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Heterobimetallic complexes are studied for their ability to mimic biological systems as well as active sites
in heterogeneous catalysts. While specific interest in early/late heterobimetallic systems has fluctuated,
they serve as important models to fundamentally understand metal-metal bonding. Specifically, the
polarized metal-metal multiple bonds formed in highly reduced early/late heterobimetallic complexes
exemplify how each metal modulates the electronic environment and reactivity of the complex as a
whole. In this Perspective, we chronicle the development of phosphinoamide-supported group [V/cobalt
heterobimetallic complexes. This combination of metals allows access to a low valent Co™ center, which
performs a rich variety of bond activation reactions when coupled with the pendent Lewis acidic metal
center. Conversely, the low valent late transition metal is also observed to act as an electron reservoir,
allowing for redox processes to occur at the d° group IV metal site. Most of the bond activation reactions
carried out by phosphinoamide-bridged M/Co™ (M = Ti, Zr, Hf) complexes are facilitated by cleavage of
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metal-metal multiple bonds, which serve as readily accessible electron reservoirs. Comparative studies in
which both the number of buttressing ligands as well as the identity of the early metal were varied to give
a library of heterobimetallic complexes are summarized, providing a thorough understanding of the reac-

rsc.li/dalton tivity of M/Co™" heterobimetallic systems.
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Introduction

To quote the late Prof. Malcolm Chisholm, “Anything one can
do, two can do too - and it’s more interesting.”" The expansion
of coordination compounds to contain more than one tran-
sition metal center represents a rapidly intensifying area of
interest in inorganic chemistry. Such bimetallic complexes
have been used to study metal-metal cooperativity,>*° and to
give insight into the activity of both metalloenzymes'' ™ and
heterogeneous catalysts.’®'” The two metals in a bimetallic
complex need not be directly linked via a metal-metal bond,
but can be held in close proximity by a dinucleating or brid-
ging ligand framework. For example, the dithiolate-bridged
Ni-Fe and Ni-Pd complexes published by Darensbourg
et al."®?" are an excellent showcase of heterobimetallic bio-
mimetic activity and open the door to the discussion of many
novel and interesting site-differentiated multimetallic metal
clusters and their widespread reactivity.>*>> However, this
Perspective will instead more narrowly focus on early/late het-
erobimetallic complexes with direct polarized interactions
between the two metals and the reactivity unique to such
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metal-metal bonds. In particular, the authors hope to provide
a personal account of the development of phosphinoamide-
linked early/late heterobimetallic compounds featuring metal-
metal multiple bonds and their reactivity patterns, in hopes of
providing fundamental insight into the structure/function
relationships that correlate metal-metal bonding and
reactivity.

Overview of metal-metal bonding

First, an introduction to metal-metal bonds, particularly those
between first-row metals, is warranted. It would be a travesty to
start a discussion about metal-metal bonding without credit-
ing the late F. A. Cotton.>® While the covalency of single bonds
between metals had been studied,>”*® and metal-metal mul-
tiple bonding had been postulated, it was Cotton et al. that
first discovered examples of metal-metal double,®® triple,**
and quadruple bonds,** all with tetrachlororhenate(ui)-based
systems. These discoveries sparked thousands of reports of
metal-metal multiple bonds,*?***** but the hypothetical
metal-metal quintuple bond remained elusive until the first
Cr-Cr quintuple bond was reported by Power et al. in 2005.**
To aid in quantifying the degree of metal-metal bonding

This journal is © The Royal Society of Chemistry 2024
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using structural parameters alone, Cotton developed a metric
known as the Formal Shortness Ratio (FSR).>® The FSR of a
multimetallic molecule is defined as the distance between two
metal centers divided by the sum of the single bond atomic
radii (Pauling’s R;)** of each metal atom component. This
definition is sufficiently general to be applied for comparative
purposes across a broad range of systems with different metal-
metal combinations and allows a general correlation between
bond length and bond order, even among heterobimetallic
complexes. However, distance alone is not sufficient to
describe the covalent interactions between two metal centers
as there is a broad variance in FSR between metal-metal
bonds of different orders.”® As an example, Power’s Cr-Cr
quintuple-bonded complex has a metal-metal distance (1.8351
(4) A, FSR = 0.77) that is comparable to many of the previously
reported Cr-Cr quadruple-bonded complexes.”®** 1t is for this
reason that analysis of the electronic structure is also required
to provide a complete understanding of metal-metal bonding
from an orbital overlap perspective.

The degree of metal-metal bonding in bimetallic complexes
is dependent upon the local symmetry of each metal and the d
orbital population dictated by each metal’s formal oxidation
state. For example, Fig. 1 depicts the differences in orbital con-
figuration and population as well as metal-metal bond order
as a function of symmetry and orbital population. In a
hypothetical ligandless low-spin bimetallic Cr'Cr' dication
(Fig. 1, left), a maximum bond order of five could be obtained,
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Fig. 1 A comparison of the frontier molecular orbitals and metal-metal
bond order of an idealized D, metal-metal quintuple-bonded system,
a low spin D4, paddlewheel complex, and a high spin D,4 paddlewheel
complex. LAL represents a dinucleating monoanionic ligand.
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thus inspiring the low-coordination number in Power’s Cr-Cr
quintuple bond. More commonly, multiple dinucleating
ligands are employed to support bimetallic systems. Bimetallic
systems of D4, symmetry are the most ubiquitous, and carboxy-
late, triazenate, or amidinate bridging ligands have been used
to form “paddlewheel” [M,L,] complexes with most of the
firstrow transition metals, including vanadium,*®™?
chromium,>®3***  iron,>>*® cobalt,’”®® nickel,®*"®
copper,®"®*°” with metal-metal bond orders ranging from 0 to
4. In D,, symmetry the degeneracy of the & orbitals is broken,
resulting in population of &* antibonding orbitals in com-
pounds with more than 8d electrons and a maximum bond
order of 4 (Fig. 1, middle). Moreover, the high-spin configur-
ations of many first row bimetallic complexes result in lower
bond orders due to the population of multiple M-M antibond-
ing orbitals (Fig. 1, right).>*° In the diiron paddlewheel case,
the high spin configuration also leads to a Jahn-Teller distor-
tion from Dy, to D,q symmetry. Heterobimetallic paddlewheels
have also been reported, such as the example reported by
Tonks et al. wherein (2-diphenylphosphido)pyrrolide linkers
aid in the formation of a Ti-Fe triple bond.®®

Lower symmetry trigonal D3}, and Cs, systems do not suffer
from the “early” population of antibonding orbitals owing to
the weaker C;-symmetric ligand field and maintained degener-
acy of the orbitals of & symmetry (Fig. 2A), and have been
shown to support metal-metal multiple bonding among first-
row transition metals and in heterobimetallic systems.*3*%%°
Many different C;-symmetric ligand systems have been utilized
to develop early/late heterobimetallic complexes.®®”%717233
Multiple bonds are common with these systems not only due
to their favorable symmetry, but also because of their elec-
tronic properties. The Lewis acidic nature of the early tran-
sition metal serves to withdraw electron density from the late
transition metal via metal-metal dative donor-acceptor inter-
actions, which results in more facile reduction.*® Upon
reduction, the atomic orbitals of the late transition metal rise
in energy, resulting in more orbital overlap and an increase in
metal-metal bond order. Orbitals of the proper symmetry to
form metal-metal § bonds are often populated in reduced
early/late heterobimetallic compounds. However, due to the
differences in electronegativity and orbital energies of the two
metals, these orbitals, which also have poor spatial overlap,
typically remain non-bonding and localized on each metal
(Fig. 2B).

and

Metal-metal bonding in early/late heterobimetallic complexes

Interest in early/late heterobimetallic complexes has fluctuated
since the 1980s,>”””7 initially inspired by efforts to mimic the
so-called “strong metal-support interactions” observed
between late transition metal catalysts and metal oxide sup-
ports such as titania.'”””®”® Within this research area, there
are several particularly noteworthy examples of early/late het-
erobimetallic compounds featuring polarized metal-metal
bonds. While not formally assigned as a metal-metal multiple
bond, the bonding between titanium and iron in Gade’s HC
(Me,SiNTol);TiFe(CO),Cp (A) compound was described as a
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Fig. 2 Qualitative molecular orbital diagrams depicting the metal—
metal bonding in representative trigonal homobimetallic (A) and early/
late heterobimetallic (B) complexes. LAL represents a bidentate monoa-
nionic ligand that is either symmetric (A) or asymmetric (B) with different
donor types.
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Fig. 3 Selected examples of early/late heterobimetallic complexes fea-
turing metal—-metal (multiple) bonds reported by Gade (A),%° Wolczanski
(B).”° and Lu (C).2

combination of donor-acceptor interactions with both ¢ and =
character (Fig. 3), demonstrating that there is a driving force
for such interactions in the absence of bridging ligands.®*°
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Wolczanski et al. leveraged the hard/soft acid/base preferences
of alkoxyphosphine ligands to stabilize multiple bonds
between group IV metals and late transition metals.”®*' "3 For
example, the C; symmetric Ti/Rh heterobimetallic complex Ti
(OC(CHj;),CH,PPh,);Rh (B) was found to have a record-break-
ing short Ti-Rh distance of 2.2142(11) A (FSR = 0.86) (Fig. 3).”°
A computational investigation found that the metal-metal
bonding consisted of three (one ¢ and two =n) well-defined
polarized dative bonds that Wolczanski chose to represent
using a solid line and two arrows. We have adopted a similar
depiction of bonding to represent both bond order and the
donor/acceptor qualities of the metal-metal interactions
throughout this Perspective and in most of our published
work.

The examples most closely related to those discussed
herein are a series of Cs;-symmetric trigonal lantern complexes
studied by Lu and coworkers utilizing the heptadentate
“double-decker” ligand [N(o-(NCH,P'Pr,)CeH,);]*~.">% A series
of late transition metal Ti/M,%® V/M,*” and Cr/M%¥°° com-
plexes (M = Fe, Co, Ni) were investigated, with several metal-
metal pairs giving rise to metal-metal multiple bonding in
their fully reduced states (C, Fig. 3).”> Similar systems using
the double-decker ligand motif to link late transition metals
with main group metals and lanthanides have given rise to
catalytic systems for carbon dioxide reduction to formate,®'
the hydrogenation of alkenes and alkynes,’*** and the hydro-
defluorination of aryl fluorides.”®

These examples reported by Wolczanski and Lu illustrate
the utility of heterobifunctional ligands with a hard anionic
donor and a soft neutral donor, which preferentially bind to
high-valent early metals and low-valent late metals, respect-
ively. This binding site differentiation is key to stabilizing two
disparate metals in a single framework, leading to the facile
formation of metal-metal multiple bonds.

Phosphinoamide-linked early/late heterobimetallic complexes

The first examples of early/late heterobimetallic complexes
linked by phosphinoamide ligands reported by
Nagashima and coworkers.””*°® In contrast to the ligands
described above, phosphinoamide ligands feature two distinct
coordination sites (amide and phosphine) directly joined
through a single covalent bond. This ensures that the two
metal centers are held in close proximity, promoting orbital
overlap and metal-metal interactions. Combining early metal
phosphinoamide compounds with late transition metal pre-
cursors, heterobimetallic bis(phosphinoamide) and tris(phos-
phinoamide) compounds such as CL,Ti(‘BuNPPh,),PtX, (D, X
= Cl, Me), [CL,Ti("BuNPPh,),M(n*-allyl)]" (E, M = Ni, Pd, Pt),
ClIZr(‘PrNPPh,);M0(CO); (F), and CIZr(‘PrNPPh,);CuCl (G) were
synthesized (Fig. 4).”” "% The cationic Ti/M allyl complexes E
were found to be active catalysts for allylic amination reactions,
and the authors found that the appended Lewis acidic Ti
center increased the electrophilicity of the M-allyl fragment
and was crucial for achieving catalysis, as monometallic Ni,
Pd, and Pt phosphine complexes with similar structures were
unable to achieve catalytic turnover.®®

were

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Phosphinoamide-linked heterobimetallic complexes reported by
Nagashima and coworkers.®” 100

Drawing inspiration from the precedents set by Nagashima
et al., our group set out to synthesize a wider variety of phos-
phinoamide-supported early/late heterobimetallic complexes
and explore their redox properties and reactivity. Using three
phosphinoamide ligands to bridge an early and late metal
gives the previously discussed C; symmetry about the bi-
metallic core. The trigonal ligand field and the proximity of
the two metal centers facilitated the construction of early/late
heterobimetallic complexes bearing metal-metal multiple
bonds.**”" We have reported a wide variety of tris(phosphinoa-
mide) and bis(phosphinoamide) early/late heterobimetallics
using late first-row transition metals, including Cr/M,'**
V/M, 0% Nb/M, 37197 Ti/M,*** and U/Co '*® combinations
(M = Fe, Co, Ni, Cu). However, the most heavily studied metal-
metal combinations to date are the group IV M/Co complexes
(M = Ti, Zr, Hf) and that is where we will focus this
Perspective. Trends in metal-metal bonding will be described
in the context of the unique reactivity enabled by these com-
pounds and their polarized metal-metal multiple bonds and
enhanced redox behavior.

Zr/Co (phosphinoamide) complexes

Metal-metal bonding in tris(phosphinoamide) Zr/Co
complexes

The Zr/Co pair initially sparked our interest owing to the avail-
ability of multiple common oxidation states ranging from Co™
to Co™" for cobalt, combined with the relative inertness of zir-
conium to redox processes. The tendency of Zr to remain in
the d° zr" state was initially posited (and later confirmed)"*®
to lend simplicity to the assignment of redox processes to one
metal or the other while ensuring that the Lewis acidity of the
early metal center remains unperturbed by redox events alone.
Our foray into tris(phosphinoamide) complexes began in
2009, when our group reported a series of three Zr"V/Co' tris
(phosphinoamide) compounds, each distinguished by the sub-
stituents on the amide and phosphine donors, ClZr
(‘PrNPPh,);Col (1), ClZr(MesNP'Pr,);Col  (2), and ClZr
(‘PrNP'Pr,);Col (3) (Mes = 2,4,6-trimethylphenyl, Fig. 5)."'° The
metal-metal distances in 1-3 range from 2.73 A (1) to 2.63 A (2
and 3), corresponding to FSRs of 1.00-1.04, and the metal-
metal bonding in these compounds is best described as a
dative Co—Zr bond. Cyclic voltammetry experiments demon-
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Fig. 5 Tris(phosphinoamide) linked Zr'V/Co' compounds featuring
dative Co—Zr bonds.  FSR is defined as the ratio of the metal-metal dis-
tance to the sum of the single bond atomic radii of the two metals.

strated that the potentials for one and two-electron reduction
of the Co(1) center in bimetallic complex 1 decreased by 0.84
and 1.01 V, respectively, as compared to a Co monometallic
species with an otherwise identical coordination environment
about the Co center, (‘PrNHPPh,),Col. Even the most electron-
donating variant of the ligand set (3) could be reduced at
potentials more than 0.5 V more positive than the aforemen-
tioned monometallic Co species. This seminal discovery
demonstrated the remarkable impact of a Lewis acidic early
metal ion in facilitating redox processes at an appended late
metal center, demonstrating the utility of early/late heterobi-
metallic frameworks for accessing highly reduced and reactive
species.

Complexes 1-3 readily undergo two-electron reduction,
affording dinitrogen-bound Zr'"V/Co™ species when reduced
under a dinitrogen atmosphere.''®'" The PPh,-substituted
complex 1 is reduced to afford an anionic complex [{ClZr
(‘PrNPPh,);CoN,},Na(THF),][Na(THF)s] (4) that retains the Zr-
bound halide (Fig. 6). Although high quality single crystal
X-ray diffraction data could not be obtained for 4, its formu-
lation and connectivity were inferred by comparison of its
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Fig. 6 Tris(phosphinoamide) linked Zr'V/Co™ compounds featuring
metal-metal multiple bonds. ® FSR is defined as the ratio of the metal-
metal distance to the sum of the single bond atomic radii of the two
metals.
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spectroscopic features to a Hf/Co analogue (vide infra).""* In
contrast, the two P'Pr,-substituted compounds 2 and 3 gene-
rate zwitterionic species (THF)Zr(MesNP'Pr,);CoN, (5) and Zr
(‘PrNP'Pr,);CoN, (6) via loss of two equivalents of sodium
halide salt (Fig. 6)."** Reduction products 5 and 6 feature Zr-
Co distances that are dramatically shortened upon reduction,
with FSRs of 0.90 and 0.89, respectively. Complex 2 can be
reduced in the absence of dinitrogen to afford the N,-free
complex (THF)Zr(MesNP'Pr,);Co (7), which has an even
shorter Zr-Co distance (2.1432(13) A, FSR = 0.82)."""

A computational analysis of the frontier molecular orbitals
of 5-7 revealed that the decrease in metal-metal distance
results from an increase in Zr-Co bond order upon reduction.
A representative frontier molecular orbital diagram of 7 is
shown in Fig. 7A, revealing a metal-metal triple bond com-
prised of one ¢ bonding orbital and two = bonding orbitals. All
three metal-metal bonding orbitals are polarized, with signifi-
cantly more orbital contribution from the Co center. The two
highest occupied molecular orbitals are Co-centered d,, and
dy._» orbitals of §-symmetry. Although the formation of
metal-metal 8 bonds is symmetry-allowed, 8-bonding is inher-
ently weaker as a result of poorer orbital overlap and, due to
the energy differences between the Zr and Co atomic orbitals,
8 bonding is negligible in these heterobimetallic systems. The
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Fig. 7 Pictorial representations of the frontier MO diagrams of 7 (A) and
5 (B) derived from DFT calculations (#B97XD/def2SVP).
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net result is a (6)*(n)*(Coup)* electronic configuration and a
metal-metal triple bond in 7 (Fig. 7A).3>'°%"%113 Although
the d,, and d,, orbitals in Zr''/Co' complex 2 were also of the
correct symmetry to form metal-metal = bonds, such bonding
interactions only form upon reduction of the cobalt center to
Co™", as this raises the energy of the cobalt-centered orbitals
such that overlap with the higher energy d,, and d,, orbitals
on Zr becomes possible. Due to the highly reduced nature of
the cobalt center in 7 and its C; symmetry, the d,, and d,, orbi-
tals on cobalt are also of the proper symmetry and energy to
bind dinitrogen, generating 5 upon exposure to N,.
Examination of the frontier molecular orbitals shows that
although the (c)*(n)*(Conp)* electronic configuration is
retained in 5, significant mixing of the M-M = bonding orbi-
tals with the dinitrogen n* orbitals decreases the metal-metal
orbital overlap and results in a bond order closer to two
(Fig. 7B).""" As a result of competition between Zr and N, for
the electron density in Co’s d,, and d,, orbitals, the apical dini-
trogen ligand in 5 is rather labile and samples of 5 revert to 7
in vacuo.™* The oxidation states of compounds 5-7 are best
described as Zr'V/Co™ and therefore these compounds
undergo a myriad of oxidative chemistry,"*® facilitated by the
open coordination sites or labile ligands on both the Zr and
Co apical sites.

Reactivity of tris(phosphinoamide) Zr/Co complexes

Oxidative addition across the Zr-Co bond. Simple two-elec-
tron redox processes are less common at first-row transition
metal centers than with their heavier noble metal congeners.
However, oxidative addition across the metal-metal multiple
bonds in phosphinoamide-linked Zr"/Co™" complexes occurs
readily (Scheme 1). Exposure of 5 to I, results in a two-electron
oxidative addition across the Zr-Co bond to form the diiodide
complex (n*'Pr,PNMes)Zr(1-MesNP'Pr,),(u-I)Col (8).'** In 8,
one of the phosphinoamide ligands dissociates from Co and
binds n* to the Zr center to accommodate the bridging iodide
ligand. This hemilabile ligand behavior was conserved in the
reaction of 5 with Mel to generate the methyl-bridged complex
(n*-"Pr,PNMes)Zr(u-MesNP'Pr,),(1-CH;)Col (9). Attempts to oxi-

Mes\Mes MOS\Mes
N \—r/Pr,
N |5‘Pr2 N_ Rer,
’PFZP\—>Zr<-7 N N2 PrZP—>Zr<—/(CO |
N
[ MOSMSS\ PP H
Mes 4 QP iPr, Mes 9
, 3
THF—. Zr._(I:o N,
Mes\Mes MeSMes
P/
S WA (i’
: r es N—=RPr,
H A A 5 : \ i
SeH H i
= a0 PryR——=Zre;----- Co—X
NN H2 X Rx N
/ w PPrH ~— \/ oY
NH -N2  -RH N | “H
-N, H
1" 10
R # Me

Scheme 1 Examples of two-electron oxidative addition reactions of 5.
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datively add other alkyl halides to 5 resulted in intramolecular
C-H activation of one of the mesityl methyl groups and for-
mation of 10 with concomitant release of alkane.''®> Complex 5
also oxidatively adds H, across its Zr/Co bond; however, H,
addition was accompanied by the cleavage of the N-P bond of
one of the phosphinoamide ligands to form 11.*

The propensity of reduced tris(phosphinoamide) Zr"/Co™"
species for C-X bond activation was harnessed for catalytic
Kumada coupling reactions of alkyl halides with alkyl
Grignard reagents.''® Through computational mechanistic
studies, it was found that the extremely reducing nature of the
[ZrCol** bimetallic core enables the catalysis, as the lowest
energy pathway begins with a net oxidative addition achieved
by a one-electron reduction of the alkyl halide followed by a
radical recombination event with the resulting open-shell Zr"/
Co° intermediate.'”” The Zr'"V/Co' oxidative addition product
then undergoes transmetallation with the alkyl Grignard
reagent, a phosphine dissociation event, and subsequent
reductive elimination to form a C-C bond and regenerate the
Zr"V/Co™" catalyst.'”” The bimetallic nature of the Zr/Co system
was also found to favor reductive elimination via the withdra-
wal of electron density from Co by the neighboring Lewis
acidic Zr"™ center. Neither the oxidative addition, nor the
reductive elimination were found to be energetically accessible
with a cobalt monometallic analogue.""”

Complex 5 was also found to readily oxidatively add the
C-H bonds of terminal alkynes. When exposed to two equiva-
lents of TMSC=CH or PhC=CH at low temperatures, an
adduct of the E-isomer of the dimerized enyne was formed (12,
Scheme 2)."'® Although TMSC=CH addition to 5 led to exclusive
formation of the E-isomer, even at room temperature, all three
potential enyne isomers (E, Z, and gem) were generated when the
addition of PhC=CH to 5 was carried out at room temperature. It
was hypothesized, and later determined computationally,"*® that
this reaction takes place via an initial oxidative addition of the
terminal C-H bond of the alkyne, followed by insertion of a
second equivalent of alkyne into the resulting cobalt hydride
bond, and then reductive elimination to arrive at the enyne
adduct. This mechanism was supported by trapping a C-H acti-
vated bridging acetylide intermediate, (n*'Pr,PNMes)Zr(j-
MesNP'Pr,),(1-C=CTMS)Co(H)(CN'Bu) (13), via the addition of
‘BuNC to the mixture of TMSC=CH to 5."*

es Mes R Mes_ |,

\{ r
N-\-PiPr 2 =
N—pPr, / PrP—__ Zr/N goprz
THF—Zr=—=Co—N=N )
R=TMS, Ph ’L/ ™ ‘J>\:
N——F'Pr, low lﬁmp / b
2 R
Mes’ 5 2 Mes
© 12
Mes Mes
N-K=PPrg,
TMS—=—H PP/ 2
|/er\‘<—700/
CNBu N 22" Nenbu
-N2 Mes/ /
™s 13

Scheme 2 Reactions of terminal alkynes with 5.
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One-electron vs. two-electron processes in E-H and E-E
bond activation (E = N, S, O). In addition to C-H activation,
Zr"V/Co™" complex 5 was found to activate the N-H bonds of
hydrazine derivatives. Treatment of 5 with 1.5 equivalents of
hydrazine or a monosubstituted hydrazine derivative resulted
in the one-electron oxidation of the complex and the binding
of an 1> hydrazido ligand at the Zr site to form Zr"/Co® pro-
ducts (n>-RNNH,)Zr(MesNP'Pr,);Co(N,) (R = H (14"), Ph (14""),
Me (14™€)). These one-electron processes require formal loss
of H" and were found to concomitantly generate 0.5 equiv.
NH; and 0.5 equiv. of RNH, through H'-promoted cleavage of
the N-N bond of an additional 0.5 equiv. of the hydrazine
derivative (Scheme 3). Of note, 14 serves as the first example
of an unsubstituted 1> hydrazido ligand bound to Zr. When
two equivalents of phenylhydrazine are added to 5, hydrazido
formation is also accompanied by an addition of a phenyl
aminyl radical at cobalt in an overall two-electron process to
generate (n?>-RNNH,)Zr(MesNP'Pr,);Co(NHPh) (15), supporting
the proposed radical mechanism (Scheme 3)."*°

The reactivity of 5 with sulfur-containing substrates was
also investigated (Scheme 3). The reaction between 5 and two
equivalents of thiophenol or one equivalent of diphenyl di-
sulfide yielded Zr"/Co' product (n>-MesNP'Pr,)Zr(-
MesNP'Pr,),(u-SPh)Co(SPh) (16)."*' A similar oxidative process
occurred with excess diethyl peroxide but with the conserva-
tion of the C; symmetry of the complex, generating (EtO)Zr
(MesNP'Pr,);Co(OEt) (17). By using 0.5 equivalents of the per-
oxide, or by using the bulkier di-tert-butyl peroxide, a single
alkoxy group was added at Zr, resulting in a Zr"'/Co® complex,
(RO)Zr(MesNP'Pr,);Co(N,) (R = Et (18%), ‘Bu (18™Y)).
Therefore, peroxide O-O bond cleavage proceeds through a
one-electron process, whereas S-S and S-H bond activation
processes appear to proceed through concerted two-electron
redox processes. One-electron oxidation products analogous to
18® were also obtained through the addition of alcohols or
H,0 to 5.

Mes Mes N.es\Mes
A\
N-\-PPr, N*\N*F’Pr,P/Pr
e xs'BUOOBU  15RNoH, RN~/ =0 2
RO—2Zr=——Co—N=N : 23 | _sZr=—Co—N=N
- 05NH,R HNT | [
N—F'Pr, 0.5 EtOOEt | .05 NH, PiPr,
Mes/ 18R or ROH Mes’ 14R
= [l R =H, Ph, Me
R = Et, ‘Bu, Me, Ph, H Mes.pes
N-\-PPr,
N—PPr,

THF—Zr/<_C0—NEN

Mes. Mes xs EtOOEL N—-FPr, 5 2 PhNzHg Vs Mes
N-\-PPr, ,/NM / N\& N-\-PPr,
= N——PPr, Z Nies 2 S N——Pi Ph
i 2PhSH  _NH;  phy.  NTEEPR
EtO—2Zr<——Co—OEt N or | ~7f{<—Co—NH
/
/ PhSSPh H,N J
N—P'Pr, N—FP'Pr,
Mes’ 17 MeS\Mes Mes/ 15
N-\—RPr,
;/N—',P\*Prz
’PrzP—>Zr<\7/C0fS\
\/ S Ph
N |
| Ph
Mes 16

Scheme 3 Examples of E-E and E—H bond activation promoted by 5 (E
=N, O,S).
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Activation of carbon-heteroatom double bonds. The large
differences in the electronegativity of the metal centers in
early/late heterobimetallic compounds and the resulting
highly polar metal-metal multiple bonds render tris(phosphi-
noamide) Zr"'/Co™" complexes uniquely suited for activation of
polar C=E double bonds (E =N, O, S).

Our first foray into C=E bond activation was the discovery
that the Zr''/Co™" heterobimetallic complex 7 readily cleaved
the C=0 bond of carbon dioxide (Scheme 4). Exposure of 7 to
one equivalent of CO, at low temperature resulted in oxidative
addition of a C=0 double bond across the Zr-Co bond with
concomittant dissociation of one of the phosphinoamide
ligands from Co, generating (n>-'Pr,PNMes)Zr(j-MesNP'Pr,), (ju-
0)Co(CO) (19)."** Cyclic voltammetry of 19 revealed a reversible
redox event at —1.85 V (vs. Fe/Fc') and subsequent reduction of
19 with 1 equiv. Na/Hg restored the tris( phosphinoamide) core
and afforded the Co°%Zr"V-oxo anion [(THF);Na][(O)Zr
(MesNP'Pr,);Co(CO)] (20)."*? Using excess Na/Hg to reduce 19
in the presence of an additional equivalent of CO, gave a
mixture of products, including the carbonate complex
[(THF),Nal,[(CO3)Zr(MesNP'Pr,);Co(CO)] (21)."** Lastly, reac-
tion of 19 with PhSiH; resulted in the formation of (PhH,SiO)
Zr(MesNP'Pr,);Co(H)(CO) (22) via cleavage of an Si-H bond
across the Co-O bond and reassociation of the third phosphi-
noamide ligand with Co (Scheme 4)."*> Subsequent studies
further explored the fundamental reaction steps involved in

P'Pry .
,Plpl’z
Zr<—Co—C=0
/
P’Prz
21
xs Na/Hg
1 atm CO,
Mes . Mes Mes \Mes\
"N-\-RPr, N-v—PPr
: N=—PPry 1 equiv : N "fpr?
THF—Zr==Co 9% __ iprp—>Zre——Co—C=0
N—FPPr, 0
N 19
Mes’ \
PhSiH
V Mes |1 equiv
Mes Mes Na/Hg
"‘N-\-PPr, _—
;7/ _' r2 \Y ‘“’\Mes
PhH,SiI0—Zr===Co—C=0 fﬁ*\N*‘D«;Pf:/P,P
N\ /g f2
N——PiPr, 1 O~ Z{~—Fo—C=0
Mes' THF)3Na i
22 (THF)sNa, N—P'Pr,
20

Scheme 4 CO,; reduction reactions promoted by 7.
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CO, reduction and carbonate formation using heterobimetallic
Zr/Co systems, but realization of a catalytic cycle for CO,
reduction/functionalization was hindered by the harsh con-
ditions required to cleave Zr-O bonds once formed."*?

Inspired by the cleavage of C=0 bonds in CO,, the reactiv-
ity of 5 with diaryl ketones was investigated (Scheme 5).
Benzophenone and its derivatives react with 5 at room temp-
erature to give Zr"'/Co® complexes with a ketyl radical bound at
Zr via single-electron transfer from Co to the Zr-bound
ketone."**?® In solution, the benzophenone product (Ph,C"0)
Zr(MesNP'Pr,);CoN, (23) was found to be in equilibrium with
an isobenzopinacol-coupled tetrametallic product 24, in which
dimerization has occurred through the para position of the
aryl ring of one Zr/Co complex and the ketyl carbon of a
second equivalent of 23."**'*” In the case of para-methyl ben-
zophenone or fluorenone derivatives, dimerization of the Zr-
bound ketyl radical does not occur and the monomeric ketyl
radical species can be isolated and structurally characterized.
However, placing an electron-donating dimethylamino group
at the para position results in no electron-transfer or activation
of the C=0 double bond, with formation of a Zr'"¥/Co™" ketone
adduct instead.'*>"?° Ketyl radical species such as 23 were pro-
posed as key intermediates in the catalytic hydrosilylation of
ketones performed by 5.'** Upon heating the equilibrium
mixture of 23 and 24, the ketone C—O double bond was
cleaved in a similar fashion to CO, to afford the p-oxo/carbene
complex (n>-MesNP'Pr,)Zr(ju-MesNP'Pr,),(11-0)Co—CPh, (25) in
80% yield, with concomitant formation of a byproduct result-
ing from cleavage of the phosphinoamide P-N bond."*®

An analogous reaction with thiobenzophenone, however,
led to the partial activation of the C=S bond to generate a
product with a px'n”> binding mode of the thione (26,
Scheme 6)."*° The elongation of the C-S bond and the pyrami-

Mes Mes
N-\—P'Pr
N P'Pry
'PryPp—>Zr«——Co
2 N/ St e
r\\l Ph
25 heat
Mes \Nz
Mes Mes o Mes Mes
N-\-P'Pr Bh N-\—PPr,
N——P'Pr, Ph” “Ph ,N—P Pry
THF—Zre=——Co—N=N ———> 7 O—Z\r<—Co—N2
-0.5H
N—Fr, 2 PH N—PPr,
Mes 5 Mes 23
3 Mes
Mes Mes / Mes
05 e N\ PPr,
’PrzP—N\ Ph pn /N TPr?
N;—Co—=2r—0— O_Z\f‘—“*N?
iPrp—N —/  \_ N—FFn
\ H Ph
Mes 24 Mes

Scheme 5 Reactions of 5 with ketones.
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Scheme 6 Representative reactions of 5 with diaryl thioketones and
imines.

dalization of the thioketone carbon in 26 provide evidence for
the activation of the substrate upon binding across the two
metal centers, but a short Zr-Co bond distance (2.3857(2) A;
FSR = 0.91) and the diamagnetic nature of the compound
suggest that 26 is best described as a Zr"'/Co™' adduct of
thiobenzophenone.

The reaction of 5 with benzophenone imine gave an entirely
different result. Rather than cleaving the C=N bond, both N-
H and C-H activation occurred to generate a product in which
the deprotonated imine is bridging Zr and Co and a 5-mem-
bered ring is formed through ortho-C-H activation of one of
the imine-derived phenyl rings (27, Scheme 6).'*> The pro-
posed reaction pathway includes the oxidative addition of the
imine N-H bond to form a putative cobalt hydride, which is
then lost as dihydrogen in the subsequent cyclometallation of
the imine phenyl substituent.* In support of such a reaction
sequence, addition of fluorenoneimine to 5 generates an isol-
able hydride species from which cyclometallation is prevented
due to the rigidity of the fused arene rings.

Reactivity with oxidative group/atom transfer reagents. The
oxidative chemistry of the tris(phosphinoamide) Zr"V/Co™" het-
erobimetallic systems is not limited to the one- and two-elec-
tron oxidative processes described above. In reactions between
6 and organic azides, an overall four-electron redox process

[=]
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P
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/ /7 g S g
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\ /Zr< ------ Co 3N,
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Scheme 7 Reactions between 6 and organic azides.
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was observed (Scheme 7). The treatment of 6 with two equiva-
lents of p-tolyl azide resulted in the formation of the Zr"/Co™
compound ToIN=Zr("PrNP'Pr,);Co=NTol (28, Tol = p-tolyl) via
oxidative nitrene transfer."?® This zwitterionic bimetallic com-
pound features a triply bound imido ligand at each C;-sym-
metric metal center and no metal-metal interaction (Zr-Co
distance = 3.1734(3) A, FSR = 1.21). Alternatively, addition of
the bulkier mesityl azide to 6 produced a diimido species
(n*-"PrNP'Pr,)Zr(u-"PrNP'Pr,),(-NMes)Co=NMes with one of
the imido ligands bridging the Zr and Co centers and one of
the phosphinoamide ligands dissociated from Co and bound
n® to Zr (29)."*° Alkyl azides are notably less reactive than their
aryl counterparts,”*® and that trend was also observed in their
reactivity with the bimetallic system. While dinitrogen was
easily extruded from aryl azides, tert-butyl azide reacted with 6
to form (n*~'PrNP'Pr,)Zr(p-"PrNP'Pr,),(1,-x",n°-N‘Bu)Co (30).'%°

Complex 5 is also reactive towards oxidative O atom transfer
from pyridine N-oxide (Scheme 8). Treatment of 5 with pyri-
dine N-oxide affords the bridging oxo complex, (n>-MesNP'Pr,)
Zr(-MesNP'Pr,),(u-0)Co(py) (31, py = pyridine), with pyridine
displacing dinitrogen at the apical cobalt site and one phos-
phinoamide ligand dissociated from Co. In a reaction similar
to that of the CO, activation product 19 described above, the
bridging oxo ligand in 31 was converted to a Zr-bound triphe-
nylsiloxide ligand upon addition of Ph;SiH, affording (Ph;SiO)
Zr(MesNP'Pr,);Co(H)(N,) (32)."*! In contrast to 22, the lability
of the N, ligand on 32 permitted insertion of unsaturated sub-
strates such as PhC=CH, PhC=N, and CO, into the Co-H
bond (e.g. 33, Scheme 8)."**

Most of the examples of the reactivity of 5-7 provided so far
involve the dissociation of the dinitrogen ligand to allow for
reactivity at the Co center. Replacement of the labile dinitrogen
ligand with “BuNC, which is sterically bulky and binds more
tightly than N,, gives the Zr"/Co™ complex (THF)Zr
(MesNP'Pr,);Co(CNBu) (34), where the coordination sphere
about Co remains saturated, forcing substrate coordination to
occur at Zr (Scheme 9). Although Zr" is d° and redox inert, the
appended Co ™" center allows redox processes to occur. In this

Mes Mes Mes Mes
N-\-P/Pr —\o N-\—PPr,
,N 3 I:”Prz \ N /N P\Prz
THF—Zr=—=Co—N, v ’PrzP—*Zr\- /Co\
= N2
/N—P’Prz \N/ ®) N=
Mes 5 \ 31 U
Mes
Ph;SiH
- pyridine
Mes Mes m
Vies Mes Mes
NA-PPr, O\\ N \Npm e
N S~H  co, / 1 2H
Ph3SiO—Z\r<—/Co——o <——— Ph3Si0O—2Zr<—=Co=—N,
_N2
N—-P/Pr, N—~P'Pr,
Mes’ 33 Mes’ 32

Scheme 8 The two-electron oxidation of 5 with pyridine-N-oxide,
subsequent reaction with silane to generate a Zr'V/Co' hydride complex,
and a representative insertion reaction with CO,.
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Scheme 9 Examples of two-electron reactions promoted by 34.

case, it is useful to consider complexes such as 34 as Zr'"¥ com-
plexes with a redox-active Co™" containing metalloligand."**

The “redox-active metalloligand” approach is best exempli-
fied in reactions between 34 and oxidative group transfer
reagents. As shown in Scheme 9, the addition of mesityl azide
to 34, resulted in the formation of the terminal Zr-imido
complex MesN=Zr(MesNP'Pr,);Co(CN’Bu) (35). The bulkier
adamantyl azide instead formed the bridging imido complex
(n%-"Pr,PNMes)Zr(j-MesNP'Pr,),(u-NMes)Co(CN'Bu)  (36). In
both of these cases, two-electron processes were observed,
which differs from the previously discussed reactions of
organic azides with 6 (Scheme 7, vide supra), and shows the
ability of tert-butyl isocyanide to partially “block” the late
metal site.”*>"*?> Diphenyl diazomethane reacts readily with 34
to form a Zr'V/Co' alkylidene hydrazido complex (Ph,CN,)Zr
(MesNP'Pr,);Co(CN‘Bu) (37), wherein oxidation of the diazo
reagent and formation of a Zr-N multiple bond results in clea-
vage of the metal-metal bond. Heating of 37 in an effort to
promote N, release resulted in isomerization to (n*'Pr,PNMes)
Zr(-MesNP'Pr,),(1-N,CPh,)Co(CN’Bu) (38).'*>

Due to the oxophilic nature of the Zr" center, the reducing
nature of the Co™" center, and the stability of the complex
imparted by both the bridging phosphinoamide ligands and
the appended isocyanide moiety, 34 was uniquely suited to
participate in reactions with O, and O-atom donors
(Scheme 10). Exposure of 34 to excess dry O, resulted in a
cobalt-centered two-electron oxidation and binding of the
resulting n>-0,>” ligand at Zr to generate the Zr'Y/Co' com-
pound (n>-0,)Zr(MesNP'Pr,);Co(CN'Bu) (39).**?

In contrast to the reaction of 5 with pyridine-N-oxide, the
addition of pyridine-N-oxide to 34 afforded the terminal Zr oxo
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Scheme 10 Two-electron oxidation of 34 using O, or pyridine-N-
oxide and subsequent nucleophilic reactivity of terminal Zr oxo complex
40.

complex O=Zr(MesNP'Pr,);Co(CN‘Bu) (40).*** The isolation of
40 is notable as only one other neutral terminal Zr oxo com-
pound had been previously isolated."** The nucleophilicity of
the oxo moiety in 40 was confirmed by its ability to readily
bind Lewis acidic boranes to generate (R;BO)Zr(MesNP'Pr,);Co
(CN‘Bu) (41, Scheme 10)."*?

The combination of the nucleophilicity of the Zr-oxo frag-
ment and the redox activity of the appended Co' center opens
new avenues for bimetallic cooperativity and the redox pro-
perties and further reactivity of 40 were, therefore, investigated
(Scheme 11). The Zr"/Co' oxo complex displays a reversible
one-electron reduction at —1.71 V in its cyclic voltammogram,
and could be reduced by the addition of Na/Hg amalgam to
give the Zr'V/Co® tetrametallic dimer Na,[O=Zr(MesNP'Pr,);Co
(CN‘Bu)], (42)."* Another Zr"V/Co® complex (Ph;CO)Zr
(MesNP'Pr,);Co(CN'Bu) (43) could be generated by the treat-
ment of 40 with Gomberg’s dimer, a source of the trityl
radical."*>"*® However, the trityl radical alone is not
sufficiently reducing to generate the Co® center present in 43,
so its formation was hypothesized to be driven by the affinity
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Scheme 11 Reactivity of the Zr-oxo complex 40.
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of the Zr oxo for the trityl cation. Treatment of 40 with Ph;CCl
in the presence of NaBPh, supported this hypothesis, as the
cationic complex [(Ph;CO)Zr(MesNP'Pr,);Co(CN‘Bu)|[BPh,]
(44) was generated."*® These reactions serve to highlight a
unique example of bimetallic cooperativity in which one tran-
sition metal serves as a redox-active electron reservoir while
new bonds are formed with a nucleophilic ligand bound to a
second redox-inert metal.

Ti/Co and Hf/Co tris(phosphinoamide)
complexes
Ti/Co tris(phosphinoamide) complexes

Naturally, there are multiple similarities and subtle differences
between the Zr-containing heterobimetallic compounds and
their Ti/Co congeners. Most notably, due to the 0.13 A decrease
in atomic radius while moving up group IV to Ti,*® three
mesityl-substituted phosphinoamide ligands cannot be co-
ordinated to the metal center. As such, all comparative studies
with Ti/Co tris(phosphinoamide) complexes were carried out
using the smaller [XyINP'Pr,]” ligand (Xyl = 3,5-dimethyl-
phenyl), necessitating the synthesis of a direct Zr/Co analogue,
(THF)Zr(XylINP'Pr,);CoN, (45) (Fig. 8).*’

The Ti"/Co™ complex (THF)Ti(XyINP'Pr,);Co(N,) (46) can
be synthesized via a stepwise metalation/reduction strategy
similar to that previously described for the Zr/Co analogue
5.13% Exposure to vacuum or preparation in the absence of N,
affords (THF)Ti(XyINP'Pr,);Co (47), a direct analogue of 7.
Similar to its heavier congener,'"* the Ti-Co bond in 47 con-
sists of one ¢ and two © bonding orbitals with two Co-centered
non-bonding orbitals of & symmetry. N, binding in 46 results
in elongation of the metal-metal bond by ~0.21 A, indicative
of a decrease in metal-metal bond order."*® The metal-metal
distances in 46 and 47 are shorter than the corresponding dis-
tances in 45 and 7 but, owing to the smaller size of Ti, the
FSRs are nearly identical (Fig. 8). Through computational
studies, the Ti-Co multiple bonds in 46 and 47 were found to
be more covalent than the Zr-Co multiple bonds in 5 and 7, as

Xy‘\%l\—e’m : Xyl\xﬁ[\fe@rz . Xw%@f\fe@rz .
/N— 'Pr, ’:E/N%P’ Iy E,:LN_’TI/P’PQ
THF—Zr.—_—?o—NZ THF—Ti<—_(,30—N2 THF—Ti<—_C'o
N—-~PiPr, N——P'Pr, N—PPr,
Xyl” 45 Xyl” 46 Xyl" 47
45 46 47
M-Co distance (A) 2.3816(10) 2.2320(6) 2.0262(10)
FSRa 0.91 0.90 0.82
v(N,) (cm") 2045 2084 n/a

Fig. 8 A comparison of the metal-metal bond metrics and v(N,)
stretching frequencies of Zr'V/Co™ and Ti"V/Co™ complexes. ?FSR is
defined as the ratio of the metal-metal distance to the sum of the single
bond atomic radii of the two metals.
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expected based on better overlap between the 3d orbitals of Ti
and Co compared to the 4d/3d overlap in the Zr/Co congeners.
This subtle difference in metal-metal bonding manifests in a
large difference in the degree of backbonding to N, in 45 and
46. By analyzing the N, stretching frequencies by IR spec-
troscopy, the Ti/Co complex 46 was found to have a markedly
less activated N, moiety in comparison to its Zr analogue 45
(2084 vs. 2045 cm™', respectively), indicating that Ti-Co
bonding withdraws significantly more electron density from
the Co center.

The reactivity of 46 was investigated, with the goal of com-
paring its reactivity patterns with those of 5 (Scheme 12). In
this pursuit, 46 and 47 were found to readily react with diaryl
ketones to form adducts at either Ti or Co.'*® Addition of one
equivalent of benzophenone to 46 affords the Ti-bound ketone
adduct (Ph,C=O)Ti(XyINP'Pr,);Co(N,) (48). In solution, 48
was found to be in equilibrium with (n?-XyINP'Pr,)Zr(y-
XyINP'Pr,),Co(n>-O—CPh,) (49), in which N, and one of the
phosphinoamide ligands has dissociated from Co allowing
benzophenone to bind to Co in an n* fashion. Product 49 was
formed exclusively when the benzophenone addition reaction
was performed under an argon atmosphere. Unlike the reac-
tion of 5 with benzophenone, no evidence for ketyl radical for-
mation was observed and thermolysis did not afford an oxo/
carbene complex.'?®

In another example of reactivity that diverges between Zr/Co
and Ti/Co combinations, 46 was treated with both hydrazine
and methyl hydrazine. While hydrazine was found to undergo
one-electron reduction and spontaneous liberation of H, upon
reaction with Zr"V/Co™ complex 5 (vide supra, Scheme 3),'*°
the reaction between 46 and hydrazine generates a diamag-
netic Ti"/Co™ ammonia complex (H;N)Ti(XyINP'Pr,);Co(N,)
(50)."°® With methyl hydrazine, 50 and the analogous methyl-
amine complex (51) are generated in a 1: 3 ratio (Scheme 12).
In both cases, the reaction is balanced via the formation of N,.
Exposure of 46 to a 50-fold excess of hydrazine resulted in cata-
Iytic disproportionation of hydrazine into ammonia and dini-
trogen with a maximum of 18 turnovers in 30 minutes.’*® In
an attempt to generate a model complex that may give infor-

Xyl Xyl\ 0 Xy xy|\
N-\-RPr, N-\-pip
,N—,P’Prz Ph/“\Ph Ph /N PiPr,
THF—Ti=—Co—N; ———» ):o—Ti—Co—Nz
| |’ under Nj PH |
N—FP'Pr, 46 N—~P'Pr,
Xyl xyl” 48
3/4 MeN3H3 3/4 NoHg
114 N, 114 Ny +Na [ =N
Xy Xyl XYL Xyl
075  N-\-BPr, N-\-R/Pr Xyl xyi
,NflPPrz /N_Plprz r\y\ -
v il ol HNTR==0T e AR
2V iy
Me N—~P'Pr; N——PPr, |/T|=C?\ Ar
xyl” 51 xyl” 50 N b//‘k;\
+0.25 50 Xyl 49 J

Scheme 12 Examples of the divergent reactivity of Ti"/Co™ compound
46 compared to Zr'V/Co™ compound 5.
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Scheme 13 N-N bond cleavage reaction of Ti'"V/Co™ compound 46.

mation about the catalytically relevant intermediates in N-N
bond cleavage, azobenzene was added to 46, resulting in the
cleavage of the N=N double bond, imido insertion into the
Co-P bond, formation of a bridging imido ligand, and dimeri-
zation of the compound into an N,-bridged, tetrametallic
complex (52) (Scheme 13). Product 52 is also generated in the
reaction of 46 with 1,2-diphenylhydrazine.*® Although 52
likely represents a model of an off-cycle product, its isolation
indicates that both Ti and Co play an essential role in the dis-
proportionation of hydrazine. The differences in reactivity
between the Ti/Co compounds and their Zr/Co analogues are
likely due to the increased covalency of the Ti-Co bond and
the resulting more positive reduction potential of the Ti/Co
compounds.'*®

Hf/Co tris(phosphinoamide) complexes

Despite the nearly identical atomic radii of Zr and Hf and their
similar coordination chemistry, tris(phosphinoamide) Hf/Co
complexes displayed distinct reactivity from their Zr/Co ana-
logues. A series of Hf'V/Co" precursors, CIHf(R'NPR,);Col (R’ =
‘Pr, R = Ph (53); R’ = Mes, R = 'Pr (54); R’ = R = Pr (55)) were
synthesized in an identical manner to their Zr analogues
(Fig. 9)."" In comparison to the Zr compounds (Fig. 5) the
Hf™/Co' complexes 53-55 exhibited slightly elongated M-Co
bonds and slightly more negative reduction potentials, with

Pr Mes. Mes Pr_Pr
N-\-PPh, N-\-P/Pr, \N—\-P'Prz _
; ,N—ﬁDth . N—=PiPr, - N—PPr,
C—Hf~—Co—1  C—Hi<~—Co—1  Cl—Hf~—Co—I
N—~PPh, N—-PPr, /N PiPr,
P 53 Mes” 54 Pr’” 55
53 54 55
Hf-Co distance (A) | 2.7548(5) 2.6839(5) 2.6370(7)
FSRa 1.06 (Hf) 1.03 (Hf) 1.01 (Hf)
1.04 (2r) 1.00 (2r) 1.00 (2r)
Col®, E(Vvs Fcp | -1.66 (Hf) -1.69 (Hf) -1.79 (Hf)
-1.65 (2r) -1.64 (2r) -1.86 (2r)
Co%™, E(VvsFc)p | =-1.66(H) | -1.98 (Hf) -1.98 (Hf)
> -1.65 (Zr) -1.87 (2r) -2.07 (2r)

Fig. 9 A comparison of the metal-metal bond metrics and redox
potentials of tris(phosphinoamide) Hf'V/Co' and Zr'V/Co' complexes.
?FSR is defined as the ratio of the metal-metal distance to the sum of
the single bond atomic radii of the two metals. ® The listed potentials
represent either Ey/» or E,c values, depending on the reversibility of the
redox events, but reversibility was consistent between Hf and Zr
derivatives.
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the exception of 55, which exhibits more positive Co"® and

0%~ potentials (Fig. 9). Both the longer M-Co distances and
cathodlcally shifted reduction potentials were ascribed to
weaker Co—~M dative bonds in the Hf/Co compounds, which is
expected based on the larger disparity in orbital energies
between a 3d and 5d metal compared to a 3d/4d combination.

While the differences in the structural and redox properties
of otherwise analogous Zr/Co and Hf/Co complexes were
subtle, more tangible differences were observed in the reduced
M"Y/Co™" species (Fig. 10). Reduction of 53 and 55 results in
the formation of Hf"/Co™' dinitrogen complexes [{CIHf
(‘PrNPPh,);CoN,},Na(THF),][Na(THF),] (56) and Hf
(‘PrNP'Pr,);Co(N,) (57),"** which adopt structures analogous to
their Zr'"V/Co ™" congeners.""" Upon reduction of 54, a dinitro-
gen complex is generated, but the halide ligand remains
bound at the Hf site to afford (THF);Na-X-Hf(MesNP'Pr,);Co
(N,) (58).""* Unlike a similar intermediate generated in the syn-
thesis of 5,''° dissolution in benzene does not liberate the
sodium halide. The short Hf-Co distances in 56 (2.5470(3) A,
FSR = 0.98) and 58 (2.455(5) A, FSR = 0.94) are indicative of
metal-metal bonds, and their FSRs are greater than that in the
Zr complex (THF);Na-X-Zr(MesNP'Pr,);Co(N,) (59, FSR =
0.92)."'%1'2 A way to indirectly measure the electron density at
the Co center in these compounds is by examination of the IR
stretching frequencies of the apically coordinated dinitrogen
ligand. The N-N stretches in 56 (2010 cm™"), 58 (1992 cm ™),
and 57 (2046 cm™") are consistently lower than those in the
closely related Zr complexes 4 (2015 cm™"), 59 (2023 cm ™),
and 6 (2056 cm™*)."'"'? The relatively long intermetallic dis-
tances in 56 and 58 suggests that the metal-metal interactions

P PrPr
N-\-PPh, Na(THEle N-\-BPr,
: 'N—I’Dth : ,NT’P Pry
Cl—Hf=—=C /o—N2 Na(THF)4 FiL_—C,)o—N2
N—~PPh, N——PPr,
Pr’ 56 2 Pt 87
MeS\l\Aes Mes\Nles
N-\-RPr, N-\-BPr,
z _PPI'Q :: N—/, PIPI'Z
(THF)sNa—X— Hf<_(':o—N2 —X > THF— Hf<_(130—N2
N—PPr, N—P/Pr,
Mes 58 Mes
56 58 57
Hf-Co distance | 2.5470(3) 2.455(5) n/a
A)
FSRa 0.98 (Hf) 0.94 (Hf) n/a (Hf)
0.92 (Zr) 0.89 (Zr)
v(N,) (em) 2010 (Hf) 1992 (Hf) 2046 (Hf)
2015 (Zr) 2023 (Zr) 2056 (Zr)

Fig. 10 A comparison of the metal-metal bond distances and infrared
N, stretching frequencies of tris(phosphinoamide) Hf'V/Co™ and zr'"/
Co~' complexes. FSR is defined as the ratio of the metal-metal distance
to the sum of the single bond atomic radii of the two metals.
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in the Hf/Co complexes are weaker than those in their Zr/Co
analogues, likely resulting from the decreased bond covalency
owing to the energetic mismatch between the Hf and Co d
orbitals. This results in a more electron-rich cobalt center in
the Hf/Co complexes, which is exemplified by the increased
backbonding to the apical dinitrogen ligands in 56-58 com-
pared to their Zr/Co analogues. Decreased Co—Hf donation
renders the early metal center more Lewis acidic, accounting
for the decreased halide lability in 58.

Studies of the further reactivity of the Hf/Co compounds
revealed stark differences from the Zr/Co analogues but was
limited to the mesityl-substituted amide complexes 54 and 58.
As shown in Scheme 14, the exposure of 58 to stoichiometric
methyl iodide results in the one-electron oxidation of the
complex to form XHf(MesNP'Pr,);Co(N,) (60),"** in contrast to
the two-electron oxidation observed after addition of Mel to
Zr"™/Co™" complex 5 (Scheme 1, vide supra)."'® In a catalytic
study, 54 was found to be much less active than its Zr analogue
in Kumada coupling reactions."**"*®

M/Co bis(phosphinoamide) complexes
(M =Ti, Zr)

In studying the reactivity of the group IV/cobalt tris(phosphinoa-
mide) complexes, a common structural pattern was observed: in
many two-electron oxidative addition reactions and reactions
where substrates are bound to Co in an n* fashion, phosphine
dissociation from the Co center is required. This results not only
in an n>phosphinoamide ligand bound at Zr, congesting its
coordination sphere, but may contribute to undesirable phosphi-
noamide degradation reactions that hamper the potential uses of
these heterobimetallic complexes in catalysis. Therefore, an
alternative bis(phosphinoamide) ligand scaffold was developed
to target more coordinatively unsaturated heterobimetallic com-
plexes. These endeavors were successful and both Ti/Co and Zr/
Co bis(phosphinoamide) complexes were synthesized. A similar
degree of metal-metal multiple bonding was observed with just
two buttressing ligands, but the reactivity of the bis(phosphinoa-
mide) compounds was found to be significantly enhanced.

Ti/Co bis(phosphinoamide) complexes

The combination of the Ti" metalloligand CI,Ti(XyINPPr,),
with Col, in the presence of Zn powder yields the tetrametallic
dimer [CITi(XyINP'Pr,),Col], (61, Scheme 15)."*° Unlike the

Mes Mes

es es

MReer, MRper,

,N ,P Pr, Mel ,N I’3 Pr,
(THF)sNa—X—Hf=—=Co—N, X—Hf Co—N,
| -NaX
/N—P’Pr2 /N—P’Pr2
Mes 58 X=Clorl Mes 60

Scheme 14 One-electron oxidation of Hf'"V/Co™' complex 58 with Mel,
illustrating divergent reactivity compared to the Zr'V/Co™ analogue (cf.
Scheme 1).
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Scheme 15 Synthesis of a bis(phosphinoamide) Ti"/Co™' complex and
its reactivity in a stoichiometric McMurray coupling reaction with
benzophenone.

M"/Co" precursors observed in the tris(phosphinoamide)
system, this is a Ti"'/Co® complex and its 2.2051(4) A interme-
tallic distance is indicative of a Ti-Co double bond (FSR =
0.89)."*° Furthermore, an examination of the frontier mole-
cular orbitals shows that there is a c-bonding interaction and
two weak n bonding interactions, heavily polarized toward
cobalt, between the two metal centers, consistent with a bond
order of ~2. Further reduction of 61 with excess KCg in the
presence of PMe; yields the Ti"V/Co™ complex CITi
(XyINP'Pr,),Co(PMe;) (62). The metal-metal bond in 62 is
further contracted to 2.0234(9) A (FSR = 0.82, Fig. 11) and a
computational examination of the frontier molecular orbitals
reveals a (6)*(n)*(Conp)* electronic configuration consistent
with a metal-metal triple bond."*® The metal-metal distance
in 62 is similar to that seen in 47 (2.0262(5) A; FSR = 0.81),
further supporting its assighment as a Ti-Co triple bond."*®
The highly reduced bimetallic core of 62 reacts readily with
aryl ketones in the presence of Nal to give the p;-oxo dimer [Ti
(u-O)(XyINP'Pr,),Col], (63) and tetraphenylethylene in a stoi-
chiometric McMurray reaction (Scheme 15)."*° This stoichio-
metric coupling reaction is not observed in the tris(phosphinoa-
mide) Ti/Co complexes, wherein only ketone adducts are
observed (Scheme 12, vide supra)."*® Due to this vast difference in

Xyl\xr\)lll\—P/Pr Xyl\xl\)lll\—P’Pr , ><y|\xl\ill\—P’Pr ,
3! 2'13 @ THF\::ir R P‘;}I’lprz
= Zr==—=Co Zr==—=Co
Cl 62 PMej I/ 64 PMej I/ 65 PMePh,
62 65
M-Co distance (A) 2.0234(9) 2.2733(6)
FSRa 0.82 0.87

Fig. 11 A comparison of the metal-metal bond metrics of bis(phosphi-
noamide) Ti'"V/Co™ and Zr'V/Co™ complexes. ? FSR is defined as the ratio
of the metal-metal distance to the sum of the single bond atomic radii
of the two metals.
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reactivity, it was concluded that bis(phosphinoamide) complexes
are more reactive than their tris(phosphinoamide) analogues.

Zr/Co bis(phosphinoamide) complexes

Bis(phosphinoamide)-linked Zr"V/Co™" compounds, (THF)IZr
(XyINP'Pr,),Co(PR;) (PR; = PMe; (64), PMePh, (65)), were suc-
cessfully synthesized and proven even more reactive than bis
(phosphinoamide) compound 62 or the aforementioned tris
(phosphinoamide) Zr/Co compounds.'*® As shown in Fig. 11,
the Zr-Co distance in 65 is 2.2733(6) A (FSR = 0.87), which is
elongated compared to that observed in the N,-free Zr'¥/Co™"
tris(phosphinoamide) complex 7 (FSR = 0.82) and the Ti"/Co™"
bis(phosphinoamide) analogue 62 (FSR = 0.82)."'""° As
expected, the electronic configuration of 65 was found to be
(6)*(n)*(Copp)*, corresponding to a metal-metal triple bond.
However, despite the similar electron configuration, the
metal-metal bonding orbitals in 65 were found to be signifi-
cantly more polarized with far lower Zr contributions, leading
to weaker bonding.

The increased polarization and steric accessibility of the
metal-metal bond in 64 and 65 renders these complexes sig-
nificantly more reactive than either their Ti/Co or tris( phosphi-
noamide) analogues. For example, 64 and 65 react instan-
taneously and irreversibly with H, (1 atm) to form the Zr'V/Co'
dihydride complex (THF)IZr(p-H)(XyINP'Pr,),Co(H)(PR;) (PR; =
PMe; (66), PMePh, (67)) (Scheme 16)."*° This reactivity is in
stark contrast to the tris(phosphinoamide) Zr/Co complex 5,
which reacted sluggishly and destructively with H, over the
course of 12 hours to form 11 (Scheme 1; vide supra)."*> The
Zr-Co distance elongates to 2.4695(3) A (FSR = 0.94) upon oxi-
dative addition of H,, but remains shorter than observed for
previous Zr"V/Co' complexes owing to a three-center-two-elec-
tron bond between Zr, Co, and the bridging hydride ligand."*°
Upon exploring the utility of the H, activation reaction, it was
discovered that 64 and 65 are effective catalysts for the semi-
hydrogenation of alkynes.'*® At 5 mol% loading of 65 under 1
atm H, at 60 °C, diphenylacetylene was hydrogenated to a
mixture of stilbene isomers with 98% conversion in 6 h
(Scheme 16). The PMe; derivative 64 was also an effective cata-

N\—PiPr, NA—PPr, NA—PPry
N—=PPr,  pnccph N—=PP2 ) (1 atm) N—=RPr
THF\Z:':'C'Q Ph<_ THF\/ZL_—'C'O\ - THF\ZréfCo\/
\Ph - PMePh t, < 5 min H
I /( 2 I PRs [/ PRs
68  Ph PR3 = PMe; (64), PMePh, (65) PR; = PMe; (66), PMePh; (67)
catalyst Ph Ph
ph—=—=—Ph ——> =/ =\ +
1atm H, * PH Ph
PH PH
60°C 2%
Catalyst catalyst loading time (h) conversion ZE
65 5 mol % 6 99% 56:44
65 10 mol % 3 98% 57:43
64 10 mol % 6 94% 61:39
68 10 mol % 2 93% 69:31
Scheme 16 Reactivity of bis(phosphinoamide) Zr'V/Co™ complexes

towards H, and applications of these compounds as catalysts for the
semi-hydrogenation of internal alkynes.
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lyst but was more sluggish, suggesting that phosphine dis-
sociation is a requisite step in the catalytic mechanism.
Indeed, phenylacetylene was shown to displace the PMePh,
ligand in 65 to generate (THF)IZr(XylNP'Pr,),Co(PhCCPh) (68)
and both 67 and 68 were observed by *'P{'H} NMR spec-
troscopy during catalysis. Additionally, independently syn-
thesized 68 was shown to be catalytically competent, with com-
parable activity to 65 and enhanced activity compared to 64. In
all cases, very little over-hydrogenation occurred (~2% 1,2-
diphenylethane), but the stilbene product was generated as a
statistical mixture of isomers (Z: E = 57 : 43)."*° Computational
investigations of this catalytic cycle suggest that the cleavage of
dihydrogen takes place primarily at the cobalt center, with the
cleavage of the metal-metal triple bond playing an important
role in the formation of the stable bridging hydrides in 66/
67."*" Alkyne insertion then primarily takes place at the term-
inal cobalt hydride and then reductive elimination occurs,
with the Z : E selectivity depending primarily on the steric
environment at cobalt.'*!

In addition to the activation of H,, 64 and 65 were also
found to activate the C-H bonds of terminal alkynes and pyri-
dine derivatives. In a reaction similar to that described for the
tris(phosphinoamide) complex 5 (Scheme 2, vide supra), treat-
ment of 65 with TMSC=CH or PhC=CH resulted in Cg,~H oxi-
dative addition to afford a product with a terminal Co-hydride
and a bridging acetylide fragment that binds k" to Co and 1 to
Zr (69 and 70, Scheme 17)."*> While the tris(phosphinoamide)
Zr"V/Co™" complex 5 simply binds pyridine derivatives at the
available Zr coordination site,"*® the bis(phosphinoamide)
complex 64 undergoes Cyp.—H oxidative addition when exposed
to pyridine derivatives. For example, the addition of excess
4-methylpyridine to 64 affords the Zr"/Co' C-H activation
product 71 (Scheme 17).**? The less electron-rich PMePh,-sub-
stituted analogue 65, on the other hand, proved unable to acti-
vate the C-H bond of pyridine derivatives, illustrating the deli-
cate steric and electronic influences that dictate the favorability
of this reaction. In fact, compound 71 was shown to take part in
a dynamic equilibrium in solution through reversible C-H acti-

Xyl Xyl
X NR—per,
NA PP  N——piPr,
el — r; :
THF— . 1 2 RCCH THF—/ . A M
Zu:Co\ / VL /
I PR3 PR3 = PMePh; o ///‘C PMePh,
PR3 = PMe; (64), PMePh, (65) /C
R R=TMS (69), Ph (70)
—
N
N\
Xyl Xyl
Xyl y
y\xﬁ'\ - N . NA—PPr,
~, .3 J : N—=PPr,
—P'Pr AN : 2
\ g PP N3/ i
/N\Z,r‘_f" Zr, Co™
/ N /N
l PR3 PR, = PMe; [ \_/ PMes
7

Scheme 17 C-H bond activation promoted by bis(phosphinoamide)
ZrV/Co™ complexes.
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vation. The reversibility of the pyridine C-H activation process
hampered efforts to promote further C-H functionalization
reactions but, nonetheless, this stoichiometric reaction demon-
strated the enhanced reactivity of the more coordinatively unsa-
turated bis(phosphinoamide)supported Zr/Co systems.

Zr/Co mono(phosphinoamide)
complexes

The metal-metal bonding in both tris(phosphinoamide)- and
bis(phosphinoamide)-supported Zr'V/Co™ complexes is similar,
with both ligand frameworks supporting metal-metal triple
bonds with remarkably short intermetallic distances (vide
supra)."""'*° However, the question remained whether the short
metal-metal distances are primarily due to the constraints
applied on these systems by multiple bridging ligands, or
whether metal-metal orbital overlap is the key driving force for
the formation of metal-metal multiple bonds. While Casey et al.
and Bergman et al. synthesized Zr"/group 9 complexes bearing
only a single bridging ligand, the group 9 metals in these systems
were either in a higher oxidation state or encumbered by multiple
m-acidic ligands, hampering the formation of metal-metal mul-
tiple bonds.'**'**> Therefore, to understand the unusual stability
of phosphinoamide-supported Zr/Co multiple bonds and poten-
tially generate even more reactive species, a mono(phosphinoa-
mide)-supported Zr'/Co™" complex was targetted.

The tetrametallic mono(phosphinoamide)-bridged Zr'/Co'
precursor [I,Zr(u-T)(u-XyINP'Pr,)Col], (72) was synthesized and
subsequently reduced with KCg in the presence of PMe; and
18-crown-6 to yield [(18-crown-6)K][I,Zr(XyINP'Pr,)Co(PMe;),]
(73) (Scheme 18)."" In 73, the metal-metal distance was found
to be 2.170(1) A (FSR = 0.83), suggesting a high degree of
metal-metal multiple bonding with just one bridging phosphi-
noamide ligand. A DFT analysis of the frontier molecular orbi-
tals of the anionic, chloride analogue of 73 (73“") reveals a
(6)*(n)*(Conp)* electronic configuration (Fig. 12)."'* The Wiberg
Bond Index (WBI) and Mayer Bond Order (MBO) of 73 were
found to be 1.52 and 1.92, respectively. These values are con-
sistent with those of 7 (WBI = 1.49, MBO = 1.73) and 64 (WBI =
1.50, MBO = 1.89), both of which were also found to contain
metal-metal triple bonds."™® This led to the conclusion that
the short intermetallic distances are the result of metal-metal
multiple bonding rather than constraints imparted by multiple

-
\/ Xyl \ —
IS N 5 equiv KCg \ ;
N—FP 4 equiv PMe; —p
[\ 1, | J 4 equiv 18-crown-6 O/\ \
- Zr\<—/Coi w, S S 2 ( Zr ==Co.,
I/ | |/C<\3—>%r 1) \ PM63
| PMe;

P—N (\

\\\/I\ \Xyl O/ (8
72 \) 73

Zr-Co distance = 2.170 A
FSR =0.83

O\_\,/

Scheme 18 Synthesis of a mono(phosphinoamide)-supported Zr'V/
Co™' complex.
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Fig. 12 Pictorial representations of the frontier molecular orbitals of
73! (1B97XD/def2SVP).

phosphinoamide ligands. Unfortunately, 73 was found to be
too reactive to effectively perform stoichiometric or catalytic
bond activation reactions.

Summary and outlook

An array of phosphinoamide-supported Zr"V/Co™" early/late het-
erobimetallic complexes have been synthesized and shown to
display enhanced redox properties compared to monometallic
analogues, polarized metal-metal multiple bonds, and reactiv-
ity towards small molecule activation and the cleavage of rela-
tively inert o and n bonds. The tris(phosphinoamide) ligand
scaffold serves as a robust support to study metal-metal mul-
tiple bonding and fundamental aspects of the multielectron
redox transformations facilitated by Zr/Co complexes.
However, oxidative addition reactions across the Zr-Co bond
require dissociation of a phosphinoamide ligand from cobalt
to allow substrates to access the metal-metal bond. The more
coordinatively unsaturated bis(phosphinoamide) complexes
can access the same metal-metal multiple bonding motifs as
their tris(phosphinoamide) analogues while displaying
enhanced reactivity towards inert H-H and C-H bonds.
Although a mono(phosphinoamide) Zr"/Co™" complex was iso-
lated and shown to have comparable metal-metal bonding
properties to the bis- and tris(phosphinoamide) analogues,
the absence of multiple buttressing ligands rendered this
species too unstable for further well-defined reactions.
Comparative studies with Ti/Co and Hf/Co complexes indicate
that similar metal-metal bonding can be accessed, but that
the increased covalency of the Ti-Co bonds and weaker Hf-Co
Lewis acid/base interactions leads to diminished reactivity.
The compilation of results described herein suggest that
the most promising group IV M/Co (M = Ti, Zr, Hf) complexes
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for future reactivity studies are bis(phosphinoamide) Zr/Co
compounds. Moreover, the reactivity of these molecules
towards inert bonds is likely to be even further enhanced in
the absence of strongly binding ancillary ligands (e.g. PMej;)
coordinated to the reactive Co™" site. Efforts to realize more
reactive Zr''/Co™' synthons are currently ongoing and will be
reported in due course.
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