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Triamidoamine ligands [(RNCH2CH2)3N]3- in which R is
a bulky substituent, can bind to a variety of transition
metals (or main group elements1) in oxidation states 3+
or higher. They usually bind to a transition metal in a
tetradentate manner, thereby creating a sterically pro-
tected, 3-fold-symmetric “pocket” in which only three
orbitals are available to bond to additional ligands in that
pocket, two π orbitals (approximately dxz and dyz) and a σ
orbital (approximately dz2). This frontier orbital picture

contrasts sharply with that for the ubiquitous bent met-
allocene in which all three orbitals (two with A1 symmetry
and one with B2 symmetry in the C2v point group) lie in
the plane passing between the two Cp rings.2 The fact
that the two frontier π orbitals are strictly degenerate in a
C3 symmetric triamidoamine complex creates a favorable
environment for forming a metal-ligand triple bond. The
syntheses of (Me3SiNHCH2CH2)3N3 and its pentane-
soluble trilithium salt,4 straightforwardly and on a large
scale from inexpensive tris(2-aminoethyl)amine (tren),
made the rapid development of transition metal triami-
doamine chemistry possible. White, crystalline (C6F5-
NHCH2CH2)3N is another substituted tren that can be
prepared in excellent yield by nucleophilic attack on
hexafluorobenzene.5 In this Account I discuss the high-
lights of the transition metal chemistry of compounds
containing these two triamidoamine ligands that has

developed in the last several years. Complexes that
contain a [(RNCH2CH2)3N]3- ligand should be compared
with those that contain three [N(SiMe3)2]- ligands that
were developed some years ago,6-14 recently prepared
trigonal planar complexes that contain three [N(t-Bu)-
(aryl)]- ligands,15-17 and complexes that contain tridentate
triamido ligands that enforce a tetrahedral coordination
geometry.18-20 The tetradentate triamidoamine ligands
described here are closely related to neutral tren ligands,
or more distantly to other trigonally symmetric neutral
or monoanionic ligands (e.g., tripyrazolylborates,21,22 (Ph2-
PCH2CH2)3N,23 etc.) that have been employed for decades
in chemistry of (usually later) transition metals.

Silyl-Substituted tren Complexes
Vanadium and titanium complexes of the type [N3N]MCl
([N3N]3- ) [(Me3SiNCH2CH2)3N]3-) were synthesized by
adding Li3[N3N] to MCl4L2 (M ) Ti, L ) THF; M ) V, L2 )
DME).4 The molecular structure of [N3N]VCl (Figure 1)
is typical of pseudo-trigonal-bipyramidal complexes that
contain the [N3N]3- ligand. The vanadium atom is
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FIGURE 1. A drawing of the structure of [(Me3SiNCH2CH2)3N]VCl with
the methyl groups omitted on one silicon.
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displaced from the plane of the three amide nitrogen
atoms by 0.310 Å in the direction of the chloride ligand.
The V-Nax distance (2.24 Å) is consistent with it being a
somewhat long dative bond while the V-Neq distances
(average 1.88 Å) are consistent with some multiple bond
character. Only two metal-Neq π bonds are possible in
C3v symmetry since one linear combination of the three
“in-plane” 2p orbitals on the three equatorial nitrogen
atoms (A2 in C3v symmetry) is a ligand-centered nonbond-
ing orbital. Therefore, [N3N]3- can be viewed as contrib-
uting a maximum of 12 electrons to the metal in a C3-
symmetric species. In [N3N]VCl each VN2C2 ring can be
said to have an envelope shape in which Câ,eq serves as
the “flap” of the envelope. Consequently, the Si-Neq-
Câ,eq plane is “tipped” out of the Nax-M-Neq plane by
∼35°, thereby altering the “depth” of the apical pocket
and the nature of the π bonding between the metal and
equatorial nitrogens. The M-Neq-Si angles in this and a
variety of other structures are usually ∼125° regardless of
the Nax-M-Neq-Si dihedral angle.

It is possible to prepare high-spin first-row-metal
complexes (Ti-Fe) that do not contain any axial ligand,
so-called “trigonal monopyramidal” complexes.24 An X-
ray study of [(t-BuMe2SiNCH2CH2)3N]V (Figure 2) revealed
slightly longer V-Neq bonds (average 1.93 Å) and a shorter
V-Nax bond (2.083 Å) than in [N3N]VCl. The latter is
probably largely a consequence of no ligand being present
in the apical pocket, and results in the vanadium lying
almost in the V(Neq)3 plane. Trigonal monopyramidal
[N3N]V can be employed to form complexes of the type
[N3N]VdE where E ) O, S, Se, and Te (unstable), or NR
(R ) H and several other groups) via atom transfer
reactions.25 When the E ligand is a good π donor, the
[N3N]VdE complexes may be regarded as 18-electron
species.

A variety of [N3N]3- complexes that contain second-
or third-row metals have been prepared, although yields
of starting materials currently are only moderate to poor.
For example, [N3N]TaCl2 can be prepared readily in ∼30%
yield from TaCl5 and Li3[N3N] in ether.26,27 Addition of 2
equiv of LiEHR′ (E ) N, P) to [N3N]TaCl2 yields d0 species
of the type [N3N]TadER′ and R′EH2. Those containing PR′
(R′ * H) are rare examples of terminal d0 phosphinidene

complexes.28-30 An X-ray study of [N3N]TadPCy showed
that the TadPsC bond angle is almost 180° and that the
TadP bond length is 2.145(7) Å. Although these phos-
phinidene complexes are 18-electron species (if the axial
nitrogen atom remains bound and π bonding from P is
included), they react with aldehydes readily to yield [N3N]-
TadO and the corresponding phosphaalkene.

What might be called “steric pressure” in the coordina-
tion pocket in tantalum complexes can be demonstrated
qualitatively. Although only [N3N]Ta(C2H4) is formed
upon adding 2 equiv of ethylmagnesium chloride to
[N3N]TaCl2, intermediate [N3N]Ta(CH2CH2R)2 complexes
(R ) CH3, CH2CH3, CHMe2, CMe3) were found to undergo
competitive R hydrogen abstraction to give an alkylidene
complex or â hydrogen abstraction to give an unstable
olefin complex (eq 1). Upon alkylation of [N3N]TaCl2 with

2 equiv of Me3CCH2CH2MgCl, only an alkylidene complex
is formed as a consequence of the â hydride abstraction
process being so disfavored sterically.31 An X-ray structure
of [N3N]Ta(Me)Et (Figure 3) revealed a significant degree
of distortion of the TaN4 core that is caused by even the
two relatively small (methyl and ethyl) ligands in the
coordination pocket. The smaller methyl group (C(9)) is
pointed toward N(2). All Ta-N-Si angles (129-136°) are
larger than the usual values of 125-126° in crystallo-
graphically characterized M[N3N] species, and the N(1)-
Ta-N(3) angle opens to 133° (compared to 104° and 100°
for the other two N-Ta-N angles) in order to accom-
modate the ethyl ligand (C(7) and C(8)). Activation of a
C-HR bond through an agostic interaction32 with the
metal would require less movement of the ethyl ligand
than activation of a C-Hâ bond. In “d0” [N3N]TadCHCH2R
complexes there is a strong agostic interaction between
the CHR bond and the metal, as judged from the low value
for JCHR (∼70 Hz), consistent with formation of a pseudo-

(24) Cummins, C. C.; Lee, J.; Schrock, R. R. Angew. Chem., Int. Ed. Engl.
1992, 31, 1501.

(25) Cummins, C. C.; Schrock, R. R.; Davis, W. M. Inorg. Chem. 1994, 33,
1448.

(26) Cummins, C. C.; Schrock, R. R.; Davis, W. M. Angew. Chem., Int. Ed.
Engl. 1993, 32, 756.

(27) Christou, V.; Arnold, J. Angew. Chem., Int. Ed. Engl. 1993, 32, 1450.

(28) Bonanno, J. B.; Wolczanski, P. T.; Lobkovsky, E. B. J. Am. Chem. Soc.
1994, 116, 11159.

(29) Cowley, A. H.; Barron, A. R. Acc. Chem. Res. 1988, 21, 81.
(30) Freundlich, J. S.; Schrock, R. R.; Davis, W. M. J. Am. Chem. Soc. 1994,

118, 3643.
(31) Steric inhibition of a â process was invoked as an explanation of the

decomposition of Cp*2Ta(CdCH2)(H) via intermediate Cp*(η5-C5Me4-
CH2CH2CH2)Ta to give a mixture of Cp*(η5-C5Me4CH2CH2CH)Ta(H)
and Cp*(η5-C5Me4CH2CHdCH2)Ta(H): Parkin, G.; Bunel, E.; Burger,
B. J.; Trimmer, M. S.; van Asselt, A.; Bercaw, J. E. J. Mol. Catal. 1987,
41, 21.

(32) Brookhart, M.; Green, M. L. H.; Wong, L. Prog. Inorg. Chem. 1988,
36, 1.

FIGURE 2. A drawing of the structure of [(t-BuMe2SiNCH2CH2)3N]V.
FIGURE 3. A drawing of the structure of [(Me3SiNCH2CH2)3N]Ta(Me)Et.
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triple Ta-carbon bond and distortion of the Ta-CR-Câ

bond toward linearity. Increasing the size of the trialkyl-
silyl groups also increases steric pressure in the pocket;
i.e., decomposition of unobservable [N3N*]Ta(CH2R)2 spe-
cies ([N3N*]3- ) [(Et3SiNCH2CH2)3N]3-) yields only the
alkylidene complexes [N3N*]TadCHR.33

Of the [N3N]Ta(olefin) complexes, only ethylene com-
plexes are observable. However, even they will decom-
pose when heated to give compounds in which a C-Nax

bond in the original tren backbone has been cleaved (e.g.,
eq 2). It is believed that abstraction of a proton from Câ,eq

(see Figure 3) precedes C-Nax bond cleavage, but details
of this first-order decomposition reaction are still obscure.
This type of decomposition reaction may limit the suc-
cessful synthesis of aggressively reactive second- or third-
row-metal complexes that contain silylated tren ligands.

Useful tungsten and molybdenum starting materials,
d2 complexes of the type [N3N]MCl (M ) Mo or W), can
be prepared by adding some form of MCl4 to Li3[N3N],
although the yields again are relatively poor (between
∼20% and 40%). The [N3N]MCl complexes are paramag-
netic presumably as a consequence of the two electrons
being in the degenerate dxz and dyz orbitals. Initial
exploratory reactions consisted of simple alkylations. For
example, [N3N]MoCl complexes can be alkylated to form
high-spin paramagnetic n-alkyl complexes that are rela-
tively stable at room temperature (R ) Me, Et, etc.).
However, tungsten alkyl complexes readily lose dihydro-
gen from the R carbon atom (eq 3), even when â protons

are present in the RCH2 group. [N3N]WMe can be
isolated, but it decomposes slowly at 25 °C in a first-order
reaction in which ∆Hq ) 19.2 kcal mol-1 and ∆Sq ) -16
eu. The value for kH/kD (5-6), which is similar to what
has been found for R hydrogen abstraction in d0 tantalum
alkylidene complexes,34 suggests that the rate-limiting step
of this reaction may be loss of dihydrogen from an
intermediate alkylidene hydride species. The MtC bond
must be extraordinarily stable in order for loss of dihy-
drogen to be thermodynamically favorable.

Paramagnetic cyclopropyl and cyclobutyl complexes of
Mo decompose readily upon being heated via intramo-
lecular C-C bond cleavages, as do the (unobserved)
analogous tungsten cyclopropyl and cyclobutyl species,

as shown in eqs 4 and 5.35 Paramagnetic [N3N]Mo-

(cyclopentyl) is formed readily, but the attempted syn-
thesis of [N3N]W(cyclopentyl) produced the alkylidene
hydride complex [N3N]W(H)(cyclopentylidene). An X-ray
study (Figure 4) revealed that the cyclopentylidene and
hydride ligands lie (approximately) in a plane that passes
through one of the “arms” of the N3N ligand, as expected
on the basis of the symmetries of the three frontier orbitals
that are available for bonding to the alkylidene and
hydride ligands. Upon heating a solution of [N3N]Mo-
(cyclopentyl) or [N3N]W(C5H8)(H) in C6D6 to 45 °C, 1 equiv
of cyclopentene is evolved and pentane-soluble, sublim-
able, paramagnetic [N3N]MH complexes are formed (eq
6). Formation of [N3N]W(C5H8)(D) first (at low temper-

ature) upon adding LiC5H8DR to [N3N]WCl suggests that
kR is larger than kâ in d2 tungsten alkyl complexes of this
type. R elimination might be faster in the systems
described here as a consequence of steric factors that
hinder â elimination,31 as found in the [N3N]Ta dialkyl
complexes described earlier. Loss of cyclopentene from
intermediate tungsten cyclopentene hydride complexes is
the slowest of the five reactions shown in eq 6.

Paramagnetic [N3N]M(CtCR′) complexes (R′ ) Me or
Ph) can be prepared in high yield, but attempts to prepare
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FIGURE 4. A drawing of the structure of [(Me3SiNCH2CH2)3N]W(C5H8)H.
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the analogous [N3N]M(CtCH) complexes led to diamag-
netic dimers of the type [N3N]MtCsCHdCHsCtM[N3N]
(M ) Mo or W).36 Formation of the coupled product
(when R ) H) can be viewed as another example of how
favorable formation of a triple metal-carbon bond in
[N3N]3- complexes of this general type can be. Prelimi-
nary evidence suggests that the singlet carbene [N3N]Mt

CsCH: is in equilibrium with [N3N]MsCtCH, and is the
species from which the coupled products arise.

[N3N]WH appears to be far more reactive than [N3N]-
MoH. For example, [N3N]WH reacts with H2 (1 atm) over
a period of 1 day to give diamagnetic, white [N3N]WH3,37

but [N3N]MoH3 so far has not been observed. Reactions
between [N3N]WH and CO, isocyanides, and acetylenes
yield products that have precedent in the literature,
although some reactions are sluggish.38 In contrast, the
reaction between ethylene and [N3N]WH proceeds rapidly
to give the ethylidyne complex, presumably as shown in
eq 7.

Since MtC bonds are so favorable in [N3N]Mo and
[N3N]W complexes, and since certain MtE bonds had
never been observed before (e.g., E ) P, As), speculation
arose that [N3N]MtE complexes (M ) Mo or W) might
be preparable. (Arguments in favor of and evidence for
forming a transition metal-phosphorus triple bond in the
right circumstances have been put forth in the literature
for several years.39-44) The first of these turned up
unexpectedly. An attempt to prepare [N3N]W(PHPh) by
treating [N3N]WCl with LiPHPh instead produced yellow,
crystalline, pentane-soluble, diamagnetic [N3N]WtP in
approximately 50% yield, as confirmed in an X-ray study
(WtP ) 2.162(4) Å).45 Addition of 2 equiv of LiPPhH to
[N3N]MoCl gave yellow crystalline [N3N]MotP in ∼75%
yield. Intermediate [N3N]Mo(PPhH) could be isolated and
shown to react further with LiPPhH (or alkyllithium
reagents) to yield [N3N]MotP. An unstable lithiated
phenyl phosphide is proposed to be the precursor to the
terminal phosphido product in reactions of this type (eq
8). A related terminal phosphidomolybdenum complex
was prepared by the Cummins group by treating a Mo-
(NRR′)3 complex with white phosphorus, and also was
structurally characterized (MotP ) 2.119(4) Å).16

Terminal arsenido complexes have been prepared by
techniques that are related to those used to prepare
terminal phosphido complexes.46 Orange [N3N]MotAs
can be isolated in ∼30% yield by adding ∼2 equiv of

LiAsHPh to [N3N]MoCl in a mixture of toluene and THF.
[N3N]WtAs, on the other hand, is best prepared (∼60%
yield) by standing a mixture of ∼4 equiv of AsPhH2 and
[N3N]WPh in toluene for ∼48 h in the dark. These are
the only known terminal arsenido complexes.47 An X-ray
structure of [N3N]MotAs showed it to be closely analo-
gous to the structure of [N3N]WtP with a MotAs bond
length of 2.252(3) Å.

The availability of a series of MtE complexes of Mo
and W (E ) N, P, As) allowed a comparison of the
stretching frequencies and force constants for the MtE
oscillators through Raman spectroscopy.46 Although the
Raman spectra contain many peaks, the MtE stretching
absorptions could be located and the force constants
calculated using the diatomic oscillator approximation:
Wt14N, 1015 cm-1, 7.90 mdyn Å-1; Wt15N, 987 cm-1, 7.96
mdyn Å-1; WtP, 516 cm-1, 4.16 mdyn Å-1; WtAs, 343
cm-1, 3.69 mdyn Å-1; MotP, 521 cm-1, 3.74 mdyn Å-1;
MotAs, 374 cm-1, 3.47 mdyn Å-1. The observed reduc-
tion in the WtE force constant [k(WtN) . k(WtP) >
k(WtAs)] and the observation that k(WtE) > k(MotE)
for a given E are consistent with literature data for
transition metal oxo and nitrido compounds. Interest-
ingly, the relative force constants for WtE (k(WtN):
k(WtP):k(WtAs) ) 1.91:1:0.89) vary with E in almost the
same manner as do those for HCtE (k(CtN):k(CtP):
k(CtAs) ) 2.06:1:0.82),48 suggesting, qualitatively at least,
that differences between the WtE bonds parallel differ-
ences between CtE bonds.

An alkyl group can be added to E in all [N3N]WtE
compounds (eq 9). In {[N3N]WdPMe}(OTf) 1JPW was
found to be 748 Hz, compared with 1JPW ) 138 Hz in

[N3N]WtP, consistent with a considerable increase in the
s character of the σ portion of the WtP bond. An X-ray
structure of {[N3N]WdAsMe}+OTf- confirms that the
arsinidene is linear (WdAssMe ) 173°) and that the
WdAs bond length (2.25 Å) is approximately the same as
the MotAs bond length in [N3N]MotAs and the WtAs
bond length47 in [N3N]WtAs. Arsinidene complexes are
extremely rare, the only other known one being (silox)3-
TadAsPh.28,49 In (silox)3TadAsPh (silox ) OSi(t-Bu)3) the
TadAssPh angle is only 107.2(4)° and TadAs ) 2.428(2)
Å, as if there were no π bonding from As to Ta. Donation
of some π electron density from the silox oxygens into
the orbital that would receive the lone pair from As
appears to “block” π donation from As to Ta in this case.
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[N3N]WtE + MeOTf f {[N3N]WdEMe}+OTf-

E ) N, P, As
(9)
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One of the initial reasons for exploring the chemistry
of triamidoamine complexes of Mo and W was to under-
stand how dinitrogen might be bound and reduced in a
C3-symmetric environment. A preliminary reaction be-
tween MoCl3(THF)3 and Li3[(t-BuMe2SiNCH2CH2)3N] un-
der dinitrogen gave paramagnetic, pentane-soluble, purple
{[(t-BuMe2SiNCH2CH2)3N]Mo}2(µ-Ν2) in very low (∼10%)
yield.36 An X-ray study showed that this species can be
described as a [Mo(IV)]2[diazenido(2-)] complex (MosNd

NsMo) in which MosNR ) 1.907(8) Å, NdN ) 1.20(2) Å,
and MosNdN ) 178(1)°. It is surprising that this
molecule can form, in view of the severe steric interaction
between t-BuMe2Si groups at one end of the molecule and
those at the other end of the molecule, as evidenced by
the unusually large Mo-Neq-Si angles of ∼140°. It is
interesting to note that this species apparently does not
decompose readily to give [(t-BuMe2SiNCH2CH2)3N]-
MotN, a type of symmetric cleavage reaction that has
been observed upon addition of dinitrogen to certain
trigonal triamido molybdenum(III) complexes.17 Calcula-
tions suggest that N-N cleavage is endothermic when a
donor is present in trigonal triamido molybdenum(III)
complexes.50 Recent results suggest that the dinitrogen
chemistry of [N3N]Mo complexes is more extensive than
indicated by the above result51 and resembles that pub-
lished for [N3NF]Mo complexes (see the next section). For
example, both paramagnetic [N3N]Mo(N2) and its one-
electron (per Mo) reduction product, diamagnetic {[N3N]-
Mo(N2)}2Mg(THF)2, have now been isolated and structur-
ally characterized.

Pentafluorophenyl-Substituted tren Complexes
Nucleophilic attack by tren on hexafluorobenzene pro-
duces (C6F5NHCH2CH2)3N (H3[N3NF]) in high yield.5 One
advantage of the [N3NF]3- ligand becomes apparent im-
mediately; unlike syntheses of [N3N]MCl complexes (M
) Mo or W), [N3NF]MCl complexes can be synthesized
from MCl4, the parent ligand, and Et3N in high yield. An
X-ray study of Mo[N3NF]Cl (Figure 5) showed it to be
similar to structures of [N3N]3- complexes, and that the
planes of the three C6F5 rings are oriented approximately
perpendicular to the Mo-N-Cipso plane, thereby creating
a kind of “bowl” around the apical chloride.

Reduction of [N3NF]Mo(OTf) with 2 equiv of sodium
amalgam yields what can be viewed as the sodium salt of
{[N3NF]Mo(N2)}- (eq 10), while reduction with 1 equiv of

sodium amalgam yields the dinuclear bridging “diazenido-
(2-)” species [N3NF]MosNdNsMo[N3NF]. [N3NF]MosNd

NsMo[N3NF] is proposed to form via the reaction shown
in eq 11. [N3NF]MosNdNsMo[N3NF] apparently does not

readily cleave homolytically to give [N3NF]MotN, but can
be reduced readily by sodium to give {[N3NF]Mo(N2)}Na.
The key (fast) reaction is believed to be that between
dinitrogen and the low-spin form of d4 {[N3NF]Mo}- to
give {[N3NF]Mo(N2)}Na.

Reduction of [N3NF]W(OTf) with sodium amalgam in
THF produces only a paramagnetic, and as yet unidenti-
fied, product. However, if better traps than dinitrogen are
present (L ) CO, CN-t-Bu, NO, or ethylene), then para-
magnetic [N3NF]W(L) complexes can be isolated in good
to excellent yields.52

A few titanium complexes that contain the [N3NF]
ligand ([N3NF]TiX where X ) Br, I, or OTf53) have been
prepared, but the chemistry of [N3NF]V complexes is more
developed.54 Vanadium complexes that have been pre-
pared include the V(V) complexes [N3NF]VdO and several
[N3NF]VdNaryl complexes and V(III) complexes [HNEt3]-
{[N3NF]VCl}, [N3NF]V(CH3CN), [N3NF]V(t-BuNC), and
[N3NF]V(THF). Oxidation of [HNEt3]{[N3NF]VCl} by fer-
rocenium triflate yields [N3NF]VCl, a species that can be
reduced by sodium amalgam in toluene to give trigonal
monopyramidal [N3NF]V.55 An X-ray structural study of
[N3NF]V (Figure 6) reveals that the three C6F5 rings no
longer create a bowl-shaped apical cavity, but are turned
so that the ortho fluorines approximately fill the apical
cavity. This orientation may be encouraged by weak V‚‚‚F
interactions (V‚‚‚Fortho ) 2.652 Å), with the C3-symmetric

(50) Cui, Q.; Musaev, D. G.; Svensson, M.; Sieber, S.; Morokuma, K. J.
Am. Chem. Soc. 1995, 117, 12366.

(51) O’Donoghue, M.; Zanetti, N. C. Unpublished results.

(52) Seidel, S. W.; Schrock, R. R. Unpublished results.
(53) Schrock, R. R.; Cummins, C. C.; Wilhelm, T.; Kol, M.; Lin, S.; Reid,

S.; Davis, W. M. Organometallics 1996, 15, 1470.
(54) Nomura, K.; Schrock, R. R.; Davis, W. M. Inorg. Chem. 1996, 35, 3695.
(55) Rosenberger, C.; Davis, W. M.; Schrock, R. R. Inorg. Chem., in press.

FIGURE 5. A drawing of one of the two independent molecules of [(C6F5-
NCH2CH2)3N]MoCl.

FIGURE 6. A top view of the structure of [(C6F5NCH2CH2)3N]V.

[N3NF]Mo(OTf) + 2Na + N298
-NaOTf

{[N3NF]Mo(N2)}Na (10)

[N3NF]Mo(OTf) + {[N3NF]Mo(N2)}Na98
-NaOTf

[N3NF]MosNdNsMo[N3NF] (11)

Transition Metal Triamidoamine Ligand Complexes Schrock

VOL. 30, NO. 1, 1997 / ACCOUNTS OF CHEMICAL RESEARCH 13



set of σ orbitals pointing out of the VN3 face.56 This work
suggests that dinitrogen is not activated by d2 V(III) in
[N3NF]V to give an observable product, in contrast to the
proposed activation of dinitrogen by d3 [N3N]Mo and d4

{[N3NF]Mo}- (see above).
The only entry into rhenium triamidoamine chemistry

that has been discovered so far is the reaction between
[Et4N]2[ReOCl5] and (C6F5NHCH2CH2)3N in THF at room
temperature in the presence of NEt3 to give the emerald
green diamagnetic oxo chloride complex in which one arm
of the ligand has not lost its proton (eq 12).57 We

speculated that d2 [N3NF]RedO may be a high-energy
species, since no π donation from the oxo ligand would
be possible in this trigonally symmetric species as a
consequence of two d electrons being present in the
second π type orbital. An attempt to exchange the oxo
ligand in the rhenium oxo chloride complex with the
neopentylidene ligand in Ta(CH-t-Bu)(THF)2Br3 gave olive
green, paramagnetic {[N3NF]ReBr}+Br- instead (eq 13).

This complex reaction formally is an exchange of the oxo
ligand and HCl in the rhenium oxo chloride complex with
Br2 on tantalum. All efforts to prepare [N3NF]ReBr2 by
more direct and obvious routes so far have failed. Reduc-
tion of [N3NF]ReBr2 under dinitrogen yielded sparingly
soluble, diamagnetic, orange, crystalline [N3NF]Re(N2) in
which dinitrogen is end-on bound in the usual manner.
Reduction of [N3NF]ReBr2 in the presence of a variety of
other potential ligands led to complexes that contain CO,
dihydrogen, ethylene or propylene, several silanes, various
phosphines, including PH3 itself, and nitriles.58 It is worth
noting that rhenium amido complexes are rare59-61 and
the formation of [N3NF] Re complexes is therefore all the
more surprising.

Side Reactions and Other trens
Several examples of what may be viewed as limitations
in the use of the trimethylsilyl-substituted tren ligand have
appeared in the course of exploring the chemistry de-
scribed so far. These include decomposition of [N3N]TiR
complexes by â elimination to give incipient [N3N]TiH,
which subsequently reacts with a CH bond in one of the
TMS groups (eq 14),4 abstraction of a NeqCH2 proton and

cleavage of the C-Nax bond in the original tren backbone
(eq 2), loss of Me3SiH from [N3N]Ta(C2H5)(H) (eq 15),30

and migration of a TMS group to the R carbon atom of a
cyclopentenyl ring (eq 16).38 Many of these decomposi-
tions might be avoided by employing new types of tren
ligands.

So far complexes have been reported that contain tert-
butyldimethylsilyl,24 triethylsilyl,33,53 dimethylphenylsilyl,36

or diphenylmethylsilyl36 substituents. In contrast, rela-
tively few reports of complexes that contain alkyl-
substituted triamidoamine ligands have appeared. So far
complexes have been reported that contain methyl-,62-65

ethyl-,65 isopropyl-,65 or benzyl-substituted62 trens, e.g.,
[(MeNCH2CH2)3N]MotN,63 [(i-PrNCH2CH2)3N]TiCl,65 or
[(EtNCH2CH2)3N]Ti(triflate).65 An alkyl-substituted tren
should be considerably more electron donating overall
than a silyl-substituted tren, which might lead to facile
reduction of the metal in the initial synthesis. Small alkyl
substituents also may not be able to prevent facile
distortion of the equatorial amides away from a trigonal
arrangement, and the presence of one or more protons
in the substituent R to nitrogen also may allow deproto-
nation and formation of imine complexes. Two other aryl-
substituted trens have been prepared by nucleophilic
attack on fluorinated arenes5 ([3,5-C6H3(CF3)2NHCH2-
CH2]3N and [2-C6H4(CF3)NHCH2CH2]3N), but little chem-
istry involving them has been reported.

The possibility of lengthening all three arms in substi-
tuted tren complexes by one carbon atom, i.e., preparing
[(Me3SiNCH2CH2CH2)3N]3- derivatives, has been explored
briefly.53 The room temperature proton NMR spectrum
of [(Me3SiNCH2CH2CH2)3N]TiCl in C6D6 is consistent with
a ligand framework that is skewed and “rigid” on the NMR
time scale, as confirmed through an X-ray structure of
[(Me3SiNCH2CH2CH2)3N]TiCl (Figure 7). The three TiN2C3

(56) Interaction between an ortho fluorine in an arylamido ligand and
iron has been noted in several iron complexes: Stokes, S. L.; Davis,
W. M.; Odom, A. L.; Cummins, C. C. Organometallics 1996, 15, 4521.

(57) Neuner, B.; Schrock, R. R. Organometallics 1996, 15, 5.
(58) Reid, S.; Schrock, R. R. Unpublished results.
(59) Edwards, P. G.; Wilkinson, G.; Hursthouse, M. B.; Malik, K. M. A. J.

Chem. Soc., Dalton Trans. 1980, 2467.
(60) Edwards, P.; Wilkinson, G. J. Chem. Soc., Dalton Trans. 1984, 2695.
(61) McGilligan, B. S.; Arnold, J.; Wilkinson, G.; Hussain-Bates, B.;

Hursthouse, M. B. J. Chem. Soc., Dalton Trans. 1990, 2465.

(62) Naiini, A. A.; Menge, W. M. P. B.; Verkade, J. G. Inorg. Chem. 1991,
30, 5009.

(63) Plass, W.; Verkade, J. G. J. Am. Chem. Soc. 1992, 114, 2275.
(64) Plass, W.; Verkade, J. G. Inorg. Chem. 1993, 32, 3762.
(65) Schubart, M.; O’Dwyer, L.; Gade, L. H.; Li, W.-S.; McPartlin, M. Inorg.

Chem. 1994, 33, 3893.
(66) Actinide (U and Th)67,68 and lanthanide (Y and La)69 complexes that

contain the [N3N]3- ligand have been reported.
(67) Scott, P.; Hitchcock, P. B. Polyhedron 1994, 13, 1651.
(68) Scott, P.; Hitchcock, P. B. J. Chem. Soc., Dalton Trans. 1995, 603.
(69) Aspinall, H. C.; Tillotson, M. R. Inorg. Chem. 1996, 35, 2163.
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rings indeed have “chair” conformations, which produce
the relatively exaggerated “tilt” to the silyl groups. Other
[(R3SiNCH2CH2CH2)3N]3- ligands might prove to be more
compatible with larger second- or third-row metals,
actinides, or early lanthanides, especially if R3Si groups
larger than TMS (e.g., Et3Si or i-Pr3Si) are employed.66-69

Conclusions and the Future
There are several issues that are relevant to the chemistry
of triamidoamine complexes. One is the potential direct
involvement of the equatorial nitrogen atoms of the
triamidoamine ligand in reactions that take place in the
apical pocket, e.g., proton migrations. (So far it has been
assumed that the triamidoamine ligand is not directly
involved.) A second important issue is whether the axial
donor nitrogen atom “dissociates” from the metal to any
significant degree and thereby significantly alters the
geometry of intermediates and the electronic character-
istics of frontier metal orbitals. (See, for example, the
structure of [N3N]Ta(Me)(triflate),70 in which the Ta-Nax

distance is 2.54 Å.) Finally, the fact that the ground state
of trigonally symmetric 16-electron d2 complexes is high
spin could lead to a significant retardation of the rate of
certain reactions, if the mechanism of the reaction
requires the presence of one empty and one filled orbital.
For example, two arms could open to a relatively large
Neq-M-Neq angle in order to accommodate a filled orbital
between them, i.e., to give a pseudooctahedral arrange-
ment. If the ground state high-spin form and excited state
low-spin form are in rapid equilibrium, then the overall
rate could be slowed significantly as a consequence of the
miniscule amount of low-spin form that is present.
Several attempts to determine whether spin state alone
can alter the rate of an organometallic reaction have been
reported in the literature.71-75 A circumstance such as that
described here does not seem to have been described

before, perhaps in part because of what may be special
features of C3-symmetric d2 complexes.

The chemistry of molybdenum triamidoamine com-
plexes that involves activation of dinitrogen may help to
focus on some important issues. The great stability of
[N3NF]Re(N2) and the ability of “{[N3NF]Mo]}- ” to bind
and reduce dinitrogen to give “[N3NF]MosNdN-NaLx”
(e.g., L ) ether) suggest that activation of one end of
dinitrogen by low-spin d4 [N3N]M complexes, i.e., those
with the a1

0e4 frontier orbital configuration (in C3v, shown
schematically in eq 17), is extraordinarily facile. Since

dinitrogen is cleaved by three-coordinate, high-spin, trigo-
nally symmetric complexes of the type Mo(NR1R2)3,17 the
initial d3 dinitrogen complex Mo(NR1R2)3(N2) must form
in some significant concentration. However, such a
species has not yet been observed.76 Therefore, it is
especially interesting to note that d3 [N3N]Mo(N2) is
stable,51 but that the trigonal monopyramid [N3N]Mo has
not yet been observed. Although studies concerning the
reduction of dinitrogen are not being pursued in order to
“model” the nitrogenase enzyme, and in any case it is not
yet known how dinitrogen is actually reduced in nitroge-
nases, it is at least worth noting that the molybdenum
nitrogenase77,78 contains a trigonally symmetric MoS3

arrangement at one end of the MoFe7S9 cluster.

The construction of new tren-type ligands is an im-
portant direction in the development of triamidoamine
complexes. For example, the length and flexibility of the
three arms of the triamidoamine ligand, as well as its
overall electronic characteristics, should significantly alter
the chemistry within the pocket. Triamine ligands have
now been prepared that contain some combination of
arms with two and three methylenes in them.79 Although
N(o-C6H4OH)3 has been known for 30 years,80 N(o-C6H4-
NH2)3 has been prepared only recently.81 Changing the
apical nitrogen donor atom to P or As (for example) is a
synthetic challenge, but significant new chemistry could
be expected. One can also envision the construction of
“hybrids” of the ligands described here and traditional
neutral analogs such as (Ph2PCH2CH2)3N23 (for example,
[(Ph2PCH2CH2)N(CH2CH2NR)2]2-). The potential interest
in the hybrid ligands initially would revolve around the
fact that they would no longer be C3-symmetric and a
more reactive low-spin form therefore would be more
accessible, or even the ground state configuration.

The trianionic and tetradentate nature of triamidoam-
ine ligands described here makes them especially suitable
for stabilizing and sterically protecting transition metals
with relatively low d electron counts. It already has been

(70) Freundlich, J. S.; Schrock, R. R.; Cummins, C. C.; Davis, W. M. J. Am.
Chem. Soc. 1994, 116, 6476.

(71) Detrich, J. L.; Reinaud, O. M.; Rheingold, A. L.; Theopold, K. H. J.
Am. Chem. Soc. 1995, 117, 11745.

(72) Gadd, G. E.; Upmacis, R. K.; Poliakoff, M.; Turner, J. J. J. Am. Chem.
Soc. 1986, 108, 2547.

(73) Janowicz, A. H.; Bryndza, H. E.; Bergman, R. G. J. Am. Chem. Soc.
1981, 103, 1516.

(74) Collman, J. P.; Hegedus, L. S. Principles and Applications of Organ-
otransition Metal Chemistry; University Science Books: Mill Valley,
CA, 1980.

(75) Parshall, G. W. Catalysis. A Specialist Periodical Report; The Chemical
Society: London, 1977; Vol. 1, p 335.

(76) Cummins, C. C. Personal communication.
(77) Kim, J.; Rees, D. C. Nature 1992, 360, 553.
(78) Chan, M. K.; Kim, J. S.; Rees, D. C. Science 1993, 260, 792.
(79) Fanshawe, R. L.; Blackman, A. G. Inorg. Chem. 1995, 34, 421.
(80) Frye, C. L.; Vincent, G. A.; Hauschildt, G. L. J. Am. Chem. Soc. 1966,

88, 2727.
(81) Baumann, R.; Schrock, R. R. Unpublished results.

FIGURE 7. A top view of the structure of [(Me3SiNCH2CH2CH2)3N]TiCl.
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demonstrated that some of the chemistry they support is
unique, and that metal-ligand triple or pseudotriple
bonds are especially stable. Over the next several years
it seems likely that more unique features and capabilities
of triamidoamine and related multidentate amido ligands
will be uncovered.
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