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Introduction

The ability of supporting ligands to solubilize and stabilize
metal complexes and to direct reactivity at a metal center
through steric and electronic constraints is an issue of funda-
mental importance in homogeneous transition-metal chemis-
try. In this context, donor ligands with numerous permuta-
tions of coordination number (1, 2, 3, etc.), charge (�1, �2,
�3, etc.), and donor type (C, O, S, N, P, etc.) have been ex-
amined.[1] While much research and a number of reviews
have focused on monodentate,[2,3] bidentate,[4–6] and triden-
tate[7–9] monoanionic ligands, less attention has been paid to
tetradentate monoanionic (TDMA) ligands of the general
formula L3X (Figure 1).

By definition, TDMA ligands have the ability, when fully
bound, to occupy four coordination sites, while tying up

only one valency. The inherent higher coordination number
of TDMA ligands creates the potential for hemilable behav-
ior in which full coordination of the ligand is only achieved
upon the loss of co-ligand, either through abstraction, proto-
nation, or reduction. For instance, a change in coordination
mode from tridentate to tetradentate could stabilize a tran-
sient species long enough to allow for its reaction with a
substrate of choice. This change in coordination mode could
also enable the isolation of species that would otherwise go
undetected without the additional stabilization provided by
the hemilable ligand. The intention of this review is to
survey the use of nonmacrocyclic,[10–14] TDMA ligands for
use with main-group, transition-metal, and f-block com-
plexes. Cyclopentadienyl ligands exhibiting a neutral tether
have been covered elsewhere and do not fall under the
scope of the present review.[15]

Tetradentate b-Diiminato Ligands

Ligands incorporating b-diiminato functionalities have been
known for many years.[16] These ligands are attractive due to
the ready availability of their starting materials and the
straightforward manner by which they are synthesized.
Roesky et al. recently examined a tetradentate version of
the nacnac ligand in which additional diethyl amine donor
groups had been tethered to the original ligand moiety (La;
Figure 2). Roesky and co-workers synthesized numerous

Group 3 and Ln complexes supported by La through meta-
thesis reactions of MX3 (M=Sc, Y, Pr, Sm, Tb, Ho, Er, Yb;
X=Cl, Br, BH4, I) and LiLa.[17–21] In addition, substitution
reactions with [ScCl2(La)] and LiN ACHTUNGTRENNUNG(SiMe3)2 led to amide-
substituted as well as ligand decomposition products. Alky-
lation of [TbBr2(La)] with two equivalents of LiCH2SiMe3

led cleanly to the dialkyl species [TbACHTUNGTRENNUNG(CH2SiMe3)2(La)],
which was structurally characterized. One particularly inter-
esting and impressive compound supported by La is the
monoalumoxane complex [Al(La) ACHTUNGTRENNUNG{O-B ACHTUNGTRENNUNG(C6F5)3}] (Figure 3),
the first of its kind.[22] Work by McNeil�s group examined
the related modified b-diiminato ligand Lb, possessing heter-
ocyclic donor groups. The coordination compounds
[MgBr(Lb)], [ZnCl(Lb)], and [Cd(Lb)ACHTUNGTRENNUNG(OAc)] were synthe-
sized and structurally characterized.[23] In each case, all four
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Figure 1. General TDMA ligand design.

Figure 2. b-diiminato TDMA ligands.
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donors bind the metal center. In addition to neutral amine
donors, ethereal donor substituted b-diiminato ligands have
been synthesized and studied (Lc). Chisholm and co-workers
examined the utility of Lc as a supporting ligand for a series
of Mg and Zn starting materials. The coordination chemistry
of complexes [Mg(Lc) ACHTUNGTRENNUNG(OtBu)], [Mg(Lc){N ACHTUNGTRENNUNG(SiMe3)2}],
[Zn(Lc) ACHTUNGTRENNUNG(OiPr)], and [Zn(Lc){N ACHTUNGTRENNUNG(SiMe3)2}] was examined, and
the activity of these complexes towards the catalytic ring
opening polymerization of lactides was explored.[24]

Functionalized TACN Ligands

Monodeprotonated, 1,4,7-triazacyclononane (TACN) is a
6 e� tridentate monoanionic macrocyclic ligand that has
been shown to be useful for supporting a variety of interest-
ing and reactive metal complexes.[15,25–29] Conversion of the
TACN ligand to a TDMA ligand is achieved by tethering an
anionic functional group to one of the nitrogen donors.
Tolman and co-workers began work on the phenolate substi-
tuted TACN ligands HLd and HLe (HLd =1-(3,5-dimethyl-2-
hydroxybenzyl)-4,7-diisopropyl-1,4,7-triazacyclononane;
HLe = 1-(3,5-di-tert-butyl-2-hydroxybenzyl)-4,7-diisopropyl-
1,4,7-triazacyclononane) to support model complexes of gal-
actose oxidase (GAO).[30, 31] The sodium salts NaLd and
NaLe were prepared in situ upon the addition of NaH and
reacted with CuCl2, CuACHTUNGTRENNUNG(O3SCF3)2, Cu ACHTUNGTRENNUNG(O2CCH3)2, and ZnCl2

to form the metalated products [CuCl ACHTUNGTRENNUNG(Ld/e)], [Cu(Le)-ACHTUNGTRENNUNG(NCCH3) ACHTUNGTRENNUNG(O3SCF3)], [Cu(Le) ACHTUNGTRENNUNG(O2CCH3)], and [ZnCl ACHTUNGTRENNUNG(Ld/e)].
The alcohol complex [Cu(Le) ACHTUNGTRENNUNG(OCH2Ph)] was synthesized
through the metathesis reaction of LeCuCl and NaOCH2Ph.
The X-ray structure reveals an O···H�C interaction of possi-
ble functional importance for the hydrogen atom abstraction
involved in alcohol oxidation by GAO. In addition to Ld/e,
varying substitutes at the para position of the phenol ring,
such as OMe and SMe, were introduced to determine how
the redox chemistry of the resulting complexes was affected.
Also of interest was the synthesis of a CuI species supported

by Le. Metathesis reactions with NaLe and CuI starting mate-
rials failed to yield the desired product due to disproportio-
nation; however, the protonolysis reaction of HLe and CuI–
alkyl starting material led cleaning to the CuI species
[Cu(Le)] (Figure 4).[32] The reactivity of [Cu(Le)] with O2

was probed with the hope of elucidating the mechanism for
oxidation. Weighardt et al. also examined the use of HLd/e

for stabilizing main-group and first-row metal complexes of
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Figure 3. ORTEP diagram of [Al(La) ACHTUNGTRENNUNG{O-B ACHTUNGTRENNUNG(C6F5)3}].

Figure 4. ORTEP diagram of [Cu(Le)].
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CrIII, MnIII, CoIII, NiII, ZnII, and GaIII.[33,34] The redox chemis-
try of the Co complexes [Co(Le) ACHTUNGTRENNUNG(acac)] ACHTUNGTRENNUNG[ClO4] and [Co(Le)-ACHTUNGTRENNUNG(Cl4cat)]CH3CN (Cl4cat= tetrachlorocatechol) was also
probed to determine the nature and location of the radical
on the reduced species.[35]

Work from Mountford et al. focused on the use of Ld/e

and Lf (HLf =1-(3,5-di-tert-butyl-2-hydroxybenzyl)-4,7-di-
methyl-1,4,7-triazacyclononane) for supporting hard, early
metal and organometallic complexes. One of the first com-
plexes reported was the dimethyl Al complex [Al(Le)Me2],
which exhibits hemilable behavior at the TACN moiety
upon the abstraction of a methyl group with B ACHTUNGTRENNUNG(C6F5)3

(Scheme 1).[36] In addition to Al chemistry, a range of tri-ACHTUNGTRENNUNGvalent main-group and transition-metal dichloride com-
plexes were also synthesized through metathesis reactions
with KLd–f and metal halide starting materials MCl3 or
MCl3ACHTUNGTRENNUNG(thf)3 (M =Ga, In, Sc, Y, Ti, V, Cr).[37] The bis-alkyl
complex [Sc ACHTUNGTRENNUNG(CH2SiMe3)2(Lf)] was synthesized by the alkyla-
tion of [ScCl2(Lf)] with two equivalents of LiCH2SiMe3 or
by the protonolysis reaction of HLf and [Sc ACHTUNGTRENNUNG(CH2SiMe3)3-ACHTUNGTRENNUNG(thf)2]. Further reaction of [Sc ACHTUNGTRENNUNG(CH2SiMe3)2(Lf)] with two
equivalents of p-cresol gave the bis-alkoxide [Sc(Lf) ACHTUNGTRENNUNG(OAr)2]
(OAr=O-4-C6H4Me), which was structurally character-
ized.[38] The solid-state structure of [Sc(Lf) ACHTUNGTRENNUNG(OAr)2] showed
the ligand fully coordinated, consistent with the NMR data
(Figure 5). Mountford et al. also synthesized the Ti imido

complexes [TiCl(Le) ACHTUNGTRENNUNG(NtBu)] and [TiCl(Le) ACHTUNGTRENNUNG(NSiMe3)] as po-
tential precursors for Ti nitride species.[39]

An alternative functionalized TACN ligand comes from
Hessen�s group, who focused on the examination of an
amido tether linked by either an ethyl or a dimethylsilyl
bridge to the TACN moiety.[40–43] Through protonolysis reac-
tions between HLg/h (HLg = N-tert-butyl-2-(4,7-dimethyl-
1,4,7-triazanon-1-yl)ethylamine; HLh = N-tert-butyl-2-(4,7-di-
methyl-1,4,7-triazanon-1-yl)dimethylsilylamine) and [M-ACHTUNGTRENNUNG(CH2SiMe3)3 ACHTUNGTRENNUNG(thf)2] (M= Sc, Y, La, Nd), a series of [M-ACHTUNGTRENNUNG(CH2SiMe3)2 ACHTUNGTRENNUNG(Lg/h)] complexes were synthesized (Scheme 2).

An X-ray diffraction study of [YACHTUNGTRENNUNG(CH2SiMe3)2(Lg)] revealed
full coordination of the ligand, giving a six-coordinate Y
complex (Figure 6). The 1H NMR data indicate [Y-ACHTUNGTRENNUNG(CH2SiMe3)2(Lg)] possesses Cs symmetry in solution, with
rapid exchange of the two CH2SiMe3 groups. Following pro-
tonolysis with [PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4], the cationic species
[M ACHTUNGTRENNUNG(CH2SiMe3) ACHTUNGTRENNUNG(Lg/h)][B ACHTUNGTRENNUNG(C6F5)4] (M=Sc, Y, La, Nd) were
generated in situ and were shown to be active polymeri-
zation and copolymerization catalysts with ethylene and eth-
ylene/a-olefins, respectively. It was also determined that the
stability of the complexed metal–alkyls was highly depen-
dent on the choice of the linker arm, with the longer ethyl
linker giving more thermally stable complexes.

Scheme 1. Methyl group abstraction from [Al(Le)Me2]
+ .

Scheme 2. Synthesis of bis-alkyl complexes supported by amide function-
alized TACN.

Figure 5. ORTEP diagram of [Sc(Lf) ACHTUNGTRENNUNG(OAr)2]. Figure 6. ORTEP diagram of [Y ACHTUNGTRENNUNG(CH2SiMe3)2(Lg)].
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Tripodal Ligands

Related to functionalized TACN ligands are nitrogen-cen-
tered tripodal ligands exhibiting an “open” TACN frame-
work. Hessen et al. , curious as to how a less constrained
ligand framework would affect the reactivity, began to ex-
amine the less constrained tripodal frameworks HLi/j (HLi =

N-tert-butylaminoethyl-bis(2-dimethylaminoethyl)amine;
HLj =N-tert-butylaminodimethylsilylbis(2-dimethylamino-ACHTUNGTRENNUNGethyl)amine).[44] As with functionalized TACN ligands, pro-
tonolysis of [Y ACHTUNGTRENNUNG(CH2SiMe3)3ACHTUNGTRENNUNG(thf)2] with HLi led cleanly to
the bis-alkyl complex [YACHTUNGTRENNUNG(CH2SiMe3)2(Li)]. The 1H NMR
data suggest rapid dissociation and inversion of the neutral
dimethyl amino groups; however, the X-ray diffraction
study revealed full coordination of the ligand to the metal
center in the solid-state (Figure 7). Upon standing at room

temperature, [Y ACHTUNGTRENNUNG(CH2SiMe3)2(Li)] was susceptible to intra-
molecular C�H activation at one of the dimethylamino
donors, which resulted in the release of alkane and the for-
mation of a new Y�C bond (Scheme 3). Attempts to synthe-
size [YACHTUNGTRENNUNG(CH2SiMe3)2(Lj)] resulted in the isolation of the
mono-alkyl C�H activation product exclusively, again high-
lighting the difference in thermal stability based on linker
length.

Tripodal ligands with other hard donors have also been
examined. Kols et al. found that the protonolysis reaction of
the amine mono(phenolate) ligand HLk (HLk =2,4-di-tert-

butyl-6-bis[2- ACHTUNGTRENNUNG(methoxy)ethyl]aminomethylphenol) with Ti-ACHTUNGTRENNUNG(OiPr)4 and Zr ACHTUNGTRENNUNG(OtBu)4, led cleanly to the trialkoxides
[Ti(Lk) ACHTUNGTRENNUNG(OiPr)3] and [Zr(Lk)ACHTUNGTRENNUNG(OtBu)3].[45] Both complexes un-
dergo a dynamic process equilibrating the two methoxy
side-arms as seen by the 1H NMR spectra, and the solid-
state structures confirm the presence of six-coordinate octa-
hedral metal centers with one-side arm uncoordinated on
each (Figure 8). Protonolysis of [Ti(Lk) ACHTUNGTRENNUNG(OiPr)3] and [Zr(Lk)-ACHTUNGTRENNUNG(OtBu)3] with [PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4] led cleanly to the

highly stable bis-alkoxide complexes [Ti(Lk) ACHTUNGTRENNUNG(OiPr)2][B-ACHTUNGTRENNUNG(C6F5)4] and [Zr(Lk) ACHTUNGTRENNUNG(OtBu)2][B ACHTUNGTRENNUNG(C6F5)4]. Upon the loss of al-
cohol and the opening of a coordination site, the previously
unbound methoxy donor group coordinates to the metal
center to give a fully bound TDMA ligand, demonstrating
the hemilable behavior of the ligand. Kols� group also syn-
thesized [Zr(Lk)ACHTUNGTRENNUNG(CH2Ph)3] through an analogues alkane
elimination reaction with HLk and [Zr ACHTUNGTRENNUNG(CH2Ph)4]. When [Zr-ACHTUNGTRENNUNG(CH2Ph)3(Lk)] is allowed to react with B ACHTUNGTRENNUNG(C6F5)3, a Zr–benzyl
group is abstracted and the unbound methoxy donor arm
coordinates once again as in compound [Zr(Lk)ACHTUNGTRENNUNG(OtBu)2][B-ACHTUNGTRENNUNG(C6F5)4]. A bis-alkyl cation was also synthesized through the
protonolysis of [Zr ACHTUNGTRENNUNG(CH2Ph)3(Lk)] with [PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4]
(Scheme 4). Substitution of the tBu groups on the phenol
with Me groups was examined to determine what effect the
steric bulk at those positions had on the coordination
chemistry of the resulting complexes. Protonolysis of HLk

and HLl (HLl = 2,4-dimethyl-6-bis[2- ACHTUNGTRENNUNG(methoxy)ethyl]amino-
methylphenol) with ZnEt2 resulted in the isolation of
[ZnEt(Lk)] and [ZnEt(Ll)].[46] The X-ray structure of
[ZnEt(Lk)] reveals a monomeric trigonal bipyramidal com-
plex with the ligand fully bound. Due to the reduced stericScheme 3. Intramolecular C�H activation by [Y ACHTUNGTRENNUNG(CH2SiMe3)2(Li)].

Figure 7. ORTEP diagram of [Y ACHTUNGTRENNUNG(CH2SiMe3)2(Li)].

Figure 8. ORTEP diagram of [Ti(Lk) ACHTUNGTRENNUNG(OiPr)3].
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bulk on the phenol, [ZnEt(Ll)] is dimeric in the solid-state
with bridging oxygen donors and one methoxy donor from
each ligand uncoordinated. Yeldon and co-workers also ex-
amined the ability of Lk to support alkali and other first-row
metals. In addition to the salt K(Lk), [Al(Lk)Me2],
[ZnEt(Lk)], [FeCl(Lk)], and [CoCl(Lk)] were synthesized
either through protonolysis or salt metathesis reactions.[47]

Work in the Arnold group began with an examination of
the use of the phenoxytriamine ligands HLm/n (HLm = 2,4-di-
methyl-6-bis[2-(diethylamino)ethyl]aminomethylphenol;
HLn = 2,4-di-tert-butyl-6-bis[2-(diethylamino)ethyl]aminome-
thylphenol) with early transition metals (Figure 9), Matyjas-

zewski et al. previously used Lm with CuI for atom-transfer
radical polymerization (ATRP) catalysis of n-butyl acry-
late.[48] The Li salt was generated in situ and reacted with
CuCl for use in polymerizations. Extension of this work in
the Arnold group involved the synthesis and isolation of the
Li, Na, and K salts of Lm and Ln. The utility of these salts to-
wards salt metathesis reactions was probed through their re-
action with [MCl3ACHTUNGTRENNUNG(thf)3] (M=Y, La). Salt metathesis reac-
tions gave low yields and intractable mixtures; however, re-
lated work from Yeldon�s group showed that KLm could be
reacted with [CrCl3ACHTUNGTRENNUNG(thf)3] to obtain [CrCl2(Lm)], albeit in
low yield.[47] Yeldon et al. also examined the related ligand
HLo (HLo =2,4-di-tert-butyl-6-bis[2-(dimethylamino)ethyl]-ACHTUNGTRENNUNGaminomethylphenol), in which the diethylamino donors
were replaced by dimethylamino groups. The Mg and Zn
alkyl complexes [Mg(Lo)iPr] and [ZnEt(Lo)] were synthe-
sized and structurally characterized.[47]

Protonolysis reactions of HLm/n with [YR3 ACHTUNGTRENNUNG(thf)2] (R=

CH2SiMe3, N ACHTUNGTRENNUNG(SiMe3)2, N ACHTUNGTRENNUNG(SiMe2H)2) were explored as alter-
native routes to the metalation of the TDMA ligands Lm/n.
The less sterically hindered starting material [Y{N-ACHTUNGTRENNUNG(SiMe2H)2}3ACHTUNGTRENNUNG(thf)2] allowed for complexation and for the syn-
thesis of [YACHTUNGTRENNUNG(Lm/n){N ACHTUNGTRENNUNG(SiMe2H)2}2].[49] Similar to the results ob-
tained by Kol et al. , the 1H NMR data for [YACHTUNGTRENNUNG(Lm/n){N-ACHTUNGTRENNUNG(SiMe2H)2}2] indicated a dynamic process equilibrating the

diethylamino groups was operative. An X-ray diffraction
study of [Y(Ln){N ACHTUNGTRENNUNG(SiMe2H)2}2] elucidated the solid-state co-
ordination geometry, showing that the Y atom lies in a five-
coordinate distorted square-based pyramidal geometry with
three of the four ligand donors coordinated to the metal
center along with the two N-bound silylamido ligands
(Figure 10). Full coordination of the ligand is likely prohibit-
ed by steric constraints. [YACHTUNGTRENNUNG(Lm/n){N ACHTUNGTRENNUNG(SiMe2H)2}2] were shown
to be active catalysts for the ring opening polymerization
(ROP) of lactide and e-caprolactone.

The inability to access complexes of the general form
[MLX2] by salt metathesis reactions with MLm/n (M=Li, Na,
K) and [MCl3ACHTUNGTRENNUNG(thf)3] (M= Y, La) led to the introduction of
pyridyl donor groups in place of diethylamino donors in the
hope that this modification would allow for the synthesis of
complexes through metathesis reactions. The ligand with the
requisite parameters H ACHTUNGTRENNUNG(BPPA) (H ACHTUNGTRENNUNG(BPPA)=bis(2-picolyl)(2-
hydroxy-3,5-di-tert-butylbenzyl)amine) had previously been
used to bind middle-to-late first-row transition metals in bio-
inorganic and organometallic studies. Que and co-workers
first examined the unsubstituted BPPA derivative bis(2-pi-
colyl)(2-hydroxybenzyl)amine for use with Fe as a model for
the chromophoric site of purple acid phosphatates.[50] BPPA
complexes of Fe and Mn were also used as structural ana-
logues for Fe-containing intradiol cleaving catechol diooxy-
genases.[51,52] Coordination and organometallic complexes of
Cu, Ni, and Zn have also been reported.[53–55]

The Li, Na, and K salts of BPPA were synthesized and K-ACHTUNGTRENNUNG[BPPA] was shown to be a useful metalating reagent for

Scheme 4. Methoxy donor coordination upon Zr�C activation.

Figure 9. Phenoxytriamine ligands.

Figure 10. ORTEP diagram of [Y(Lm){N ACHTUNGTRENNUNG(SiMe2H)2}2].
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main-group and transition-metal halide starting materials
through the general reaction of KACHTUNGTRENNUNG[BPPA] with [MXn ACHTUNGTRENNUNG(thf)m]
(M= Al, Ga, Ti, V, Y, Zr; X= Cl, Br; n=3, 4; m= 0, 3).[56]

The solid-state structures of [Al ACHTUNGTRENNUNG(bppa)Cl2], [Ga ACHTUNGTRENNUNG(bppa)Cl2],
[Ti ACHTUNGTRENNUNG(bppa)Cl2], and [V ACHTUNGTRENNUNG(bppa)Br2] show the central atom
lying in an octahedral geometry with the ligand fully bound
(Figure 11). Metalation of BPPA with the larger Group 3

metal Y resulted in the chloride-bridged dimer, [{Y-ACHTUNGTRENNUNG(bppa)Cl2}2]. An X-ray diffraction study of [{Y ACHTUNGTRENNUNG(bppa)Cl2}2]
reveals two symmetry related seven-coordinate Y centers
each with the BPPA ligand fully bound and with one termi-
nal and two bridging chlorides. The 1H NMR data indicate
the presence of a molecule with Cs symmetry in solution.
No fluxional behavior was observed. The tetravalent com-
plex [Zr ACHTUNGTRENNUNG(bppa)Cl3] was also synthesized and characterized
by NMR; however, no crystallographic data were obtained.
The NMR data for [Zr ACHTUNGTRENNUNG(bppa)Cl3] also suggest full coordina-
tion of the BPPA ligand with no fluxional behavior in solu-
tion being observed. The U complex [UACHTUNGTRENNUNG(bppa)I3] was also
synthesized, and one structural feature unique to this com-
pound is a twist observed at the basal nitrogen (Figure 12),
which is not observed with any of the other structurally
characterized complexes supported by BPPA.

The synthesis of [M ACHTUNGTRENNUNG(bppa)R2] complexes was explored as
potential starting materials for [M ACHTUNGTRENNUNG(bppa)R]+ species. Alkyl-ACHTUNGTRENNUNGation of [{Y ACHTUNGTRENNUNG(bppa)Cl2}2] with two equivalents of LiCH2SiMe3

led to an intractable mixture of products, as did the proto-
nolysis reaction of HACHTUNGTRENNUNG(BPPA) and [YACHTUNGTRENNUNG(CH2SiMe3)3 ACHTUNGTRENNUNG(thf)2]. Ad-
dition of HACHTUNGTRENNUNG(BPPA) to a solution of [YACHTUNGTRENNUNG(CH2SiMe3)3ACHTUNGTRENNUNG(thf)2] in
pentane at �70 8C resulted in the formation of a colorless
precipitate; however upon warming, the reaction mixture
turned forest green and finally dark red. [Zr ACHTUNGTRENNUNG(bppa)R3] was
next targeted as a desirable complex to determine whether a
metal–alkyl species could be isolated and potentially aid in
identifying the cause of the decomposition of the initial
product from the reaction with Y. Though alkylation of [Zr-ACHTUNGTRENNUNG(bppa)Cl3] failed to yield the desired product, the protonoly-

sis reaction of HACHTUNGTRENNUNG(BPPA) and [Zr ACHTUNGTRENNUNG(CH2Ph)4] did lead to the
isolation of [Zr ACHTUNGTRENNUNG(bppa) ACHTUNGTRENNUNG(CH2Ph)3] (Figure 13).

[Zr ACHTUNGTRENNUNG(bppa) ACHTUNGTRENNUNG(CH2Ph)3] was found to be stable in the solid-
state at room temperature and in solution at �40 8C; howev-
er when an NMR sample of [Zr ACHTUNGTRENNUNG(bppa) ACHTUNGTRENNUNG(CH2Ph)3] in C6D6

was allowed to warm to room temperature, the solution
color quickly changed from bright orange to dark red. The
resulting 1H NMR spectrum displayed a new set of resonan-
ces for an asymmetric molecule as well as the presence of
one equivalent of toluene. A series of 1D and 2D NMR ex-
periments were used to identify the metal containing prod-
uct as [Zr ACHTUNGTRENNUNG(bppa’)ACHTUNGTRENNUNG(CH2Ph)2] (Scheme 5), which results from
the intramolecular deprotonation of a 2-picolyl proton by
the benzyl group on the metal similar to what was observed
by Hessen et al. for Li/j (above), leading to the conversion of

Figure 11. ORTEP diagram of [Al ACHTUNGTRENNUNG(bppa)Cl2].

Figure 12. ORTEP diagram of [U ACHTUNGTRENNUNG(bppa)I3].

Figure 13. ORTEP diagram of [Zr ACHTUNGTRENNUNG(bppa) ACHTUNGTRENNUNG(CH2Ph)3].

www.chemeurj.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2009, 15, 2020 – 20302026

J. Arnold and W. A. Chomitz

www.chemeurj.org


BPPA to a dianion. Reaction of [Zr ACHTUNGTRENNUNG(bppa) ACHTUNGTRENNUNG(CH2Ph)3] with
[H ACHTUNGTRENNUNG(Et2O)2][B ACHTUNGTRENNUNG(C6F5)4] resulted in the formation of the ther-
mally stable cationic species [Zr ACHTUNGTRENNUNG(bppa) ACHTUNGTRENNUNG(CH2Ph)2][B ACHTUNGTRENNUNG(C6F5)4].
Related work from Bercaw�s group examined the tripodal
TMDA ligands Lk/n–p as well as BPPA with Group 3 metal
alkyl complexes for use as ethylene polymerization catalysts
(Figure 14).[57] Through protonolysis reactions of HLk/n–p and

[MR3ACHTUNGTRENNUNG(thf)2] (M= Sc, Y; R=CH2SiMe3, CH2SiMe2Ph), a
series of LMR2 complexes were isolated. Attempts to syn-
thesize [YACHTUNGTRENNUNG(bppa) ACHTUNGTRENNUNG(CH2SiMe3)2] were hampered by decompo-
sition. Bercaw et al. also observed deprotonation of the 2-pi-
colyl proton resulting in the transformation of BPPA into a
divalent ligand with the dialkyl Sc analogue (above). The
bis-alkyl complexes were probed as precatalysts for ethylene
polymerization with [PhNMe2H][B ACHTUNGTRENNUNG(C6F5)4] and MAO as ini-
tiators. Only mild activity was observed in all cases, likely
due to the instability of the resulting cationic species.

“Mixed-Donor” Tripodal Ligands

The seminal findings of Fryzuk et al. demonstrated that
“mixed-donor” ligands (containing N and P donors) were
able to stabilize early-metal–alkyl and –alkylidene com-
plexes as well as low-oxidation-state early metal species.[58, 59]

The recent work of Mindiola et al. and Ozerov et al. have
further shown neutral PiPr2 donor groups to be compatible
with reactive early-metal–alkyl, –alkylidene, and –alkylidyne
fragments.[60–62] Given this precedence, a “mixed-donor” tri-
podal TDMA ligand was synthesized. The resulting ligand,
HACHTUNGTRENNUNG[N2P2] (in which H ACHTUNGTRENNUNG[N2P2]= N-tert-butylaminodimethylsilyl-
bis(2-di-isopropylphosphinoethyl)amine), can be synthesized
in a straight-forward manner on a multigram scale. LiACHTUNGTRENNUNG[N2P2]

was shown to be a useful starting material for the synthesis
of a wide range of first-row transition-metal compounds by
means of salt metathesis reactions. The first-row metal-
halide complexes [TiCl2ACHTUNGTRENNUNG(N2P2)], [VBr2ACHTUNGTRENNUNG(N2P2)], [CrCl2ACHTUNGTRENNUNG(N2P2)],
[MnCl ACHTUNGTRENNUNG(N2P2)], [FeCl ACHTUNGTRENNUNG(N2P2)], [CoCl ACHTUNGTRENNUNG(N2P2)], and [NiBr-ACHTUNGTRENNUNG(N2P2)] were synthesized and isolated in good yields follow-
ing the reaction of the metal halide starting material [MX3-ACHTUNGTRENNUNG(thf)3] (M=Ti, V, Cr; X=Cl, Br) or MX2 (M= Mn, Fe, Co,
Ni; X=Cl, Br) with Li ACHTUNGTRENNUNG[N2P2].[63] All but the V analogue
were structurally characterized, and one feature of these
complexes that was revealed from the X-ray diffraction
studies was the different coordination modes observed in
the solid-state: k3-N2P, k3-NP2, and k4-N2P2. The electronic
and geometric preferences of the metal center appear to dic-
tate the coordination mode of the ligand with more electro-
positive metals such as Ti preferring coordination of the two
harder nitrogen donors over the two phosphine donors (k3-
N2P). The converse is true of later metal derivatives such as
Mn, Fe, and Co, which all lie in distorted tetrahedral envi-
ronments with the basal nitrogen uncoordinated (k3-NP2).
The solid-state magnetic moments of all the first-row com-
plexes are high spin.

The reduction chemistry of selected complexes supported
by the N2P2 ligand was explored and resulted in the isolation
of the new bridging dinitrogen complexes [{TiCl ACHTUNGTRENNUNG(N2P2)}2ACHTUNGTRENNUNG(m-
N2)], [{Mn ACHTUNGTRENNUNG(N2P2)}2 ACHTUNGTRENNUNG(m-N2)], and [{Fe ACHTUNGTRENNUNG(N2P2)}2ACHTUNGTRENNUNG(m-N2)] as well as
the low-valent monomeric CoI species [CoACHTUNGTRENNUNG(N2P2)]
(Figure 15).[64,65] Alkylation of [{TiCl ACHTUNGTRENNUNG(N2P2)}2ACHTUNGTRENNUNG(m-N2)]with two
equivalents of LiCH2SiMe3 led to the isolation of the bis-
alkyl bridging dinitrogen complex [{TiCH2SiMe3 ACHTUNGTRENNUNG(N2P2)}2 ACHTUNGTRENNUNG(m-
N2)] and was the first alkylation of a bridging dinitrogen
complex reported. The N�N bond length in [{MnACHTUNGTRENNUNG(N2P2)}2ACHTUNGTRENNUNG(m-
N2)] (1.208(6) �) is significantly longer than the N�N dis-
tance observed in the only other previously known example
of a bridging N2 complex of Mn, [{Mn(h5-C5H4CH3)(CO)2}2-ACHTUNGTRENNUNG(m-N2)] (1.118(7) �). The elongation of the N�N bond likely
results from the substitution of p-acidic CO groups for
highly basic s-donors. Unlike [{TiCl ACHTUNGTRENNUNG(N2P2)}2ACHTUNGTRENNUNG(m-N2)] and
[{Mn ACHTUNGTRENNUNG(N2P2)}2 ACHTUNGTRENNUNG(m-N2)], the N2 moiety in [{Fe ACHTUNGTRENNUNG(N2P2)}2ACHTUNGTRENNUNG(m-N2)]
appears to be labile in solution and the solid-state. When ex-

Scheme 5. Transformation of BPPA.

Figure 14. Group 3 metal-alkyl complexes supported by alternative
TDMA ligands

Figure 15. ORTEP diagram of [{Fe ACHTUNGTRENNUNG(N2P2)}2ACHTUNGTRENNUNG(m-N2)].
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posed to vacuum, dark red [{FeACHTUNGTRENNUNG(N2P2)}2ACHTUNGTRENNUNG(m-N2)] changes color
to green. The dark red color returns on re-exposure to an at-
mosphere of N2. The N�N bond length in [{Fe ACHTUNGTRENNUNG(N2P2)}2ACHTUNGTRENNUNG(m-
N2)] is similar to related bridging N2 complexes
(1.166(3) �). In contrast to the results obtained for the re-
duction of the Ti, Mn, and Fe analogues, reduction of [CoI-ACHTUNGTRENNUNG(N2P2)] resulted in the isolation of monomeric [Co ACHTUNGTRENNUNG(N2P2)].
Following the loss of halide, a change in the coordination
mode of the N2P2 ligand from k3-NP2 to k4-N2P2 occurs
(Scheme 6).

The coordination chemistry of this N2P2 ligand with larger
second-row metals was explored through the reaction of Li-ACHTUNGTRENNUNG[N2P2] with [ZrCl4ACHTUNGTRENNUNG(thf)2], and [ZrCl3 ACHTUNGTRENNUNG(N2P2)] was isolated as a
colorless solid. No crystallographic data have been obtained
to-date; however, the 31P NMR spectrum contains two non-
equivalent phosphorous resonances at 2.59 and 16.38 ppm.
These data, along with the 1H NMR spectrum, suggest that
the ligand coordinates k3-N2P as was seen with [TiCl2ACHTUNGTRENNUNG(N2P2)]
(above). Reduction of [ZrCl3ACHTUNGTRENNUNG(N2P2)] with two equivalents of
KC8 in thf resulted in the formation of the side-on bridged
dinitrogen complex [{ZrClACHTUNGTRENNUNG(N2P2)}2(m-h2 :h2-N2)] (Figure 16).
The 31P NMR spectrum displaces resonances for two isomers
in solution with one phosphine donor coordinated (17.08
and 14.46 ppm) and one uncoordinated (1.54 and 0.07 ppm)
with similar resonances to those observed for the parent

species, [ZrCl3ACHTUNGTRENNUNG(N2P2)]. [{ZrCl ACHTUNGTRENNUNG(N2P2)}2(m-h2:h2-N2)] contains
an extremely long N�N bond length of 1.576(9) �.

The CoI species [CoACHTUNGTRENNUNG(N2P2)] was found to react with aryl-ACHTUNGTRENNUNGazides to form species with metal-imido character. The addi-
tion of phenylazide to a solution of [Co ACHTUNGTRENNUNG(N2P2)] at low tem-
perature resulted in the formation of a dark green precipi-
tate. When allowed to warm to room temperature, the green
suspension quickly turned to a dark red solution. Two prod-
ucts were isolated from the reaction mixture following frac-
tional crystallization. The major product, [Co ACHTUNGTRENNUNG(NHPh)-ACHTUNGTRENNUNG(N2P2)], resulted from an imido assisted hydrogen-atom ab-
straction from the tBu group of the ligand (Figure 17). The

second product, [Co{PhN=PiPr2ACHTUNGTRENNUNG(CH2)2NPh}{tBuNHSiMe2N-ACHTUNGTRENNUNG(CH2)2PiPr2}], formed following the oxidation of one of the
neutral phosphines, followed by C�N bond cleavage and
protonation of the original amide functionality of the ligand
(Figure 18). The yields of [CoACHTUNGTRENNUNG(NHPh) ACHTUNGTRENNUNG(N2P2)] and [Co{PhN=

PiPr2 ACHTUNGTRENNUNG(CH2)2NPh}{tBuNHSiMe2N ACHTUNGTRENNUNG(CH2)2PiPr2}] were found to
be solvent dependent, with the product distribution being
attributed to a combination of the BDE of the C�H bonds
of the solvent as well as the polarity of the reaction
medium. The conversion of 1,2-diphenylhydrazine to azo-
benzene in the presence of [Co ACHTUNGTRENNUNG(N2P2)] and an arylazide fur-
ther supported the proposed hydrogen-atom abstraction by
a transient CoIII imido species. When the green suspension
was exposed to an atmosphere of CO at low temperature
and allowed to warm, a yellow suspension formed. The CoI

complex [Co(CO)2 ACHTUNGTRENNUNG{tBuN ACHTUNGTRENNUNG(C=O)SiMe2N(CH2CH2PiPr2)2}]
and OCNPh were isolated, demonstrating the ability of the
CoIII imido to perform intermolecular group transfer
(Figure 19).

Scheme 6. Reduction of [CoI ACHTUNGTRENNUNG(N2P2)].

Figure 16. ORTEP diagram of [{ZrCl ACHTUNGTRENNUNG(N2P2)}2(m-h2:h2-N2)].

Figure 17. ORTEP diagram of [Co ACHTUNGTRENNUNG(NHPh) ACHTUNGTRENNUNG(N2P2)].
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Conclusions

Recent studies by a number of research groups have demon-
strated that TDMA ligands are competent supporting li-
gands for a wide range of main-group, transition-metal, and
f-block chemistry, and substantial progress has been made in
these areas to date. Under certain conditions, TDMA li-
gands allow for the stabilization and isolation of cationic
metal–alkyl species as well as reduced metal complexes. Sta-
bilization of these species is achieved either by maintaining
a high electron count around the metal center, by providing
steric bulk and coordination saturation, or by providing ad-
ditional donor groups that exhibit hemilable behavior.
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