaller
(entry 7). This distance is responsive to the electronic make-up of the
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3 KCH,Ar H2(NN) STar
MX3(THF);—————> M(CH,Ar)3(THF)x (NN)M
40 - 60% 65 - 90% \THF

1nunV-(CH2AT)(THF)

M = Sc; X = Br; Ar = 3,5-Me,CgH3; x = 2; NN = NN'®
M = Y; X = Br; Ar = Ph; x = 3; NN = NN, NNPY
M = Lu; X = CI; Ar = 3,5-Me,CgH3; x = 2; NN = NN, NNPY
M = La; X = Br; Ar = Ph; x = 3; NN = NN

Scheme 1. Syntheses of group 3 metal benzyl complexes supported by ferrocene- and
pyridine-diamide ligands.

ancillary ligand, as shown by the substitution of the silyl by an adamantyl
group in [fc(NAd),]Lu(CH,Ar)(DME) (1%4-(CH,Ar)(DME), Ad=2-
adamantyl),”! causing it to increase (entry 5), or by a mesityl group
in [fc(NMes),]Lu(CH,Ar)(THF) (1}{,-(CH,Ar)(THF), Mes=2,4,6-
Me;CgH,),’ causing it to decrease (entry 6). The presence of two
instead of one ether donors also causes the iron-metal distance to
increase (entries 1-2 and 4-5).

DFT calculations were employed to probe the iron—metal interac-
tion.’”! Nalewajski-Mrozek bond orders for the metal-iron interaction
have relatively small values (Table 4). It is interesting to point out
that these values are similar to those calculated for the bond between
the group 3 metal and the ether-oxygen donor (ca. 0.2). The calculated
bond order for the metal-iron interaction varies only slightly with the
nature of the metal center in benzyl complexes (entries 1, 3, 4, and 7).
For the same metal center, the bond order is dependent on the nature
of the ligands present: the more electron-donating the ligands, the

Table 3. Comparison of iron-metal distances in d°f"-metal alkyl complexes

X-ray Fe-M  Sum of covalent

Entry Complex distance (/D\) radii (A) Afe-m (A) Reference
1 15¢-(CH,Ar)(THF) 3.16 3.02 +0.14 51
2 15¢-(Me)(THF), 3.26 3.02 +0.24 51
3 1Y -(CH,Ph)(THF) 3.24 3.22 +0.02 52
4 1}4-(CH,Ar)(THF) 3.25 3.19 +0.06 53
5 1}4-(CH,Ar)(DME) 3.34 3.19 +0.15 57
6 13 -(CH,Ar)(THF) 3.12 3.19 —0.07 50
7 112-(CH,Ar)(THF) 3.38 3.39 —0.01 54
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Table 4. DFT calculated parameters for d’f*-metal alkyl complexes

Calculated Fe-M Fe-M Bader Bader

(X-ray) bond charge charge

Entry Complex distance (A) order” of M of Cg,

1 15¢-(CH,Ar)(THF) 3.18 (3.16) 0.27 1.83 —-0.39
2 15¢-Me(THF), 3.38 (3.26) 0.14 - -

3 1{-(CH,Ph)(THF) 3.33 (3.24) 0.24 1.95 —0.35

4 152-(CH,Ar)(THF) 3.32 (3.25) 0.22 1.92 -0.37

5 1%4-(CH,Ar)(DME) 3.36 (3.34) 0.16 1.96 -0.39

6 152 -(CH,Ar)(THF) 3.36 (3.12) 0.19 1.90 —0.40

7 152-(CH,Ar)(THF) 3.41 (3.38) 0.27 1.97 —0.31

“Nalewajski-Mrozek bond orders.

weaker the metal-iron interaction. This effect is seen when modifying the
non-ferrocene ligands (entries 1 and 2) or when changing the electronic
properties of the nitrogen donor (entries 4, 5).

Although the trend observed with metal Bader charges needs to be
verified by experimental data, it is interesting to note that these values
increase in the order: Sc<Lu<Y <La, which is the inverse order
expected based on their Lewis acidities.’® These differences are small
and because geometry optimizations of key structures did not yield a
good agreement with the experimental metal-iron distances, a rigorous
interpretation of the variation in calculated charges is not attempted
here. For the same series of benzyl complexes, the charge on the benzyl
carbon atom is almost unchanged.

Molecular orbitals are shown in Figure 3 for IECC-(CHzAr)(THF) and
l?cc-(Me)(THF)z. In agreement with the bond order calculations, the
molecular orbitals for 1§c°-(CH2Ar)(THF) show a stronger iron-scandium
interaction than for IECC-(Me)(THF)z. While both HOMO and HOMO-3
show an overlap between scandium and iron atomic orbitals for
15°-(CH,Ar)(THF), the HOMO (or other frontier orbitals) of 13°-(Me)
(THF), is mainly ferrocene based, with almost no contribution from
scandium.

From a geometrical point of view, 1,1’-ferrocenenylene diamides
resemble pincer diamides. DFT calculations carried out on full struc-
tures for pyridine-diamide yttrium and lutetium benzyl complexes show
that the Bader charges (2.00 for Y, 1.95 for Lu) are comparable to the
analogous values in the ferrocene-diamide complexes (Table 4).
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Figure 3. Frontier molecular orbitals for l?cc-(CHZAr)(THF) (left, HOMO; middle,
HOMO-3) and 13°-(Me)(THF), (right, HOMO).

3.2. Reactions with Aromatic N-Heterocycles

The Bader charges calculated for M in 1)-(CH,Ar)(THF) (Table 4) are
similar to those found for Cp*,M(CH,Ph) (M = Sc, 1.74). Although the
metal centers are highly electrophilic, all group 3 metal benzyl complexes
coordinate THF. In order to compare their reactivity to that of the anal-
ogous metallocenes, reactions with aromatic N-heterocycles, which can
displace the coordinated THF, were studied. Since [Cp*,ZrMe(THF)]*
did not C—H activate 1-methylimidazole (only coordination was
observed),’’”! the reactions of this substrate toward the group 3 metal
alkyl complexes were tested first.

3.2.1. C—H Activation. The C—H activation of aromatic
N-heterocycles is a complimentary process to the metalation reactions
with main-group organometallic reagents.'®”’ The ortho-metalated
products of the reactions between 1-methylimidazoles or pyridines and
group 3 metal alkyl complexes, a result of o-bond metathesis,!®' !
were characterized for the ferrocene diamide NN™ (Scheme 2). For
the other diamide ligands, it is likely that analogous products form,
but they were not isolated.

For 1-methylimidazole (mi), the first step of the reaction involves
displacement of THF and coordination of two imidazole molecules.
The C—H activation of one of the 1-methylimidazole ligands to give
2M-(mi), (x=1 for Sc and 2 for Y) is a relatively slow process. This is
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. 3<\ .

THF - mesitylene

1¢M-(CH,Ar)(THF)

M = Sc; mi, X = 0: 2;5°-mi or [2¢ s"]z
M=Y; mi,x=1: 2fc -(mi),
M = Sc / Y/ Lu; mbi, x = 0: 2;cM-mbi

ClL
THF
SN“R o

SNTAr N

(NN)M. (NN)M
N toluene NT N
THF N

R=Ph; M=Sc/Y/Lu: 3:c"-py""

g R
R = SiMes; M = Sc: 3;,5¢-pyS!

(NN

7
| L
&\\\\‘\\\\Ar X
fc R N 5
THF
R = Me; M = Sc; L = THF; 3¢5°-lut

R=H; M=Y/La;L = 2-picoline; 3fcM-pic R
S~aAr N THF

o rﬁr
(NN)Sc: (NN™)S¢
TN\
\THF toluene \\N’g

8-methylquinoline: 3:5°-qn T
7,8-benzoquinoline: 3¢°°-bgn
acridine: 3;.5%-acr

Scheme 2. C—H activation reactions with the group 3 metal benzyl complexes 1}-
(CH,Ar)(THF).

consistent with the fact that [Cp,ZrMe(THF)]" did not promote the
C—H activation of 1-methylimidazole.’*! All attempts to isolate a THF
or non-chelating pyridine solvate of (NN™)Sc(;-N,C-imidazolyl)
resulted in the formation of [(NN™)Sc(y? Kk*-N,C-2-(1-methyl
imidazolyl)],, [2§C°]2,[64] in which the two scandium centers are bridged
by two imidazolyl ligands. The complexes 2} -(mi), and [2§°], were crys-
tallographically characterized (Figure 4). The complex [2fcc]2 features a
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Figure 4. ORTEP representations (thermal ellipsoids at 50% probability) of 22;-(mi)2 (left)
and [2?:]2 (right); hydrogen atoms were removed for clarity. (Figure appears in color online.)

short iron—scandium distance of 3.08 A, which is only 0.06 A longer than
the sum of the covalent radii of iron and scandium (3.02 A).

In the case of 1-methylbenzimidazole, the scandium reaction was
straightforward and led to the isolation of 23°-mbi, which was also char-
acterized by X-ray crystallography (Figure 5). In the analogous reactions

Figure 5. ORTEP representation (thermal ellipsoids at 50% probability) of 2§c°-mbi;
hydrogen atoms were removed for clarity. (Figure appears in color online.)
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with the yttrium and lutetium benzyl complexes, the formation of 2}!-mbi
was observed by 'H NMR spectroscopy. Benzene or toluene solutions of
Z?g-mbi (M =Y, Lu) transformed, however, rapidly to the corresponding
coupled products (see below) and the ortho-metalated complexes could
not be isolated.

All benzyl complexes gave complicated reaction mixtures with pyri-
dine,'”®! but the scandium methyl complex lﬁf-(Me)(THF)z led to the
expected C—H activated product, 3§C°-py (Eq. 1).1°! The complex 3?:-
py was characterized by X-ray crystallography, which indicated that
the pyridyl and pyridine ligands were coplanar and coordinated in a
plane perpendicular to the N,niqcFeNamiqe plane (Figure 6).

)
e 2 Py

foye
(NN °)Sc\ Me " (NN")Sc—y N
THE toluene, 70 °C
53% =

1¢c>°-(Me)(THF), 3¢c>C-py

1

Figure 6. ORTEP representations (thermal ellipsoids at 50% probability) of 3§c° -py (left) and
3?c°-lut (right); hydrogen atoms were removed for clarity. (Figure appears in color online.)
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When the pyridine was ortho-substituted, the C—H activation
reaction proceeded smoothly with the benzyl complexes to give the
expected ortho-metallated products 3Y (Scheme 2).1%41 Interestingly,
the C—H activation of 2-picoline by 1M-(CH,Ph)(THF) (M=Y, La)
gave exclusively S?f-pic, featuring an sp>-Ccpo—M bond instead of an
sp”-Cpyriayi—M bond. Similar results have been reported for some
yttrium[“] and thorium alkyl complexes.[67]

Although two isomers may exist for the THF adducts 3 (with the
exception of 33°-lut) depending on the relative orientation of the pyridyl
and the coordinated THF ligand, only one isomer was observed in
solution for all cases. Based on DFT calculations and '"H NMR
spectroscopy experiments, it was found that either isomer was preferred
for a specific heterocycle.**! The Jordan group also reported that
n?-N,C-pyridyl zirconocene complexes existed as single isomers in sol-
ution, with the exception of quinoline and 7,8-benzoquinoline, when
both isomers were observed.[®®! The complex 35°-lut was characterized
by X-ray crystallography (Figure 6), which indicated a «*-N,C,C-
coordination of lutidine.

7
| THF

N N
o\\\\\\r N S

(NNPY)M ————  (NNPY)M-
THE toluene

N
iy A THE] -
M =Y: 25 °C, 18 h, 92%
M = Lu, 50 °C, 12 h, 88%

(2)

The reaction between the pincer complexes lg-(CHzAr)(THF) and
four equivalents of pyridine at 50°C gave a mixture of products, similar
to what was observed when the corresponding ferrocene-diamide com-
plexes were employed. Unlike the case for 1}!-(CH,Ar)(THF) though,
the reactions between lg-(CHZAr)(THF) and 2-phenylpyridine or
8-methylquinoline also resulted in intractable mixtures of products.!>!
A reaction sequence analogous to that observed for the ferrocene-
diamide complexes was found only when 2-picoline was employed to give
3)-pic (Eq. 2).°*!

3.2.2. Alkyl Transfer. In an effort to extend the scope of the aromatic
N-heterocycle ortho-metalation reaction'®>**%! to biheterocyclic
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substrates, the reactions of 1M-(CH,Ar)(THF) with 2,2’-bipyridine and
isoquinoline were investigated. Instead of the C—H activation reaction
encountered with pyridines and imidazoles, products of alkyl transfer
to the heterocycle were observed.°*! Such a behavior was also
reported for the reaction of Lu(CH,SiMe;3);(THF), with 2,2':6/,2"-
terpyridine.!*’!

4
N N N=

~CHaAr Q_Q 5 N H (3)
(NN)M_ ———— > (NNF)M—

NrHE toluene THE
M=Sc:RT,1h, 81%

15c"-(CHAN(THF)| = | y: 85 °C, 48 h, 81%

In the case of 2,2'-bipyridine (Eq. 3), X-ray crystallography (Figure 7)
indicated that the alkyl transfer occurred to the 4-position of a pyridine
ring to give 4Y1 (M = Sc).’ It was proposed that an initial 1,3-alkyl trans-
fer to the 6-position took place, similar to the 1,3-alkyl transfer from
Lu(CH,SiMes);(THF); to 2,2":6',2"-terpyridine,!*”! and then an isomeri-
zation led to 4}, likely the thermodynamically stable product.

The reaction of 1)-(CH,Ar)(THF) with isoquinoline revealed that a

1,3-alkyl migration of the benzyl group onto the c«-carbon of isoquinoline

Figure 7. ORTEP representations (thermal ellipsoids at 50% probability) of 4§c° (left) and
52£-ianc (right); irrelevant hydrogen atoms were removed for clarity. (Figure appears in
color online.)



11: 52 15 January 2011

Downl oaded At:

212 P. L. DIACONESCU

=z
~CHAr N STHE pp
(NN)M > (NN )M
A toluene \N
THF |
M = Sc: 50 °C N
[11e™-(CH,ANTHFY M =Y/ Lu/ La: 25 °C 5 "-THF
THF 3 @@ dan _Ar
D Ny §F
NNAY)Ly—==CHzAr » (NNAY)Lu
( ) %THFZ toluene, 25 °C ( ) U\N\ |
-2 THF ign

L
[1ad""(CHAr)(THF),|

Z iqn
cHar 3§ ) " ra

NNPY)M' > (NNPY)M

( ) A S toluene, 25 °C ( IM—nN |
THF NN

-2 THF igqn

[fpy"-(CHAANTHF)] M =Y/Lu

Scheme 3. Reactions of isoquinoline with 1¥-(CH,Ar)(THF).

took place at room temperature (M =Y, Lu, La) or 50°C (M =Sc),
resulting in the formation of 5)!-THF (Scheme 3). The yttrium complex,
5}c-iane, in which isoquinoline and THF were replaced by 3-methyliso-
quinoline (iqgn™°), was characterized by X-ray crystallography (Figure 6),
which confirmed that the alkyl transfer occurred to the 1-position of iso-
quinoline. The complexes 13%-(CH,Ar)(THF), and 1}/ -(CH,Ar)(THF)
also reacted with three equivalents of isoquinoline in toluene at room
temperature to give 5%Y-(iqn), and Sg’;-(iqn)z, respectively (Scheme 3).
DFT calculations on a ferrocene-diamide yttrium model system showed
that a late transition state was operating for the alkyl-transfer reaction,
with the benzyl carbon migrating as a carbanion and almost completely
detached from the metal, while the receiving pyridine was partially dear-
omatized at the potential energy saddle point.>*

3.2.3. Insertion Reactions. Methods to functionalize heterocycles have
been of longstanding interest given the ubiquitous presence of these
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structures in biological compounds.'’®"” Pioneered by Jordan in the early
1990s,5%788% the functionalization of N-heterocycles using early
transition metal alkyl complexes has found numerous applications.3!™3!
These reactions usually involve the migratory insertion of an unsaturated
substrate into the metal-carbon bond of a strained metallaaziridine and
the formation of a new four- or five-member ring metallocycle.

The reaction between 3§C°-py and ethylene occurred at room tem-
perature in 4 hours and led to the insertion product 6?cc-py (Scheme 4).
It was not surprising that the reaction was rather slow since the anal-
ogous zirconocene pyridyl cationic complex featuring a pyridine mol-
ecule coordinated to the metal center did not react with ethylene.”®!
Given the low reactivity of 33°-py, we decided to focus on a different
complex. Jordan et al. showed that using the steric pressure of a methyl
substituent close to the metal center increased the rate of the insertion

R
LR L
(NNfC)sc\N \ + / —_— (NNfC)Sc:/N
/ 1 atm
R = H; L = py: 3;.5°-py R = H; L = py; 4 h: 6¢°°-py
R = Ph; L = THF: 3;5¢-py®" R = Ph; no L; 0.5 h: 6;5°-py™"
s #THF pp CeDs
C + —
(NN w 50°C, 48 h
= 71%
3chc_pyPh
(NS e o oluene
C— + =~
N 25°C, 12 h
= 76%
3¢ >%-py~" 81c>C-py""

Scheme 4. Migratory-insertion reactions of unsaturated substrates with scandium pyridyl
complexes.
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reactions.!”®*+%! Indeed, when the phenylpyridyl complex 3fc -py"" was
used instead of 3fc -py, the same reaction took place in half an hour
(Scheme 4) to give 6 o -py"™ (Figure 8).

The reactions of 6§C°-pyP with 2-butyne to give 7fC -py™" and
1,3-butadiene to give SECC-pyP b were carried out (Scheme 4) in order to
compare the reactivity of scandium pyridyl complexes with the reactivity
of analogous yttrocene and zirconocene complexes. The formation of
75¢ h is analogous to the reaction of the zirconocene pyridyl cationic
complex reported by Jordan et al. and 2-butyne.!”®! The yttrocene pyridyl
complex reported by Teuben et al. showed, however, a different reactivity
behavior: instead of an insertion reaction, a deprotonation reaction
involving the methyl butyne protons took place.[*%!

With respect to the reaction between 6§C°-pyP b and 1,3-butadiene,
Teuben reported that butadiene did not react with the yttrium complex
Cp*2Y(i*-N, C-pyridyl).*® No information related to a reaction of buta-
diene with the zirconium cationic pyridyl complexes could be found in
the reports published by Jordan.[”®! The product 8§C°-pyP h was crystallo-
graphically characterized (Figure 8). The carbon atoms of the allyl
backbone were disordered, showing two different orientations for the

Figure 8. ORTEP representations of 6fc -py™ (left, thermal ellipsoids at 35% probability)
and 8§c°-py (right, only one of the allyl orientations shown; thermal ellipsoids at 50% prob-
ability); hydrogen atoms were removed for clarity. (Figure appears in color online.)
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allyl ligand, analogously to the disorder reported by Bercaw et al. for a
non-substituted allyl scandocene complex.®”)

3.2.4. Coupling. Although the migratory insertions of unsaturated
substrates with the scandium pyridyl complexes described above were
expected, the formation of C—C coupling products from the reactions of
the newly synthesized pyridyl complexes 3} with pyridines, described
below, was unexpected. As mentioned, the reaction between l?é[-
(CH,Ar)(THF) and excess pyridine gave a mixture of products; it was
identified that the mixture showed signals in the olefinic region of its 'H
NMR spectrum. When ortho-substituted pyridines were employed,
however, the C—C coupling reaction proved remarkably general (9},
Table 5). The coupling reaction was not observed before, but it was
proposed as a step in the formation of 2,2-bipyridine from Cp*,Y(;*-
N,C-pyridyl) and excess pyridine.”®! The ferrocene-diamide ligands
proved extremely versatile in supporting a variety of such products,
while the pyridine diamide used was featured in only one case. The
explanation for this behavior may be dependent on the pincer diamide’s
inability to lead to clean ortho-metalated complexes and on the ancillary
ligand’s ability to support the products of the C—C coupling reaction.!*”!

The complexes 95¢-py™™-py™", 95¢-py"-ign, 9¢-py""-phan, and 9¢.-
acr-phan were crystallographically characterized (Figure 9). All
solid-state structures were consistent with the dearomatization of one
of the heterocycles by showing distances to the sp>-hybridized carbon
atom lengthened in the coupled complexes versus distances expected
for an aromatic ring, and angles indicative of a pseudo-tetrahedral
geometry at that carbon atom. The two heteroaromatic rings are almost
coplanar in the first three complexes (9§°-pyph-pyph, 9?c°-pyph-iqn, and
9..-py’ P-phan). Because of the larger size of the ring formed by coupling
in 9¢.-acr-phan than in the other three complexes (six versus five atoms),
the two bulky heterocycles in 9¢-acr-phan could adopt a perpendicular
orientation relative to each other. The increased flexibility of the
six-member ring in 9¢.-acr-phan also allowed the biheterocyclic fragment
to come in close proximity to the metal center.

Several factors were found to promote the coupling reactions of the
C—H activated complexes 32’:[ with pyridine substrates:!®*!

1. Ortho-substituents accelerated the coupling reaction, although large
substituents inhibited it.
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Table 5. Coupling of aromatic N-heterocycles”

Compound Substrate Product
THE s
R
e
WTHF
(NNfc)SC“\/ AN N\ ‘ e g™ ign™e

N e
THE
o ¢

(NN®)Sc—; \ N \d [y phan
\N / = ‘ (NN©)sc  Ph
S
Ph N
THF 7\ — =~
\ Y
e N A
\N/ N =N N W ANTSc(NN)
3chc_pyPh PH
STHF N
(NNfc)sc“‘\ N\ _N Wl
3,.5%-pyS N (wesd Sives
Me3Si
JHF
(NNPe)Scs

\N/ N
DQ N
JHF
NN'®)Sc O
ninw S I
N7 l «

N

“All reactions occurred in toluene or toluene/n-pentane at room temperature.

X
| (NN");:/N =




11: 52 15 January 2011

Downl oaded At:

FERROCENE-BASED CHELATING LIGANDS 217

2. The use of chelating substrates was beneficial.
3. Fused aromatic rings on the coupling partner had an accelerating
effect.

It became apparent that the coupling reaction was not restricted to
n*-N,C-pyridyl complexes when an analogous reaction was observed
from the CH, group of 33¢-lut (Scheme 5). The reaction of 33°-lut with
3-methylisoquinoline led to a coupled product, 9§c°-lut-iane, in which
the two heterocyclic rings were bridged by a methylene group. The for-
mation of 9§C°-lut-iane was not an isolated example and the yttrium
and lanthanum compounds obtained by the C—H activation of 2-pico-
line, 3 -pic (NN =NN®, M =Y, La; NN =NNP, M =Y), also reacted
with 3-methylisoquinoline to give 9N\ -pic-iqn™'®. Furthermore, 33¢-py"'-
py, a compound which contains a Sc-CH,CH,-pyridine motif,**! also
reacted with 3-methylisoquinoline to give the coupling product 9?0"-
py"-ign™®, in which the two heterocycles were bridged by a 1,2-ethylene
group.!®¥

The ortho-metalated imidazolyl complexes also showed C—C coup-
ling reactivity. For 1-methylimidazole, the product of coupling with a
coordinated imidazole ligand in 2§c°-(mi)2 was proposed to be an inter-
mediate in the ring opening reaction discussed below. Although the reac-
tion of 1-methylbenzimidazole with IECC-(CHzAr)(THF) led only to the
isolation of the 1?-N,C-imidazolyl complex 2§C°-mbi, the reaction with
the larger analogues, 1)-(CH,Ar)(THF) (M =, Lu), allowed the obser-
vation of the C—C coupled product 10)!-mbi (Eq. 4), which was crystal-
lographically characterized (Figure 10). Interestingly, the formation of
the C—C bond in 10M-mbi was reversible,”® as shown by
variable-temperature "H NMR spectroscopy and DFT calculations.!”’!

JAD 1y

SN \ N%LH

(NNf°)M'"< T e N “)
N
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Figure 9. ORTEP representations (thermal ellipsoids at 50% probability) of 9?°-pyph-pyph,
9§c°-pyph-iqn, 9¢-py "-phan, and 9¢-acr-phan; irrelevant hydrogen atoms were removed for
clarity. (Figure appears in color online.)

Efforts were made to isolate coupling products from the
C—H-activated 1-methylimidazole ligands. Neither 23°-mi nor [25¢],
reacted with pyridines; however, both complexes reacted with
2,2'-bipyridine at 50°C and yielded a bright red-orange coupled product,
105¢-mi-bipy (Eq. 5). The complex 103°-mi-bipy was characterized by
X-ray crystallography (Figure 10).
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N 4
\
N=
NN = NNPY; M =Y %

onn"-pic-ignVe

~ /N
py | N
f")s"ss U (NN)s (CH.)
(NN)Sc > C. 2)2
N\ _L_ 16h,70°C \N/
0,
g | 86% < J
3>%-py='-py 9¢.5°-pyFt-ign™e

Scheme 5. Coupling of methylene- and ethylene-pyridine complexes with 3-methylisoquinoline.
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Figure 10. ORTEP representations of IOku-mbi (thermal ellipsoids at 50% probability) and
105¢-mi-bipy (thermal ellipsoids at 35% probability); irrelevant hydrogen atoms were
removed for clarity. (Figure appears in color online.)

(NNf°)Sc"‘°\ \
N

@\ _ /N/
O

=N
or = (NN®)Sc—/ \ (8)
(\N/ toluene —
1/2 (NN)Sc:. "Sc(NN')

N
NS
2x>1]

3.2.5. Ring Opening. The reaction mixture obtained from 13¢-
(CH,Ar)(THF) and three equivalents of 1-methylimidazole (Scheme 6)
turned, surprisingly, from a yellow/light-orange to a dark-purple color
after heating it for several hours at 70°C. The isolated product was
characterized as ll?cc-mi by X-ray crystallography (Figure 10) and
contained an imidazole-imine-amide moiety, in which one imidazole
fragment was ring opened. Other examples of homogeneous systems that

Z

10;.5°-mi-bipy

\
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2 [\ C

S ~Ar —NN ‘\\
(NNfC)M\ 5 ( NfC)M — (NNfc) )/
THE toluene, 70 °C \N /
14cM{(CH,Ar)(THF) I M1eM-m \—/
2 //\ | 25°C M=Sc/Y/Lu ; N/_\N
/N\/N -THF —N\

O LY
O P N

/N\/N
- NN'C)M

(NNfC)M - mesitylene ( ) | \“\
N

A\
Q ~d il

1M '(CHzAr)(mi)zl

Scheme 6. Ring opening of 1-methylimidazole by lz'-(CHzAr)(THF) M=Sc, Y, Lu).

mediate the ring opening of aromatic N-heterocycles are also based on early
transition metals such as tantalum,!'°! niobium,'°"1%? and titanium,!! %194
with the exception of a rhenium system,!'’>'%! which employs external
bases and electrophilic reagents, and a low-valent tungsten complex that
breaks the C—C bond of quinoxaline.!'””! Actinide complexes have also
been shown to effect the ring opening of aromatic N-heterocycles,!'?®~'10!
as reported by the Kiplinger group for thorium and pyridine-N-oxides!' ')
and by the Gambarotta group, when redox processes contribute to
pyrazole ring opening by uranium centers.!''?!

The ring opening of 1-methylimidazole was found to be mediated by
all ferrocene-diamide complexes (1M-(CHAr)(THF) and 1%u-
(CH,Ar)(THF),).1’2°*357 The following mechanism was proposed based
on NMR spectroscopy and X-ray crystallography studies (Scheme 6):°!
the first step involves displacement of THF and coordination of two imi-
dazole molecules. The C—H activation of one of the 1-methylimidazole
ligands to give 2)-(mi), is the slow step of the entire process. Following
C—H activation, C—C coupling®® between the #?-N,C-imidazolyl and
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one of the coordinated imidazoles occurs and is accompanied by the
dearomatization of one of the rings to give lﬂx-mi, as mentioned above.
That intermediate was not observed and it was proposed that it trans-
formed into the final product 11fC -mi, likely stabilized by extended
conjugation. The above mechanistic scheme was supported by DFT
calculations.'”®! In addition to providing information about the
ring-opening step, the calculations revealed that the dearomatized
1-methylimidazole fragment must undergo a rotation to allow the coor-
dination of the nitrogen bearing the methyl group. This rotation showed
the highest activation barrier of the calculated process.!**!

Q\ Q\N/
& “/g
toluene _ \wey— ©)

N@ 85°C \N \@
/

The reactions between 1M-(CH,Ar)(THF) and 1-methylbenzimida-
zole (mbi) provided further support for the proposed mechanism.”"!
As described above, the C—C coupled product IOfLC“-mbi was isolated
and crystallographically characterized (Eq. 4 and Figure 10). The com-
plex IOfLC“-mbi transformed into the expected ring-opened product,
11{"-mbi (Eq. 6), by prolonged heating at 85°C.>!

””'Z

(NNf")Lu

ZJIZ '/

WTHF 3 N\/N\

(NP —— o (NNPYV—
toluene, 70 °C N @)
\r - PhCHj, - mi />

M=Y, 48 h, 74% ;"
M = Lu, 15 h, 74%

1pyM-(CHAT)(THF)

The ring opening of 1-methylimidazole was found to be mediated
also by the pyridine-diamide complexes lg’;-(CHzAr)(THF). The
reaction between 1Y -(CH,Ph)(THF) or 13'-(CH,Ar)(THF) and three
equivalents of 1-methylimidazole (Eq. 7) resulted in the formation of
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11 y-mi, analogously to what was observed for the ferrocene-based
complexes 1551 We proposed that a similar mechanism operated in those
transformations as well. The reactions with 1-methylbenzimidazole,
however, did not proceed cleanly for the pyridine-diamide complexes.

(\N/
N&S s AlNes \H\ ~\ /AIMe3

fc ol fc
(NN )Sc\ ) toluene N\Al +  (NN)ScMe(AlMe;), (8)

71 50 °C Me;

Given the unusual planar, tridentate nature of the imidazole-imine-
amide ligand in 11}-mi, we became interested in determining whether
this fragment can be removed from M and used as a ligand for a different
metal. In addition to transferring the imidazole-imine-amide unit of 11}-
mi to another metal, transmetalation would allow the recycling of the
metal ferrocene-diamide fragment. The reaction of the scandium complex
115¢-mi with 8 equivalents of AIMej; led to the formation of two major
products (Eq. 8).I'""3! The products were separated and isolated based
on their different solubility properties: a hexanes extraction led to the pre-
viously reported (NN™)ScMe(AlMe3), (l °-Me(AlMe3),),! while a tolu-
ene extraction allowed the isolation of a colorless solid, which was
identified by NMR spectroscopy, X-ray crystallography (Figure 12),

and elemental analysis as the trialuminum complex 124'-mi.!"'"*!

3.2.6. Hydrogen-Transfer Processes

3.2.6.1. Isomerization of 9?04: Since the mechanism of imidazole ring
opening involves a coupled product as an intermediate, the reactivity
of the pyridine-coupled products was also tested. Solutions of 9} -py"h-
ign (M =Sc, Y, Lu) were heated at 70 or 85°C for several days, during
which time their color changed from red to green (Scheme 7). All 9?04-
py"P-ign compounds transformed with at least 60% conversion into
13}{'-pyP "_ign (Figure 13, M =Sc), in which a different carbon of the
dearomatized ring became sp’.°*! The isomerization by 1,4-hydrogen
transfer was also observed for the coupled product of 2-phenylpyridine
with 2-picoline (9§c°-pyPh-pic) or of 8-methylquinoline with 3-methyliso-
quinoline (95¢-qn™*-iqn™®) that transformed to 133°-py""-pic and 137°-
qn™e-ign™°, respectively, upon heating. In the case of 13?c°-pyP "_pic, the
coupling product 9§c°-pyP h_pic could not be isolated because its formation
was competitive with its isomerization. Those additional reactions were
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Figure 11. ORTEP representations of 11§C°-mi (thermal ellipsoids at 35% probability) and
115-mbi (thermal ellipsoids at 50% probability); hydrogen atoms were removed for clarity.
(Figure appears in color online.)

limited to scandium complexes because mixtures of products that proved
intractable were obtained for yttrium and lutetium. Other biheterocyclic
complexes 9 could be obtained, but the heating of their solutions also
gave unsolvable mixtures of products. In some of those mixtures,

Figure 12. ORTEP representation (thermal ellipsoids at 50% probability) of lZQ'-mi; irrel-
evant hydrogen atoms were removed for clarity. (Figure appears in color online.)
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Scheme 7. Isomerization of biheterocyclic ligands in 9}‘;’.

complexes of the type 13} could be identified by "H NMR spectroscopy,
but their separation and isolation were not successful.

Mechanistic information was obtained from a cross-over experiment
between 95¢-qn™°-ign™°-d, and 93°-py""-iqn™° (Eq. 9). The experiment
showed that there was no deuterium incorporation in 13?c°-pyPh-iane,

Figure 13. ORTEP representations (thermal ellipsoids at 50% probability) of l3§°-pyP h_ign
(left) and 14§c°-pyp "_bqn (right); irrelevant hydrogen atoms were removed for clarity. (Figure
appears in color online.)
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indicating that the isomerization reaction was an intramolecular process.
The intramolecular nature of the transformation was also supported by
two other observations: (1) reactions in the presence of excess 3-methy-
lisoquinoline did not proceed at a different rate than reactions run in its
absence; and (2) the addition of Et;N to 95¢-qn™*-iqn™* did not influ-
ence the rate of the isomerization process.

9

[9¢c>°-pyP™-ian] [9¢c>°-an-ian-d| [13¢c>°-pyP™-ian] [13¢5°-an-ian-d,|

The mechanism for the isomerization of 9fc -py"-ign to 13fC -py -ign
was also explored using DFT calculations. It was found that a direct transfer
from C2 to C4 was the most energetically favored pathway. The proposed
avenue involved a transition structure in which the hetero cycle adopted a
boat-like conformation that facilitated the direct proton transfer.!**!

During the study of the coupling reaction between 35°-pyPh and
7,8-benzoquinoline, it was found that the coupled product 9fc py
bqn formed very slowly (Scheme 8). Before the formation of 9fc -py™"
bgqn was complete, however, the formation of a second, Cs-symmetrlc
product was observed. The final product was identified as 14§C°-pyPh-
bqn (Figure 13), in which the sp*-hydrogen atom migrated to the benzyl
carbon of the dearomatized pyridine ring (Scheme 8).1*! This isomeriza-
tion reaction is a 1,3- as opposed to a 1,4-hydrogen migration, and it can
be explained by the fact that the aromaticity of the naphthalene moiety is
preserved in 143°-py”"-bqn.

o f
NN*)s¢._ Ph — (NN™)Sc2
( ) ~N CeDe ( ) \ P
/ \ 25 OC
3 5%-py™" 9.>°-py""-ban

not isolated 14:.5°-py™"-bqn

Scheme 8. Isomerization of the biheterocyclic ligand in 9fc -py*P-bqn.
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3.2.6.2. Hydrogen-transfer processes from 9%’: It was found that a
certain class of coupled products, 9}‘3-pyPh-pyPh (M =Sc, Y, Lu), under-
goes a different type of hydrogen transfer (Eq. 10): heating those com-
plexes caused the formation of complexes containing a radical-anionic
2,2'-bipyridyl ligand (ISX-pyPh).“M] This method constitutes a new
way of generating such complexes since it does not involve electron
transfer to neutral 2,2'-bipyridyl or salt metathesis between the lithium
salt of the 2,2'-bipyridyl radical anion and group 3 metal halides. It
was also shown that, as expected, the use of an H- acceptor, 2,4,6-tri-r-
butylphenoxyl, led to high conversions (76% after recrystallization for
yttrium versus 47% in the absence of the radical) and almost no bypro-
duct formation.!''¥!

N
70°C
(NNf)M (10)
\N/ -He
M=Sc/Y/Lu

Ph

9 "-py™"-py™" 15¢M-py™"

The X-ray crystal structures of 15Y-py"" and 155"-py"™ were deter-
mined (Figure 14) and confirmed the radical anionic character of the
bipyridyl ligand. All new bipy metal complexes were characterized by
EPR and absorption spectroscopy. DFT calculations were used to probe
the electronic structure of these compounds. All these methods support
the radical-anionic character of bipy in all compounds.

3.2.6.3. Hydrogen-transfer processes from 5}, : During the course
of the reaction of l?f-(CHzAr)(THF) with isoquinoline, it was observed
that employing an excess of substrate led to the formation of a new
product, 16?3-(iqn)2, along with 1-benzylisoquinoline, 174", through a
process of hydrogen transfer.>¥ The same product was formed from
SX-THF (Scheme 9). That reaction was general and the products were
also characterized for 16%Y-(iqn), and 162@-(iqn)2 (M =Y, Lu), which
were obtained from Sk‘;-(iqn)z and Sx-(iqn)z (M =Y, Lu), respectively
(Scheme 9).15357!

The compounds 16"-(iqn), and 16) -(iqn), were characterized by
single-crystal X-ray diffraction (Figure 15), which confirmed that two
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Figure 14. ORTEP representation (thermal ellipsoids at 50% probability) of 15}{;pyph (left) and
ISk:“-pyPh (right); hydrogen atoms were removed for clarity. (Figure appears in color online.)

isoquinoline ligands were coordinated to the metal centers instead of
one, as found in SK-iane. It is likely that less steric crowding is present
in 16{"-(iqn), and 16 -(iqn), because of the absence of the benzyl group
in the proximity of the metal center.

TSI
<CHzPh Ny s — H
(NNf°)Y'\ —_— (NN'°)Y—NQ><
toluene H (11)
y

THF
- THF P

0,
1r"-(CH,Ph)(THF) | 24 1, 50°C 16'%"-(pY);

It is interesting to note that a pyridine product reminiscent of 1622-
(ign), could be isolated (16}2(-(py)2, Eq. 11), although the reaction of
the benzyl complexes 1¥\-(CH,Ar)(THF) with pyridine usually gives
mixtures, from which individual compounds could not be separated.
The complex 16}2(-(py)2 is the product of a hydrogen migration to the
4-position, as identified by X-ray crystallography (Figure 16), instead
of to the 2-position, as was the case for isoquinoline. The characteriza-
tion of 16{ -(py), by other methods was not possible because it could
not be purified when its synthesis was attempted ulteriorly. Computa-
tional studies revealed that both the alkyl and hydrogen-transfer
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LU/

qn
~CHAr 4 N\l H H

NN)M > (NN)M
(NN) \THF toluene ( )\\m

7 ign
[1un"-(CHANTHF) = N |
Ar 17AI’

NN =NN; M=Sc/Y/Lu/La
NN = NNA%: M = Lu
NN=NNP; M=Y/Lu

_ .
JHE o3 ] sH H
NNf)m » (NN )M—
\N | toluene \ N\|
N -q7AT iqn

5¢.M-THF M=Sc/Y/Lu/lLa 16:M-(iqn),

ign Ar Z iqn
3 N S H M
(NN)M—nN > (NN)M—p
VO | toluene \ |
. \
iqn -17AT iqn

NN=NN?;M=Y/Lu

Scheme 9. Hydrogen transfer in 5N complexes.

reactions had high activation barriers that were similar in value in the
case of pyridine. Furthermore, the product of the hydrogen-transfer reac-
tion was not as stabilized with respect to the starting material as in the
case of isoquinoline. All those findings explain why the reaction with
pyridine leads to complicated mixtures of products.

The hydrogen transfer from 5M-THF also occurred to unsaturated
substrates with polar double bonds, such as ketones and azobenzene,
but it did not take place when 2-butyne, diphenylacetylene, and ethylene
were employed. During the study of the latter reactions, it was found that
the self-transformation of 5M-THF to 16}-(THF), and 18 occurred
(Eq. 12).554
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Figure 15. ORTEP representations (thermal ellipsoids at 50% probability) of 16(LC“-(iqn)2
(left) and 16)-(ign), (right); irrelevant hydrogen atoms were removed for clarity. (Figure
appears in color online.)

Figure 16. ORTEP representation (thermal ellipsoids at 35% probability) of l6}Z-(py)2;
irrelevant hydrogen atoms were removed for clarity. (Figure appears in color online.)
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\\\THF Ar CeDs ;IHF :;!HF Ar
2(NNf°)M ——— (NN)M—p + (NNf)M
Ny ‘ - ArCHs v \N, { (12)

N M=Y:70°C,72h THF

M = La: 50 °C, 96 h [16,M~(THF),] \

The reaction in Eq. 11 is somewhat similar to that reported by Cronin
et al. for phenanthridinium salts:!''*! in the presence of amines, the phenan-
thridinium salt was dearomatized and a product corresponding to S?C/[-THF
was formed. In the presence of a base, the dearomatized phenanthridinium
transferred one proton to a molecule of the initial phenanthridinium salt,
leading to the formation of a product corresponding to 16}-(THF),, and
underwent rearomatization, giving a product corresponding to 18}‘3

@g@f?

H
[
fc foyy. fe Ph (13)
(NN )Y\\N | — |(NN ) — (NN )Y\
iqgn > |qn A
5¢c"~(ign) transition state
AG 0.0 20.6 —-4.2 kcal/mol

A mechanism for the transformation of 5}!-THF to 16}-(ign), was pro-
posed.’¥ DFT calculations suggested that a direct transfer of a hydrogen
atom between two isoquinoline ligands was the most plausible pathway
(Eq. 13) and that the hydrogen atom migrated as a proton and not as a
hydride. The results suggested that the activation barriers in the dearomatiza-
tion of heterocycles was correlated with the lost versus gained aromatic
stabilization energy.’*! That pathway was favored over f-hydride elimin-
ation.” Both types of mechanisms have been proposed to explain the
Meerwein-Ponndorf-Verley reduction of ketones by various metal alkox-
ides,!''® a reaction similar to the transformation of SM-THF to 16}!-(iqn),.

4. CONCLUSIONS

The present review discussed the chemistry of metal complexes sup-
ported by two types of chelating ferrocene ligands: (1) Schiff base and
(2) diamide. The metals of interest were yttrium and cerium for the first
class and group 3 metals (scandium, yttrium, lutetium, and lanthanum)
for the latter.
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Two series of Schiff base metal complexes were discussed. The two
ancillary ligands differed by the type of the N=X functionality that they
incorporated: one ligand was based on imine, whereas the other was
based on an iminophosphorane group. The resulting cerium(IV) bis
(alkoxide) complexes were characterized in order to determine whether
the presence of the strongly oxidizing cerium(IV) would give rise to
non-innocent redox behavior in the supporting ligands. For comparison,
the corresponding cerium(IIT) and yttrium(III) alkoxide complexes were
also synthesized. All the metal complexes were characterized by cyclic
voltammetry and '"H NMR, Mossbauer, X-ray absorption near-edge
structure (XANES), and absorption spectroscopies. The experimental
data indicated that iron remained in the 42 oxidation state and that cer-
ium(IV) did not engage any part of the ancillary ligand in redox behavior.

1,1’-Ferrocene-diamide complexes of group 3 metals showed a
diverse array of reactivity with aromatic N-heterocycles. Those reactions
were investigated and a substrate-dependent behavior was observed. For
example, 1-methylimidazole was cleaved by all the metal complexes stud-
ied. With pyridines, subtle differences in behavior were identified: C—H
activation and C—C coupling were operative for ortho-substituted pyri-
dines, while alkyl transfer was manifested for isoquinoline and chelating
pyridines. The product of those reactions underwent further transforma-
tions. For example, migratory insertions took place between pyridyl
complexes and unsaturated substrates. On the other hand, the products
of the C—C coupling reactions were found to undergo two types of
hydrogen transfers: (1) isomerization within the same ring to give
extended-conjugated structures; and (2) H- abstraction to give
radical-anionic bipyridyl complexes. The products of alkyl-transfer reac-
tions also underwent a subsequent hydrogen-transfer reaction, which
occurred between two different heterocycles.

The comparison between the ferrocene and pyridine-diamide benzyl
complexes showed that similar reactions were observed with 1-methyli-
midazole, 2-picoline, and isoquinoline. It is important to note, however,
that other types of reactions and a larger substrate scope were identified
for the ferrocene- than for the pyridine-based complexes.

Although some of the reactions observed with the ferrocene-diamide
group 3 metal benzyl complexes have been previously reported for other
classes of compounds, those examples were isolated and, in some cases,
the reactions were not straightforward. In this light, the ferrocene dia-
mides represent a versatile ligand framework. That finding was significant
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because the analysis of different reactivity behaviors with one class of
complexes allowed comparisons to be made and factors leading to indi-
vidual reactions to be rationalized. It is possible that the privileged status
of these organometallic ancillary ligands is a consequence of iron’s ability
to accommodate changes in the electronic density at the metal center
more readily than classical supporting ligands.
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