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www.rsc.org/ Chromium(ll) chloride reacts with lithium pentamgltyclopentadienide (LiCp*, Cp* =
CsMes) and LiE(SiMe), (E = P or As) to give the heterocubane chromiurospiide [(°-
Cp*Cr)(us-P)]4 (1) or the chromium arsenide cagg{Cp*Cr)s(us-As),] (2), respectively. The
crystal and molecular structures of both compourds/e been determined by X-ray
crystallography. The reactions represent unusuddatiwve additions of pnictogen atoms to
chromium(ll), which in the case df results in the formation of the unusual chromiu)(l
formal oxidation state, and in the caseZoprovides access to chromium(lll). Compouhds
also a rare example of a transition maiglphosphide-ligated cubane. Magnetic susceptibilitv
and magnetization measurements, with support frdfif Dalculations, indicat& = 2 andS =
9/2 ground states fot and 2, respectively, which can be rationalized by comsig the
electronic structure in terms of chromium-chromibonding.

Introduction spin S = 2 ions was found to be strong and also pnictogen
dependent, with exchange coupling constants ©f-166 cri'

for E = P and) = —77.5 cm for E = As (2 formalism). The
antiferromagnetic exchange in the manganese(lljognas is
more than an order of magnitude weaker, but thesgpounds
are more noteworthy because of thgir 5/2 toS = 3/2 spin
crossover properties. In the case of the arsemnidegdxd
manganese(ll) dimer, the spin crossover is a twp-girocess
ﬁhat shows hysteresis at 96-105 K in the tempesatu-
dependence of the magnetic susceptibility.

The spin configurations of first-row transition take Cp
complexes can be very sensitive to the ligand #ubsts,
eoarticularly in the case of manganesé&(#ind, to a lesser extent,
chromium(i)? Chromocene itself has a low-spig = 1
configuration®® but substituting a [Cp]ligand by [(M&Si),E]
to give [CpCr{u-E(SiMe&y),}] » (E = P or As) evidently weakens
the ligand field sufficiently to give high-spirS = 2
chromium(i)8 In an attempt to induce thermal spin crossover

One branch of coordination chemistry in which tieeptial " [CPCHU-E(SiMe&s)}] » by forcing the ground state of the
of [E] ligands has been underexploited is moIecuIQFetal to_ switch fron5 = 2 toS = 1 with the aid of a stronger
magnetism. Indeed, there is a general paucity oflies /19and field, we have targeted the analogous peetiayh
addressing the magnetic properties of compoundsigongP- ~ cyclopentadienyl (Cp*) dimers [(Cp*)Cr{E(SiMey)}] .
andAs-donor ligands of the type [E]’", wherex = 2 andy = 1,

x = 1 andy = 2, orx = 0 andy = 35 We recently reported

studies of theP- and Assmediated exchange coupling in thdResults and discussion

phosphide- and arsenide-bridged dimersn®{Cp)M{u-

E(SiMey),}] ., with M = Cr(11)® or Mn(l1),” and determined the The method used to synthesize [CPGE(SiMe;),}], in which
exchange coupling constants via phenomenologicah sEpCr is transmetallated by [(M8Bi)ELi] with concomitant
Hamiltonians. In the case of the chromium(ll) disjethe elimination of LiCp, was initially used to target [&Jr{p-
antiferromagnetic super-exchange coupling betwéenhigh- E(SiMe),}],, but only starting materials were recovered. An

Cluster compounds containing unsubstituted grougl&ihent
ligands of the type [ (E = P or As,n = 1), or so-called
‘naked’ pnictogen ligands, continue to attract é¢desable
interest due to their remarkable structural divgrsand also
because of the opportunities for using the cludtegmselves as
novel ligands and in supramolecular chemistrgynthetic
routes to [E]-containing coordination compounds are we
developed, particularly in the case of phosphorusth
activation reactions of white phosphorus, Proving to be a
particularly successful source of ,JPcomplexes, including
complexes of P itself? Although somewhat less extensiv
owing to greater technical challenges, analogoesnistry with
yellow arsenic, Ag leading to complexes of [fAlsligands, has
also been reportet.Recently, Cumminset al. have also
developed a series of transition metal complexesdan the
naked mixed-pnictogen starting materigh®*

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1



Chemical Science Page 2 of 5

alternative, two-step approach was then attempiad,which
chromium(ll) chloride and lithium pentamethylcyctopadienide
(LiCp*) were combined as solids in a 1:1 stoichiompetooled to —
78°C, and then thf was added. The reaction mixtures w&wly
warmed to room temperature, which resulted in trenéition of a
blue solution. The solution was cooled to 2Z8and [(M@Si),PLi]
or [(Me;sSi),AsLi] (1 stoichiometric equivalent) in thf was adile
Once again, the reactions were warmed to room teahpe and
stirred overnight. In the case of the phosphorugaining reaction,
the thf was evaporated and replaced with toluené,the resulting
solution was filtered, concentrated and stored38°& for several
days, which resulted in the formation of dark broevgstals of the
heterocubane chromium phosphidg*Cp*Cr)(us-P)]s (1), which
was isolated in a yield of 33% based on the chromatarting
material. For the arsenic-containing reaction,same procedure led
to the formation of Iarge, brown crystals of thesam'de-bridged Fig. 1. Ball-and-stick representation of the molecular structure of 1. Cr = green; P
trimetallic cage [§>-Cp*C(ks-As);] (2) in 42% yield based on the = PUP'e: € = grey (hydrogen atoms not shown).

chromium starting material (Scheme 1). The modeyakls of 1 _ . o . .

and2 are a consequence of their high solubility, evehyidrocarbon Undergoing ring whizzing) is reflected in the CHCY(2),
solvents, at the temperature used for the rectigsttibns. Although CT(1)—Cr(3) and Cr(2)—Cr(3) distances of 2.76585)869(4)
both1 and2 are very air-sensitive, both compounds can becdeat @nd 2.7677(4) A, respectively, and the Cr(3)-CCH{2),
reflux in toluene for brief periods with obvious gss of Cr(1)-Cr(2)-Cr(3) and (?r(?)-Cr(:%)-Cg(l) angles 08.89(1),
decomposition, and they appear to be stable inielfinat room 60.48(1) and 59.73(1)Within each {("-Cp*)Cr} unit, the Cr—

temperature under an inert atmosphere of nitrogemgon. C distances are in the range 2.227(2)-2.238(2) AGd1),
2.224(2)-2.238(2) A for Cr(2), and 2.226(2)-2.240@& for

Cr(3). TheD3, symmetry of molecules & is underscored by

b the similarity of the lengths of the Cr—As bondshieh are
@ 2.4304(4)-2.4381(4) A to As(1) and 2.4258(4)-2.43)6A to
Pﬁp ©@- éC; As(2). The As(1)-Cr(1)-As(2), As(1)-Cr(2)-As(2) amiis(1)-
p! / I} Cr(3)-As(2) angles are 97.85(1), 97.59(1) and 9A.x8
P 1 respectively. In contrast té, the chromium centres i@ are
E=p T_LiCL P(SiMes)s present formally as Cr(lll). _ o
CiCly + LiCp* + LIE(SiMes)s Seygral examples of five-vertex COOI’dII".IatIOH cage:
containing {M:E,} cores are known for M = Fe with E = P or
E=As l-LiCI, -As(SiMe)s As,' and for M = Co with E = P, including the closeblated
As [(Cp"' Co)s(Hs-P)] (Cp' = CsH4BuUy).'? However, compoun@
@<\@ is the first example of such a cluster to contdromium. The
formation of 1 is even more remarkable, for four reasons.
Aé 2 Firstly, whereas clusters containing the /84 (E = O, S) unit
Scheme 1. are extremely well knowf only two molecular compounds

containing {M,P,} heterocubane units have been structurally
characterized, both of which have M = Co and wenmene&d
. . . either in low yield* or as part of a mixture resulting from the
Compoundl (Figure 1) crystallizes in the tetragonal Spac[ﬁermolysis of [CBCo(CO)] with [Cp*Fe(R)].12* The iron

group 14, and the mqlecular structure corjsists of fOLB’hOSphide [(CpFelP,),] is reminiscent ofl, however its
symmetry-related chromium centres arranged inraftedron, g cture differs in that the triangulated dodecmak core
with CrlIITr distances of 2.931(2) A and 2.935(1) A, and®P ¢omprises {B ligands with a PP bond distance of ca. 2.30 .

separation of 3.431(1) A (Figure 1). The Cr-Cr-@d&P-P-P \ nich is more than 1.1 A longer than th&BPseparation il.'®

angles are all 60°0within standard deviations. Each chromiumMne nickel phosphide [(CpN{Ls-P)(P,)], which contains a

is coordinated by an®-Cp* ligand, with Cr—C distances in thepanched (R ligand 1 and the vanadium phosphorus cluster
range 2.235(3)- 2.248(4) A. The chromium atoms kaidged

by threeps-phosphide ligands, which produce very similar Cr—
P distances of 2.2609(9), 2.2646(8) and 2.2610(®nd P-Cr-

P angles of 98.59(3), 98.32(3) and 98.59(3Jhus each
chromium resides in a classical {Cp*G}Ppiano stool
coordination environment and formally exists asoamum(IV)
(see below for discussion of electronic structure).

Compound?2 crystallizes in the orthorhombic space group
Pbca, and the molecular structure consists of a triamg{(n°-
Cp*)Cr} units capped by twqus-arsenide ligands (Figure 2).
Although the three chromium atoms are not related b
crystallographic symmetry, the close approximatido
molecularD3, symmetry (regarding the Cp* ligands as Fig. 2. Ball-and-stick representation of the molecular structure of 2. Cr = green;

As = yellow; C = grey (hydrogen atoms not shown).
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[(CpV)4(Ps);], which contains triphosphaallyl ligands,also spin density is delocalized into metal-metal boraisd one in
bear some structural similarities tb The synthesis of the which the spin density is localized in the metabrbitals,
cubane [(PhSn)i-P)], was reported in 1968, and although theshich can lead to magnetic exchange coupling véalidands.
structural properties were not characterized imitigte tin(lv) To gain insight into the electronic structure inand 2, the
phosphide is thought to be essentially isostrutttiwal.'® temperature dependence of the molar magnetic stisitigp
Secondly, the chromium(ll) starting material hasmérmally (xu), and the field fl) dependence of the magnetizatid) (of
oxidized to chromium(lV) in1, which is an uncommon polycrystalline samples of both compounds were nreas
oxidation state for this metdland, indeed, is also an unusual In an applied field oflq = 1000 Oe T for 1 at 300 K is
reaction for chromium(ll), which tends to be oxigliz to 2.85 cni K mol™, and remains essentially constant down to
chromium(lil) or chromium(VI¥° or to engage in metal-metalabout 10 K, when a sharp decrease is observedthard a
(multiple) bonding?®  Furthermore, although chromiumvalue of 2.05 crhK mol™ is reached at 2 K (Figure 3). The
heterocubanes of the type [Cp@HE)]s are known with E = O, isothermal magnetization dfatT = 2 K shows a steep increase
S or S€? these species feature the formal chromium(litp reachM = 2.46 Nig atH = 2.0 T, and then increases at a
oxidation state, rather than chromium(lV) as pregb$or 1. slower rate at higher fields, reaching= 3.67pg atH = 7.0 T,
Thirdly, the majority of chromium(IV) complexes tese hard put without saturation (Figure 3). Thg,T value of1 in the
oxygen- or nitrogen-donor ligand$ rather than soft ligands range 10-300 K is less than the upper limit of 466 K mol™
such as phosphide or cyclopentadienide, and orgefadiio predicted for four Cr(IV) ions withS = 127 and the
chromium(1V) is particularly raré! Fourthly, to the best of our magnetization at 7 T and 2 K is significantly Iésan the value
knowledge, compountl is the first polymetallic chromium(lV) of 8 Npg predicted for this system (assumimg= 2.00).
compound. . i Becauseyy T is essentially temperature-independent down to 13
The mechanism(s) through whitfand2 form are currently 4y antiferromagnetic exchange is likely to beremely
unclear, with NMR  studies being hampered by thgeak  therefore an alternative explanation invajvimetal-
paramagnetism of both compounds. A reasonable §&&MS yeta) honding should be considered in order to aector the
that salt metathesis occurs in th_e initial s@epnqm_atlng susceptibility and the magnetizationlin
[Cp*CrCI]' followed by [Cp*Cr{E(SiMe3),}], with lithium A molecular orbital (MO) energy-level scheme tachibe
chloride as the by-product. Our previously reportgfo bonding in cubanes of the type [(CpEy (E = O, S) has
chromium(ll)  compounds  {(-Cp)Cr{u-E(SiMey)2}]2  can  peen proposed by Dafet al., and developed by others foi
therefore be regarded as models for the proposedhmediates, cybanes with a range of d-electron codfitShe metal-metal
although these stable complexes were synthesizewy W cjyster bonding MOs consist of the drbitals oriented towards

different route involving transmetallation of £y by the centre of the cubane, with the @nd dz_,2 orbitals
LIE(SiMes),.® Generation of the naked pnictogen ligands may

then occur by nucleophilic attack of LIE(Siile on the E-Si 8
bonds in [(°-Cp*)Cr{pu-E(SiMe;),}] », liberating E(SiMg); as
the by-product. However, analysis of the crude tieaanixture
accompanying the formatioh by the3!P NMR spectroscopy
did not produce any definitive information for tfermation of
P(SiMgy); owing to the poor signal-to-noise ratio arisingnfr
the paramagnetism df (Figure S2). Indeed, assignment of the
NMR spectra ofl and 2 cannot be made with any certainty
owing to the effects of the unpaired spin density.

Precedent for the reactivity proposed to accoumtthe
formation ofl and2 stems from our work on the synthesis of
tris(phosphino)phosphines of the type P{RBRR = various 0 , . : : , ,
alkyl, Ph)?® in which the P—Si bonds in intermediates species 50 100 150 200 250 300
such as BP-P(SiMg), are sequentially cleaved by T/K
[LiP(SiMe3),]. The formation of chromium(1V) in the presence
of phosphorus, and the formation of chromium(llj the 5 . . : . . . .
presence of arsenic, is intriguing feature of thHeemistry o ©
depicted in Scheme 1. The different chromium oxatastates
in 1 and2 can be explained by considering that the enemgfies o
the valence orbitals of chromium(lV) should be lowban £
those of chromium(lll), and therefore closer in gyyeto those ~ o °
of phosphorus. In contrast, the higher energy &f éinsenic s
valence orbitals may be better matched to those of S
chromium(lil). A

An important consideration ifh and2 is the possibility of 1106 ]
chromium-chromium bonding. A search of the Cambeidg ]
Structural Database (CSD) reveals that the rangdh@mium- 0 . . . . .
chromium single bonds is 1.858-3.471 A, with a mealue of 0 ! 2 3 4 5 6 7
2.755 A% suggesting that such interactions are at leastilples wH/T
in 1 and2. Studies on the bonding in related chalcogen-leddgrig. 3. Temperature dependence of xuT in an applied field of 1 kG (upper), and
heterocubanes of general formula [(Cp(4}-E)4] n+ (M = Ti, magnetization (M) versus magnetic field (H) at 2 K (lower), for 1 (shaded circles)
V, Cr, Mo, Fe, Ru, Co, Ir; E = O or $ = 0, +1, +2) have and 2(unshaded circles).
considered two limiting possibilities, one in whittte unpaired
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overlapping around the cluster periphery. Theserattions 300 K, andM = 4.5 at 2 K?2 the similarity of the theoretical
produce a simplified energy-level diagram with lbprg a;, € values to those observed experimentally suggestd 2h
andt, bonding MOs, and, andt, antibonding orbitals (Figure occupies anS = 9/2 ground state, i.e. a spin decet. DFT
S6). In the case df, populating the frontier MOs with eightcalculations are in good agreement with the expemtal data,
electrons can produce two configurations, eitfag)?((€)® (t,)°> with the excited spin states being destabilizedtie? to the
with a total spin o5 = 2, or &) (€)* (t,)? with a total spin o5 ground state as follows (PBE/TZVP): doubl& £ 1/2) +82
= 1. The expected value gf,T for a cluster withtS= 2 andg = kJ/mol; quartet $ = 3/2) +55 kJ/mol; sextetS(= 5/2) +74
2.00 is 3.00 crhiK mol™ 2" which agrees well with the valueskd/mol; octet § = 7/2) +66 kJ/mol (Table S3). The same spin
measured forl down to 10 K. Furthermore, the value of thetate ordering was found at the PBEO/TZVP levele Th—Cr
magnetization atl = 7 T is also close to the expected value ofMayer bond orders fo2 are in the range 0.07-0.10, and hence
Npg for an' S = 2 system. The magnetic susceptibility anghuch smaller than those in(Table S5).
magnetization measurements therefore indicatelttuaicupies
anS= 2, spin quintet ground state.

To obtain further support for the assignment ef tagnetic
ground states oflL and 2, we performed density functionalln summary, we have discovered a new route to chuom
calculations using the Gaussian suite of progr@n8tability complexes of naked phosphide and arsenide ligawtigh

Conclusions

analysis was applied to ensure that a true minimuas
obtained in the Kohn-Sham solutions. Calculationgren
attempted within the generalized gradient approximnausing
the PBE exchange-correlation functiofBland its derivative

involves formal oxidative addition of the pnictogamom to
chromium(ll) using simple starting materials. Ofpaular note
is that the synthetic route provides convenieneasdo a rare
example of a phosphide-ligated heterocubardg (vhich

PBEO3!' The hybrid DFT calculations were plagued by theontains chromium in the unusual formal +4 oxidatitate.

presence of instabilities: in the case Bf removing the
instabilities was straightforward, proved very difficult to treat
using PBEO (calculations using the B3LYP hybrid diional
were also unsuccessful). Consequently, fbrwe report
calculations only at the PBE/TZVP levél.For 2, it was
possible to obtain stable solutions at both PBE/PZ¥nd
PBEO/TZVP levels, with both levels producing themsa

Magnetic susceptibility and magnetization measurgme
confirm that the spin ground statelo€an be described by &

2 system with chromium-chromium bonding. The spin:
ground state o2 was determined experimentally to e 9/2,
and support for the assignment of the spin grouatks was
provided by DFT calculations. The general impliocatiof the
current study is that the synthetic method may esgnt a

ordering of spin state energies. PBE has previdnsgn shown general route to transition metal complexes of daeictogen

to be successful in describing metal-metal bofidand we ligands, potentially with the metals present in amaon

accordingly have confidence in its use here. oxidation states and unusual coordination enviramseOur
In the case of, the spin quintet was indeed found to be th@ngoing work will explore this possibility.

ground state, with the other spin multiplicitiesnly above the

ground state by: singleB(= 0) +25 kJ/mol; triplet$ = 1) +20 Acknowledgements
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