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ABSTRACT

SmI,(THF)s; acted as a reducing agent in the reaction with phenylenebis(3,5-
Bulsalicylidene)iminato sodium, (3,5-Bu'ssalophen)Na(THF),, to yield a dimeric
compound [Sm,(SB-SB)(THF);]2toluene (2.2) [SB-SB = C-C bonded (3,5-Bu'ssalophen
dimer] arising from the reductive C-C coupling of two imine functional groups of two
(3,5-Bu'ysalophen)Sm units. Complex 2.2 reacts with MeLi resulting in a novel oxo-
bridged dimer, {[(Me,-SB)Sm(u-CH3)Li(THF)}[(Me,-SB)Sm(u-CH;)Li(THF).Li(THF),
I (-O)(u-Li); (2.3) [Me;SB = phenylenebis(3,5-Bu'ssalicyl)dimethyldiamidato],
featuring alkylation of both Sm atoms and arising from cleavage of the C-C bond
connecting the two units, as well as complete reduction of the imine groups of the two
salophen ligands and THF deoxygenation. Similar cleavage of the connecting C-C bond
of complex 2.2 was also observed during the reaction with dry O, to form a distorted
cuboid cluster in which four Sm atoms are bridged by four hydroxyl groups [(3,5-
Bu'ysalophen)Sm (OH)]44toluene (2.4).

Trivalent samarium methyl and vinyl derivatives supported by the calix-tetrapyrrole
ligand system (Etg-calix-pyrrole)('R)Sm[Li(THF)]2[Li(THZF)2](p3-Cl) [R = Me (3.2a),
CH=CH, (3.2b)] were prepared via reaction of (Etg-calix-pyrrole)(R)Sm(u3-
CD[Li(THF)][Li (THF),] (3.1) with the corresponding organolithium reagent. Complex
3.2a reacts readily with H, at room temperature and atmospheric pressure to afford the
corresponding mononuclear samarium hydride (Etg-calix-
pyrrole)(TI-IF)Sm[Li(TI—IF)]z(us-I-I) (3.3). Complexes 3.2a and 3.3 are thermally robust.

Conversely, the vinyl derivative 3.2b rapidly and spontaneously decomposes at room
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temperature to afford the Sm" derivative (Etg-calix-
pyrrole)(THF)Sm[Li(THF)]2[Li(THF)](1’-Cl) (3.4a).

The nature of the substituents present on the calix-tetrapyrrole tetra-anion ligand
{[R2C(C4H2N)]4}4' [R = 1/2-(CH>)s- (a), Et (b)] determines the type of reactivity of the
corresponding Sm(II) compounds with acetylene. Where R = 1/2-(CH,)s-,
dehydrogenation occurred to yield the nearly colorless dinuclear diacetylide complex
[{[-(CH,)s-]4-calix-pyrrole} Sm],(nu-C,Lis)- THF (S5.1a) as the only detectable reaction
product. Conversely, where R = Et, acetylene coupling in addition to dehydrogenation
resulted in the formation of a dimeric butatrienediyl enolate derivative {(Ets-calix-
pyrrole)SmLi[Li(THF)]»(1>-OCH=CH,)}»(it, n°, n' >-HC=C=C=CH) (5.2b). Reaction of
the trivalent hydride (Ets-calix-pyrrole)(THF)Sm(u-H)[Li(THF)], or of the terminally
bonded methyl derivative {(Etg-calix-pyrrole)(CH3)Sm[Li(TI-H“)]2[Li(THF)2](u3-Cl)}
with acetylene resulted in a mixture of the carbide {(Ets-calix-pyrrole)Sm},(u-
C,Lis) Et;O (5.1b) and the dimerization product 5.2b which were separated by fractional
crystallization and characterized. The same reaction also yielded a third product, a
trivalent complex {[(Ets-calix-pyrrole*)Sm]{[Li(THF).}}» (5.3), in which the macrocycle
was isomerized by shifting the ring attachment of one of the four pyrrole rings.

Reaction of the mononuclear and trivalent (R,-calix-
pyrrole)CISm[Li(THF)]:[Li(THF),] (u*>-Cl) [Rn = Etg (6.1a), Cys (6.1b)] with lithium
under Ar in THF afforded the mononuclear  divalent (Ra-calix-
pyrrole)(L)Sm{Li(THF)[Li(THF),](+-X) [X = Cl, L = THF, Ra = Cys (6.2b); X =
OCH=CH,, L = ether, R, = Etg (6.3a)] where the enolate was formed by a THF cleavage

process. In the case of direct reaction of SmI;(THF)s with the tetralithiated form of the
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R,-calix-pyrrole ligand, the two isomorphous enolates (6.3a and 6.3b) were the only
isolated products. Complexes 6.3 react reversibly with ethylene to afford the
corresponding light-green dinuclear ethylene adducts.

The nature of the alkyl substituents present on the macrocycle calix-terapyrrole ligand
also determines the extent of dinitrogen reduction in the reaction of the Sm(II) derivatives
with dinitrogen. Recrystallization of {(Cys-calix-
teu'apyrrole}(THF)Sm[Li(TI-[F)]z[Li(TI-IF)z](u3-Cl) from THF/hexane resulted in a
mixture of two compounds, the Ilabile dinitrogen complex {(Cys-calix-
tetrapyrrole)Sm[Li(TI-IF)]z[Li(TI-IF)z](p3-C1)}2(p-N2) (7.2) as well as the enolate {(Cy;-
calix-tetrapyrrole)(THF)Sm[Li(THZF)]z[Li('I'HF)z](p3-OCH=CHz)} (7.3).
Recrystallization of 7.2 from diethyl ether lead to the formation of a new Sm(II) complex
{(Cys-calix-tetrapyrrole)(L)Sm{Li(THF)]2[Li (THF),](1’-CD} (Et;0)1 5 [L = Etz0 (7.4)]

Reaction of SmlI(THF), with the disodium or dipotassium salt of the diphenyl
dipyrromethanyl dianion lead to the tetranuclear and trivalent samarium complex {[z-
PhyC(77 : 17 -CaHsN), 1Sm}a(pe-17' 77 7 77°-N) (8.1) containing a coordinated dinitrogen.
The long N-N distance and the irreversibility of the coordination indicates that a four-
electron reduction process arose from the cooperative interaction of four dipyrromethanyl
Sm units on the same dinitrogen molecule. The dinitrogen molecule is placed in the
center of the square plane defined by the four samarium atoms and appears to be side-on
bonded to two metal centers and end-on bonded to the others. Similar reaction carried out
under Ar atmosphere led to the formation of a divalent ionic cluster [{[zPh,C(7:77-
CaH3N)2]Sm} s(ue-D] O {[-PhoC(77' : 77°-CaH3N), L[Sm(THF) s} (1D (8.2) which does

not react with dinitrogen. However, elimination of the formal Sml, unit via reaction with



KH afforded the dinitrogen complex in good yield. Reduction of
(diphenylmethyldipyrrolide)Sm-C1 with K under N, afforded a new tetranuclear Sm"
compound {[PhyC(77 : 77-C4H3N),1Sm} 4(1~CI)[K(THF),] (8.3) with the same square
planar arrangement of the tetrametallic unit of 8.1 but with a chlorine atom located in the
center instead of the dinitrogen molecule.

Reduction of an in situ generated “{[R,C(C;H3N),]Sm}CI” [R = Ph] precursor with
sodium under nitrogen and in THF afforded the paramagnetic {([Ph,C(CsH;
N)2]Sm)s} {Na(THF)g)} (9.1) which was isolated as a dark purple crystalline material.
Spectroscopic characterization and chemical degradation indicated that this species is a
Sm(II) hydride. A similar reduction carmried out on the corresponding
cyclohexyldipyrrolide derivative [R = 1/2 -(CH;)s-] afforded the dinitrogen complex
{[(CH,)sC(C4H3N),]Sm}4(u-N>)[Na(THF)], (9.2) formally a  mixed-valence
Sm(II)/Sm(III) compound.

The nature of the substituents present on a dipyrrolide dianion ligand determines the
assembly of Sm(II) clusters which participate to various extents in dinitrogen fixation and
THF cleavage. Reaction of SmI>(THF), with the methylphenyl! dipyrromethanyl dianion
resulted in the pentameric cluster [ {{MePhC(CsHsN),]Sm}(u-D][K(THF)s] (10.1) which
exhibited no reactivity with dinitrogen. Conversely, reaction of SmI,(THF), with the
cyclohexyl dipyrromethanyl dianion resulted in THF cleavage to yield the tetranuclear

oxo-bridged complex {{Cy(CsH3;N);]Sm}4(u-O) (10.2).
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CHAPTERI1

Introduction

I.1: N; fixation: General Considerations

One of the processes of dinitrogen fixation involves converting highly abundant
atmospheric dinitrogen, N, into ammonia and nitrogenous compounds.' This process is
of considerable interest for a number of reasons. Firstly, N, fixation is a very important
step in the nitrogen cycle, providing available nitrogen for plant nutrition. It is a
fascinating process since it occurs readily in various bacteria, blue-green algae, yeasts,
and symbiotic bacteria-legume associations under mild conditions. However, dinitrogen
stubbornly resists ordinary chemical attack, even under stringent conditions.

Molecular nitrogen, N, is so unresponsive to ordinary chemical reactions that it has
been characterized as “almost as inert as a noble gas”.> The very large triple bond energy
(945 kJmol™) tends to make the activation energy prohibitively large. Thus, in spite of
the fact that the overall enthalpy of formation of ammonia is exothermic by
approximately 50 kJmol™, the common Haber process of ammonia production in industry
requires about 1000 atm pressure and 500°C temperatures to proceed, even in the

presence of the best Haber catalyst. Nonetheless, this process is very efficient and well-

entrenched, and it can produce large volumes of product in short time periods.

catalyst P = 1000atm
N(g) + Hy(gy — > NH3(p T =500°C

In addition to the purely pragmatic task of furnishing the huge supply of nitrogen

compounds necessary for industrial and agricultural uses as cheaply as possible, chemists



are intrigued by the possibility of discovering processes that will work under less drastic
conditions.

In nature, the active enzyme in nitrogen fixation is nitrogenase.’ It is not a unique
enzyme but appears to differ somewhat from species to species. Nevertheless the various
enzymes are very similar in the sense that two proteins are involved (Fig. 1.1). The
smaller has a molecular weight of 57 000-73 000 and contains an Fe4S4 cluster. The
larger protein is a tetramer with a molecular weight of 220 000-240 000 containing two
molybdenum atoms, about 30 iron atoms, and approximately 30 labile sulfide ions.* The
iron-sulfur clusters are believed to act as redox centers. It is possible to isolate a soluble,
protein-free cofactor containing molybdenum and iron. Recombination of the cofactor

with inactive nitrogenase restores the activity.

His a195 Gin al91
"0,CCH;

S
Fe/ \F \Fez/ \Fes/s o— e

|3

V 4

homocitrate

S
«cmS \ \ J \ /
o Fe \ S S+Fc ~Scm (Cysa275)S —Fel —= JFe3-..Y-—-Fe? 7 >-— Mo -0;C \:H,CH,C()z

Fe\—i—s\l s\F F \ \

S Fe

M
Fig. 1.1
It seems likely that the active site for dinitrogen binding involves the molybdenum
atom.’ The ultimate source of the reductive capacity is pyruvate, and the electrons are
transferred via ferredoxin to nitrogenase. There is some evidence that Mo(IIl) is
involved. Two Mo(III) atoms cycling through Mo(VI) would provide the six electrons
necessary for reduction of dinitrogen. Alternatively, since the enzyme is rich in
ferredoxin-type clusters, there should be a ready flow of electrons, and the molybdenum

may stay in one or two oxidation states that most readily bind dinitrogen and its

o e— SN / N(Hisa442)



intermediate reductants. The overall catalytic cycle and overall equation for the process

are shown:
NH; N,
Mo
3H*
- 4
Mo=N e Mo—N=N
+
NH; s H
:' pyruvate
' electron pool
e .
Mo=N-—NHj T
- MG6=N=—NH,
Scheme 1.2

N, + 8H + 8¢ + 16MgATP ——» 2NH; + H, + 16MgADP

+

16 PO,>



1.2 In vitro dinitrogen fixation
Molecular nitrogen, N », is isoelectronic with both carbon monoxide and the nitrosyl

ion but, despite numerous complexes of CO and NO", for many years it proved to be
impossible to form complexes of dinitrogen. This difference in behaviour was usually
ascribed to the lack of polarity of N, and a resultant inability to act as a nt-acceptor. The
discovery that dinitrogen was capable of forming stable complexes with transition metals
led to an extensive investigation of the possibility of fixation via such complexes. An
important development was the discovery that certain phosphine complexes of

molybdenum and tungsten containing dinitrogen readily yield ammonia in acidic media:®

[MoCl3(THF);] + 3e + 2N, +excessdppe . [Mo(Na)(dppe):] + 3CI

[Mo(N2)x(dppe)2] + 6H — = 2NH; + Np + Mo(VI) products

Both reactions take place at room temperature and atmospheric pressure and the reducing
agent is a Grignard reagent. This reaction sequence is important because it models the in
vivo nitrogenase systems that appear to employ molybdenum.

The first dinitrogen complex, characterized in 1965 by Allen and Senoff 7 resulted
from the reduction of commercial ruthenium trichloride by hydrazine hydrate. The
pentammine(dinitrogen)ruthenium(II) cation that formed could be isolated in a variety of
salts. Soon other methods were found to synthesize the complex, including direct

reaction with nitrogen gas:



+ Zn/H +
RuNHy)sCI?* 28 [RuNH;3)sH,0P2

H,0

RuNH3)sH,0)*" + N, ——>  [Ru(NH;3)sNJ*"

I.3: Bending modes

The ability to synthesize complexes containing dinitrogen, especially those with
considerable alteration of the electronic state of dinitrogen, opens up possibilities of
direct fixation of dinitrogen from the atmosphere, a long-standing challenge to the
chemist. It also provides insight into the closely-related process of biological fixation of
nitrogen and the enzyme systems involved. Through coordination to one or more metal
centers, the dinitrogen ligand, which is extremely inert in free form, acquires a different

degree of activation® (Table 1.1). In principle, systems suitable for protonation reactions

29 10

are those with “moderate™ to “strong™'’ activation as well as compounds which cleave
the N>'! molecule upon coordination. However, if the aim is to achieve relevance to the
biological process, “mild” conditions are important. “Nonactivated” systems, although
not protonable, may also provide information fundamental to understanding the metal-N,
bond. Since the type of bonding adopted by dinitrogen is a crucial prerequisite for further
activation, the attention of researchers has been focussed on the preparation of new
complexes containing dinitrogen bound in a variety of modes. As a result, a library of
compounds has been prepared containing end-on (both terminal and bridging) dinitrogen
while the side-on bonding mode remains relatively uncommon. Following the initial

proposal by Lappert that a Zr(III) complex might be able to coordinate dinitrogen in a

side-on bonding fashion'?, this unusual bonding mode was regarded as particularly



promising for activation purposes. In fact, this type of coordination implies a significant
donation of charge from the metal to the mt* orbitals of N>, which corresponds to
significant reduction. This theory was recently substantiated by the findings of Fryzuk,

whose side-on bonded dinitrogen possesses the longest ever observed N-N distance [N-N

=1.548A].1%
Si
Scheme 1.3 N
P N—si

i \ . 2 Na/Hg N

N Zf—Cl — N

/ cr/ N>

Si

NP (P\;r/...\.a

As well, theoretical calculations carried out on related compounds' support the idea that
the presence of suitable d-orbitals, able to give & overlap with the nt* orbital of
dinitrogen, is a factor capable of determining the coordination mode.

To date, the chemistry of dinitrogen has been dominated by transition metals for
which dinitrogen complexes are known of almost all the elements in most oxidation
states. There is a general agreement that the coordination of dinitrogen to a metal center
is a prerequisite for further transformations and that the availability of d electrons'?, in
addition to a highly reactive oxidation state'’, are crucial for the interaction of the metal
with an exceedingly stable molecule such as dinitrogen. In keeping with this notion,
there is no reported example of coordination of dinitrogen performed by a d° transition
metal. However, the recently reported reversible, side-on coordination of dinitrogen to a

Li* cation'®(Scheme 1.4) contradicts these expectations and brings to light interesting



possibilities in the field of reactivity of dinitrogen. In recent years it has been

demonstrated that even the lanthanide and actinide elements are capable of fixing

dinitrogen.

PthHz .
% .Cl  2n-BuLi ﬂ
Zr. 0
- Zr
/ r\Cl THF / -78°C Zr

Scheme 1.4
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Table 1.1 Bonding Modes for Dinitrogen

bonding mode metal degree of activation
L.M—-N=N Fe(I)
N nonactivated
M—>{||«<—M  smam, U@
N
L.M—N=N Mo°, W° moderately activated
L.M—N—N—ML, THAI/THI) strongly activated
N
Mo | Sm Ze@, TAYTD
\N -

M= M =Li Mo(NRAr) cleavage



1.4: Lanthanides-General Characteristics

The lanthanides are the 14 elements following lanthanum in the periodic table.
During the last two decades, the chemistry of the lanthanides has developed from a minor
field into an important area in organometallic chemistry.'” This activity is a reflection of
the growing realization that these elements have unique and interesting chemical
properties. Until the early eighties, organolanthanide chemistry was mainly limited to
cyclopentadienyl species such as Cpi;Ln and [szLnC1]218. As well, a number of
homoleptic compounds such as Li[LnPh]s'® and Ln[(CHz)zPMez]32° in addition to a few
less well-defined carbyls obtained by metal-vapour synthesis had been reported®!. At the
time, the bonding in organolanthanides was considered to be predominantly ionic.? As a
result, the chemistry was expected to resemble closely that of group 1 and 2 elements
rather than the transition metals and was consequently thought to be less interesting.
Activation of interesting, small molecules such as CO, hydrogen, olefins, and acetylenes
had not been reported and was also not expected on the basis of the supposed ionic
character of the compounds.

However, the status of organolanthanide chemistry has changed dramatically. Stable,
well-defined and well-characterized organolanthanides with Ln-C and Ln-H o-bonds
have now been reported and most of them display unprecedented structures and very
interesting reactivity.”> Several of these compounds are active catalysts for important
commercial processes such as alkene oligomerization23 , polymerization®,
hydrogenation®® and isomerization®, alkyne polymeriza’cion27 and hydrogenation®®, nitrile

hydrogenation®’, and dimerization?.



In the lanthanide series, the 4f-shell is sequentially filled with electrons. The most
common oxidation state for the lanthanides and group 3 elements is +3. However, some
of the elements also have a stable di- and or tetravalent oxidation state available. Ce** is
stable in aqueous solution and is a well-known oxidizing agent in lanthanide chemistry.

22¢,17f Sm+2 isa

Europium, samarium, and ytterbium have a stable divalent oxidation state.
strong reducing agent with a reduction potential of -1.5V*° in aqueous solution. The
organometallic chemistry of Sm*? has revealed very interesting features and resembles
the redox chemistry of alkali metals. None of the metals has both the +4 and the +2
oxidation states available. As a result, oxidative additions or reductive eliminations, two
important fundamental steps in transition metal chemistry’’, are not possible on a single
lanthanide center.

Compared to the transition metals, the lanthanides have large ionic radii.*> On going
from lanthanum (1.0324) to lutetium (0.861A), the ionic radius of the lanthanide ions

32,33

gradually decreases. This effect, well-known as the lanthanide contraction, is a

2 Asa consequence of the large

consequence of the poor shielding of the f-electrons.
ionic radius, the coordination sphere of the lanthanides is relatively large and allows for
high coordination numbers. Lanthanide ion coordination numbers of 8 are very common
and some as large as 12 have been observed.!” Trivalent lanthanide ions are rather
electropositive and are considered to behave as hard Lewis acids.>*

The energy and spatial orientation of the f-orbitals fall rapidly as the atomic number
increases.!” Calculations have shown that the 4-f orbitals do not extend beyond the 5s®

and 5p° orbitals.®> As a consequence, a trivalent lanthanide ion looks like a closed shell

inert gas cloud with a +3 charge. Orbital interactions, therefore, are much less important
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than in transition metal chemistry and the chemistry tends to be rather ionic. The absence
of extensive interactions with 4-f orbitals also implies that the valuable covalent
interactions such as m-back donation are not likely to occur in organolanthanide
compounds. On the other hand, lack of ligand field stabilizing effects may give very
flexible coordination geometries for which processes such as ligand rearrangements and
geometry modifications are quite facile. The large size, the electropositive character, and
the absence of f-orbital constraints mean that the lanthanide elements have the potential
to display unprecedented and unique chemistry.

Almost all lanthanide complexes containing two cyclopentadienyl rings have one to
three additional ligands in the coordination sphere of the metal. This is consistent with
the large size of these metals and their tendency toward steric saturation in stable
complexes. The first structurally characterized simple bis(cyclopentadienyl) system
analogous to ferrocene was published in 1986°. The surprising structure of Cp*;Sm is

shown in Fig. 1.2.

Sm 140.1°

Fig. 1.2

The molecule crystallizes as a monomer with a (ring centroid)-metal-(ring centroid) angle
of 140.1° rather than the 180° angle anticipated for a parallel ring structure analogous to

that found for ferrocene or decamethyl ferrocene. The (ring centroid)-metal-(ring
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centroid) angle in Cp*,Sm is only slightly larger than the 136.7° angle found for
Cp*sz(TI-IF)z37, as though removal of the two THF ligands had no effect on this
structural feature. The unusual bending phenomenon displayed by samarocene remains a
theoretical challenge.

Most of the unusual chemical reactivity observed for divalent lanthanides is found
with Sm(II) species. The greater reducing power of Sm(II) compared to Yb(II) and
Eu(II)*® opens up avenues for reactivity for Sm(II) which are unavailable to other
divalent lanthanide systems. A remarkable chemistry based on Cp*,Sm and
Cp*;Sm(THF); has been exploited by Evans.’® Divalent samarium has proven to be a
unique, one electron reductant due to its special combination of physical properties. The
reduction of CO by Cp*,Sm(THF), provides an excellent example of the unique
reactivity available through this divalent oxidation state. Cp*;Sm(THF); reacts under a
variety of conditions with CO to give complex mixtures of products.** Under 90 psi of

CO in THF, a crystalline product separates which was crystallographically characterized.

o S(CsMes),
2(CsMesh,Sm(THF), + 3CO —= (CsMesySm
C\C
o
Scheme 1.5

The remarkable dimeric product contains four Sm(IIl) centers and the equivalent of 6 CO
molecules. Hence, 6 units of CO have been reduced by four electrons and the reductive
homologation has formed two ketene carboxylate units. The most interesting feature in
the formation of the ketene carboxylate complex is that complete cleavage of one CO

triple bond must have occurred to give the central oxygen-free carbon of the C=C-C
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skeleton. Although CO cleavage is thought to occur in heterogeneous Fischer-Tropsch®!
systems, this rarely occurs in homogeneous systems.

Cp*:Sm(THF); reacts with diphenyl acetylene to give Cp*  2SmPhC=CPh-SmCp*,.
Further treatment with CO led to the stereospecific synthesis of the indenoindenediolate
complex via CO insertion and subsequent insertion of the resulting carbene centers into

ortho C-H bonds to generate the two five-membered rings.*

OSm(CsMes),

(CsMes),Sm(THF), + PHCCPh + CO — > ©i| -

|
OSm(CsMes),

Scheme 1.6

Reaction of Cp* ,Sm(THF), with azobenzene allowed the intemediate Cp* ,Sm-NPh-
NPhSmCp*, to be isolated and crystallographically identified.*? Re_action of
Cp.Sm(THF), with two equivalents of azobenzene, however, afforded
[Cp"‘Zsz]z(Nzth)z.“3 In THF, ligand redistribution slowly occurs to the mono-Cp*
complex [Cp*(THF)Sm],(N,Ph;), which possesses two p-1° :1%-N,Ph, liands, rather than
u-n'm'-NPhg, as in [Cp*,Sm]o(N2Ph;). Reaction of [Cp*>Sm],(N2Phy) with CO was
attempted to parallel the reaction of Cp*,Sm(THF), with diphenyl acetylene and CO.

This afforded, however, a quite different product [Cp*,Sm]2[u-1*-(PhN)OCCO(NPh)].*
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CO
/
(CsMes),Sm(THF), —_— (CsMes)zsﬁ{
+ Q
NZ Sm(CsMes),
Z C
@ AN cr—h |
. N
Scheme 1.7

It has generally been observed that Cp*,Sm(THF); reacts with unsaturated molecules
to give reductive coupling. For example, reaction of Cp*,Sm with PhHC=CHPh or
styrene, affords the p-alkene [Cp*,Sm]»(u>m*-alkene).*’ Different reactivity is observed
with non-phenyl-substituted alkenes that cannot interact with Sm via the phenyl group.
(CsMes),Sm reacts with excess propene, l-butene, and allylbenzene to give the

corresponding allylic species:*

(C5Me5)ZSm + RCH=CH2 — (C5Me5)28n1(n3-CH2CHCHR') + CH3CH2CH2R'
R = Me, Et, PhCH, R' =H, Me, Ph

Consistent with the strongly reducing tendency of Cp*,Sm, it is readily oxidized.
Thus reaction with NO, N,0, CsHsNO, or the epoxide 1,2-epoxybutane, affords
[Cp*2Sm]2(u-0)*’. Although treatment of oxophilic, highly reducing Cp*;Ln led to p-E
species, slow crystallization of Cp*,Sm from toluene under N, gave the first dinitrogen
complex of an f-element [Cp*,Sm]2(u-n*:1>-N2), which is discussed in the following

section.
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LS: N, fixation by f-elements

The first dinitrogen complex reported for an f-element is on samarium. The
samarocene dinitrogen complex [Cp*;Sm]»(u-N;) described by Evans in 1988 was also
the first complex with planar, side-on bonded dinitrogen ligand between two metal atoms.
Slow crystallization of dark green Cp*,Sm from toluene over a four week period gave

quantitative yield of dark, red-brown crystals of a new dinitrogen complex:

N>

2 (CsMes)»Sm + N>, [(C5Me5)ZSm]2N2

tohiene
Scheme 1.8

The N-N bond distance in this complex [1.088A] is strikingly short and is even shorter
than in gaseous N,. This suggests minimal N> reduction. The coordinated dinitrogen
ligand in this complex is labile and is easily eliminated with reformation of samarocene,
which is achieved via simple treatment of the complex with toluene. Last year, the first
complex of an actinide was reported.*’ The crystal structure showed similar binding of
the N, ligand as in the samarocene case in that the N; ligand was located side-on with

respect to two uranium centers coordinated to a ligand of the triamidoamine variety.

R R R __R R R

\ N N N
I (A BT
U U e—- /// —» U_
N
&/ \R \R R/

R=TMS

Scheme 1.9
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As in the case of samarocene, the fixation was labile and the N-N distance was even
shorter than in free N; despite oxidation of the two uranium centers as confirmed by
magnetic susceptibility data.

The same year, Cummins reported the first example of end-on coordination of the
dinitrogen ligand by a uranium center via cooperative attack on the N, molecule with a

% The supporting ligands in this

Mo(IIT) amide to assemble heterodinuclear complexes.
case were also of the N-donor variety. An X-ray crystal structure determination revealed
an end-on bridging bonding mode for the N; ligand. Substantial reduction of the N,
molecule was demonstrated by an N-N distance of 1.232(11)A, longer by 0.13A than in
free N>. As in the previous example, some degree of multiple bonding between N, and

uranium was indicated by the short U-N(N;) distance compared with the three U-

N(amide) distances.

ArRN,
O Ar(R)N\'-U/ NR)Ar
(l) Mo(N[t-Bu]Ph); 1iI
N ’U\W&N-/é\ : toluene, N ® IHI
I N
Ph(t_Bu)N/ 0\ ) ‘N(t- BU.)Ph
N(t-Bu)Ph
Scheme 1.10

Earlier results in this area indicated that the calix-tetrapyrrole anion, a chelating
tetraanionic amide, provides a versatile tool in the stabilization of lower oxidation states
of early transition metals and lanthanides, a criterion believed to be a prerequisite for N,
reduction. Recently, dinitrogen complexes of praesodymium and neodymium of the

same ligand system were isolated in which the N, ligand was bound side-on with respect



16

to two metal centers. Elongation of the N-N distance [1.254A (M = Pr)] was indicative

of a two electron reduction of N,:>!

/Na Na—_

\&\ gl

N_ 7
N | SMEOK
7 N /\
"~Na Na
Na(thf),
M =Pr, Nd
Scheme 1.11

Nonetheless, given that Nd and Pr do not possess a stable +2 oxidation state, limitations
arise in terms of studying the process of N; activation promoted by these elements. By
contrast, in the case of samarium, the reaction of [Ets-calix-tetrapyrrole][Li(THF),]
yielded a yellow crystalline complex which, upon reduction with metallic lithium under

argon, produced a dinuclear side-on dinitrogen complex upon recrystallization under

N,: 2

Scheme 1.12

Sm
L
1) LY/ Ar /)\ 1
SmCh(THF); + (Etg-calix-tetrapyrrok)[L{THF),] > L N—N_;
2) N, L /
AN
N/’<ji>
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This dimeric complex has two (THF),Li[Ets-calix-tetrapyrrole]Sm units bridged by a
planar N>Lis moiety. The molecule of N; is encapsulated in the Sm,Li4 octahedron and is
coaxial with one Li-Li diagonal. The N,Li4 core is formed by one N, unit with two side-
on lithium atoms and the other two coplanar and coaxial with the N-N vector. The Sm
atoms are symmetrically placed side-on with respect to the N, moiety above and below
the NaLi4 plane. The very long N-N distance in this species [1.5254], is indicative of a
significant extent of reduction of dinitrogen which, of course, given the side-on bonding
mode, is in striking contrast to the cyclopentadienyl dinitrogen complex reported by
Evans. The stoichiometry of this compound indicates that N has undergone a 4-electron
reduction. Given that Sm(II) can transfer only one electron, the structure of the complex
suggested that the reaction probably followed a multi-step pathway likely proceeding
through formation of a polynuclear intermediate. A possible rationale for the striking
difference between these two sole samarium dinitrogen complexes might be derived from
the presence of the alkali ion which could assist an efficient electron transfer from
samarium to the dinitrogen molecule. These results prompted attempts to prepare a
Sm(II) complex of the same ligand in the absence of alkali cation.
The reaction of [{Me 3Si);N}>,Sm(TMEDA)] with Et g-calix-tetrapyrroleH; formed a

Sm(II) complex via a simple transamination reaction.>

Scheme 1.13 A Et t
0.5 Etg-calix-tetrapyrroleHy Et Et
Sm[N(SiMe;),](THF)> - L—S N—Sm—L
-2 N(SiMes)2 Et Et

L=EO Et Et
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The complex was found to possess a Smy(Et,0); unit which is almost linear and which is
surrounded by the macrocyclic ligand. The complex does not contain dinitrogen thus
indicating that indeed lithium cations play a crucial role in this system in assisting and

promoting the coordination of dinitrogen.

I.6 : Magnetism in Lanthanide Complexes

Analysis of the magnetic susceptibility of lanthanide compounds is complex. 3455 As
originally explained by Van Vleck®, the moments and populations of the contributing
energy states of the metal must be considered in addition to the effect of the ligands on
these states. Variable temperature studies including low temperature measurements are
necessary in order to fully define the paramagnetic properties of a given complex. In this
regard, few generalizations can be made.’® Nonetheless, the magnetic moments of many
lanthanide complexes at room temperature may often be approximated by the simple
expression [, = g[J(J-i-l)]"2 (where g = [S(S+1) - L(L+1) + 3JJ+DJ[2]JJ+1)], a
relationship originally reported by Hund.’**® This expression arises directly from the
Van Vleck equation for magnetic susceptibility®* where certain conditions are met by the
system. For many lanthanide complexes, these conditions are met at room temperature.
For complexes of Eu®*, Sm*", and Sm?*, however, the separation in J states is comparable
to kT at room temperature and this expression does not hold true. For example, magnetic
susceptibility values for Sm(II) complexes typically fall within 3.5-3.8s (Lapprox= Opts)
and Sm(II) 1.36-1.9ps (Wapprox= 0.84115).%

Despite the paramagnetism of Sm(III) species, the linewidths of the NMR resonances

are relatively narrow and in most cases all proton and carbon resonances are observable.
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In the case of Sm(II) complexes, however, the resonances are generally largely displaced

from their diamagnetic field positions.

L.7: Scope and Summary of Thesis

The aim of this investigation was to explore the reactivity and properties of well-
defined, low-valent compounds of samarium, and to rationalize our observations in terms
of the highly-exploited samarocene system. For this purpose, ligands featuring nitrogen
donor atoms were thought to be particularly promising for the stabilization of divalent
samarium. Amides are well-known for their electronic flexibility in addition to their
inherent ability to stabilize low-valent transition metals and lanthanides, to promote
polynuclear aggregation, and to enhance chemical reactivity.

Samarium was chosen for this study because, in comparison with divalent europium
and ytterbium, Sm*? is the strongest reducing agent in aqueous solution. As a result,
most of the unusual reactivity observed for divalent lanthanides is found with Sm(II)
species. Possibly the most remarkable transformations promoted by Sm(II) are those
involving highly inert dinitrogen. In particular, the two known dinitrogen complexes of
samarium display different degrees of activation for the N, molecule from reversible
coordination in the case of samarocene to four-electron reduction in the case where the
calix-tetrapyrrole ligand system was employed. Given that Sm(II) is exclusively a one-
electron reducing agent, we explored the possibility of cooperative dinitrogen reduction
promoted by multiple Sm(II) centers in order to gain mechanistic insight into the

generation of the tetralithium hydrazide derivative.
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The relative unavailability of Sm(II) systems involving alternative ligand systems to
cyclopentadienyl may be attributed to a strong reduction potential as well as to a
tendency to support high coordination numbers. Stabilization of Sm(II) using the
chelating salophen ligand thus resulted in the formation of a Sm(III) species through
imine reduction and C-C bond formation in the assembly of a dinuclear structure with a
short intermetallic distance. Formally a Sm(III) compound, this species was observed to
behave as a source of divalent samarium. However, ligand interference precluded the
possibility for employing this ligand system for the purpose of studying dinitrogen
reduction.

A goal of this research was to determine the nature of the Sm(IIT) and Sm(II)
precursors to the tetralithium hydrazide calix-tetrapyrrole derivative. At the level of
trivalent lanthanides, a rich chemistry has been developed relevant to catalytic processes
involving alkene and alkyne oligomerization, polymerization, and hydrogenation. In this
regard, alkyl and hydride complexes are known to display a particularly enhanced
reactivity. Given that only a handful of non-Cp lanthanide hydrides exist in the literature,
the reactivity of the Sm(III) chloride calix-tetrapyrrole species was investigated.
Consequently, a series of well-defined alkyls and hydrides were prepared in high yield
from salt elimination reactions involving trivalent samarium chloride derivatives.

In contrast to the chemistry of samarocene, the reactivity of Sm(II) complexes of
calix-tetrapyrrole is extremely sensitive to the nature of the ligand substituent, as well as
to the nature of the alkali cation and halide ions present. As in the case of salophen,
reactions were often complicated by solvent activation as well as alkali metal retention

due to the tetraanionic nature of the ligand. In order to eliminate the problems of alkali-
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metal retention and solvent molecule activation routinely observed in the calix-
tetrapyrrole chemistry of divalent and trivalent samarium, the dipyrromethanyl ligand
system was investigated as a possible alternative to the bridged cyclopentadienyl systems.
This ligand system was expected to be particularly suitable for investigation of the
reactivity of divalent samarium with dinitrogen on the basis of previous results
demonstrating the ability of pyrrole-based ligands to act as w-donors. As well, the
dianionic and chelating nature of dipyrromethane was anticipated to be ideal for studying

the role of the alkali cation and halide anion in terms of reactivity with dinitrogen.
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CHAPTERII
Synthesis and reactivity of a Schiff-base samarium dinuclear complex: Reversible

C-C bond formation

II.1: Introduction:

Throughout the last two decades, the chemistry of lanthanides has developed from
a minor field into an important area of organometallic chemistry.! This activity is a result
of the growing awareness of the unique and interesting chemical properties specific to
these elements. In view of the radial extension and ionic character of the lanthanides,
cyclopentadienyl ligands have been particularly versatile for the stabilization of
organolanthanide derivatives because they meet the electronic and steric requirements
necessary to form thermally stable, isolable complexes. For Sm(II), the most powerful
reductant of the three lanthanides which exist in the +2 oxidation statez, the CsMes ligand
has been especially efficient in providing soluble complexes. To date, permethylated
cyclopentadienyl anions have allowed for the isolation of some of the most highly
reactive organolanthanide derivatives providing new classes of complexes® exhibiting
remarkable structures* and unique reactivities’. Given the caliber of the transformations
and the number of structurally characterizable, metal-containing products afforded by the
(CsMes),Sm(THF), system with a variety of substrates, the scope of Sm(II) chemistry has
widened in order to accommodate other ligands. Nonetheless, examples of well-defined,
non-Cp containing Sm(II) systems remain relatively few save for a handful of examples
of divalent samarium complexes with phosphorouss, nitrogen’, and oxygen—based8 ligand

systems.
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Recently, a low-valent, macrocyclic Sm complex based on the tetraanionic calix-
tetrapyrrole ligand was shown to either reduce dinitrogen® or to form a divalent, dinuclear
Sm complex with an intriguingly short Sm-Sm contact'® depending upon the reaction
conditions.

In the view of expanding the chemistry of low-valent samarium with polydentate
ligands, we have now used tetradentate Schiff bases (salen-type) for which lanthanide
complexes prepared in nonaqueous media comprise relatively few.'' Since these ligands
are known to display a limited resistance to strongly reducing agents,'? possible
involvement of the ligand in the reactivity of the metal center was anticipated.

The following describes the results of our attempts to prepare a Sm(Il) tetradentate

Schiff base complex and the unusual reactivity displayed by this derivative.
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I1.2: Experimental Section:

All operations were performed under an inert atmosphere of a nitrogen-filled
drybox or by using standard Schlenk-type glassware in combination with a nitrogen-
vacuum line. SmCI3(THF);", SmI(THF)s'*, phenylenebis(3,5-Bu'salicylideneimine
[3,5-Bu'ssalophen-H,], and (3,5-Bu‘4salophen)Naz(TI-IF)z15 were prepared according to
literature procedures. CsDs and toluene-d® were dried over Na/K alloy, vacuum-
transferred into ampoules, and stored under nitrogen prior to use. NMR spectra were
recorded on a Varian Gemini 200 and on a Bruker AMX-500 spectrometer using vacuum
sealed NMR tubes prepared inside a drybox. Infrared spectra were recorded on a Mattson
3000 FTIR instrument from Nujol mulls or KBr pellets prepared inside the drybox.
Samples for magnetic susceptibility measurements were carried out at room temperature
using a Gouy balance (Johnson Matthey). Magnetic moments were calculated by
following standard methods'® and corrections for underlying diamagnetism were applied
to the data'’. Elemental analyses were carried out using a Perkin-Elmer Series I CHN/O

2400-analyzer.

Preparation of Sm(3,5-Bu'ssalophen)(C1)(Et,0) (2.1):

A stirred suspension of SmCIl3(THF)3 (2.6 g, 5.5 mmol) in 100ml THF was treated with
(3,5-Bu'4salophen)Nay(THF), (4.0 g, 5.5 mmol). The resulting clear orange solution was
allowed to stir at room temperature for 16 hours. The solvent was removed in vacuo and
the residual solid was dissolved in diethyl ether (120 ml). Filtration of NaCl, followed by

concentration to 75 ml and subsequent standing at room temperature for 2 days, yielded
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light orange microcrystals of 2.1 (1.0 g, 1.2 mmol, 44%). El. Anal. Calcd (Found) for
CaoHseN203SmCl: C 60.15(61.52), H 7.07(7.37), N 3.51(3.43). IR (Nujol mull, cm™):
1605(vs, C=N stretch)), 1578(vs, C=N stretch), 1531(vs, aromatic), 1319(m), 1254(s),
1198(m), 1167(s), 1026(w), 931(w), 873(w), 832(m), 750(vs). 'H-NMR (C¢Ds, 500
MHz, 23°C) &: 8.12 (d, 2H, phenyl), 8.02 (d, 2H, phenyl), 6.50 (m., 2H, phenylene), 6.30
(m., 2H, phenylene), 4.34 (s, 2H, C-H imine), 3.25 (q, 4H, diethyl ether), 1.75 (s, 18H,
Bu'), 1.15 (s, 18H, Bu'), 1.01 (t, 6H, diethyl ether). *C-NMR (CsDs, 125.72 MHz, 23°C)
8: 170.84, 170.00 145.69, 137.99, 137.09 (quaternary aromatic), 131.27, 129.28, 127.81,
116.41 (C-H aromatic), 71.70 (C-H imine), 65.86, 15.48 (diethyl ether), 36.22, 34.89

(quaternary Bu'), 31.99, 29.79 (Bu'). per=1.60 up.

Preparation of [Sm;(SB-SB)(THF);]2toluene (2.2) [SB-SB = C-C bonded 3,5-
Bu';salophen dimer]

Method A: The addition of (3,5-Bu'ssalophen)Nay(THF); (2.5 g, 3.4 mmol) to a stirred
solution of SmI>(THF)s (1.9 g, 3.5 mmol) in THF (100 ml) rapidly formed a deep red
solution. Stirring was continued for 1.5 hours followed by removal of the solvent in
vacuo. The dark red solid residue was redis.solved in toluene (100 ml) and Nal was
removed by filtration. Red needles of 2.2 (2.1 g, 1.2 mmol, 70%) separated upon allowing
the filtrate to stand at room temperature for 2 days. Crystals suitable for X-ray analysis
were obtained by subsequent recrystallizations from toluene. El. Anal. Calcd (Found) for
CogH132N407Sm;: C 66.18(66.98), H 7.48(7.05), N 3.15(3.32). LR. (Nujol mull, cm™):

1605(s, C=N stretch), 1588(s, C=N stretch), 1544(m, aromatic), 1441(s), 1335(s),
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1315(m), 1292(s), 1264(s), 1167(s), 1148(m), 1106(m), 1033(w), 905(m), 750(vs). 'H-
NMR (C¢Dsg, 500 MHz, 23°C) &: 11.42(s, 1H, C-H imine), 8.65(s, 1H, C-H phenylene
ring), 8.30 (s, 1H, C-H phenylene ring), 8.11(s, 1H, Ph), 7.73 (pseudo-d, 1H, C-H
amidate), 7.03 (two multiplets, 4H, toluene), 5.75 (s, 1H, Ph), 5.71(pseudo-t, 1H, Ph),
5.35 (pseudo-t, 1H, Ph), 4.69 (pseudo-d, 1H, C-H amidate), 3.25 (s, 6H, THF), 2.45 (s,
9H, Bu'), 2.21 (s, 9H, Bu'), 2.09 (s, 6H, THF), 2.03 (s, 3H, Me toluene), 0.47 (broad s,
9H, Bu'), 0.27 (s, 9H, Bu'). '*C-NMR (C¢Ds, 125.72 MHz, 23°C) &: 174.1 (imine),
169.78, 163.23, 157.15, 138.18, 137.90, 137.04, 136.33, 133.80, 131.59, 131.31
(quaternary aromatic), 129.28, 128.30, 126.35 (C-H toluene), 128.51, 128.20, 128.11,
128.00, 127.92, 127.81, 125.64, 123.03 (C-H aromatic), 112.90, 112.36, 112.04 (C-H
aromatic), 97.98 (quaternary reduced imine), 68.48 (C-H reduced imine), 33.36, 33.18,
32.55, 31.79 (Bu'), 20.04 (toluene). e = 2.41up per formula unit.

Method B: A stirred solution of 2.1 (1.0 g, 1.2 mmol) in THF (75 ml) was treated at
room temperature with metallic lithium (50 mg, 7.2 mmol). Within 1 hour the color
changed from light orange to dark red. Stirring was continued for about 16 hours during
which no further color changes were noted. The solvent was evaporated to dryness in
vacuo and the residual solid was re-dissolved in toluene. Removal of LiCl by filtration
followed by standing at room temperature yielded microcrystals of 2 (0.22 g, 0.13 mmol,

11%) over a period of four days.



35

Preparation of {[(Me-SB)Sm(u-CH3)Li(THF)][(Me,-SB)Sm(u-
CH3)Li(THF);Li(THF); ]}(u-O)(u-Li); (2.3) [Me;-SB = phenylenebis(3,5-
Bu'ssalycyl)dimethyldiamidato]

The dropwise addition of 1.4M MeLi in diethyl ether (2.9 ml, 4.1 mmol) at room
temperature to a stirred solution of 2.2 (1.0 g, 0.58 mmol) in 100 ml THF resulted in a
color change from dark red to light brown. Stirring was continued for 24 hours. The
solvent was removed in vacuo and the residual deep yellow solid was dissolved in 75 ml
hexane. Filtration followed by concentration to 30 ml and subsequent standing at room
temperature for 7 days yielded yellow needles of 2.3 (0.30 g, 0.15 mmol, 26%). IR
(Nujol mull, cm'l): v 1550(m, C=N stretch), 1533(m, aromatic), 1364(w), 1250(s),
1126(m), 1042(s), 879(m), 833(m), 790(w), 739(m). 'H-NMR (d®-THF, 500 MHz, 23°C)
5: 7.09 (s, 1H, phenyl), 6.92 (mult, 1H, phenylene), 6.90 (s, 1H, phenyl), 6.77 (s, 1H,
phenylene), 5.43 (pseudo-q, 1H, C-H amidate), 4.42 (pseudo-q, 1H, C-H amidate), 3.62
(s, 4H, THF), 1.72 (s, 4H, THF), 1.49 (s, 18H, Bu‘), 1.40 {pseudo-dd, 3H, CH3 amidate).
®C-NMR (THFd®, 125.72 MHz, 23°C) &: 164.23, 141.13, 137.73, 133.71, 131.54
(quaternary aromatic), 123.76, 122.62, 122.19, 120.46 (C-H aromatic), 67.74, 31.16
(THF), 59.92 (amidate), 35.83, 34.45, 32.82, 32.46, 32.24, 31.16 (Bu"), 20.68, 15.66 (CH3

amidate). pegr=2.30up.
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Preparation of [(3,5-Bu‘ssalophen)Sm(OH)],4toluene (2.4)

Exposure of a stirred toluene solution (50 ml) of 2.2 (1.0 g, 0.58 mmol) at room
temperature to excess dry O resulted in a brown solution after 24 hours. Yellow crystals
of 2.4 (0.30 g, 0.095 mmol, 33%) separated upon standing at room temperature for 5
days. El. Anal. Calcd. (Found) for C;7;H220Ng012Smy4: C 64.69(64.78), H 6.94(6.91), N
3.51(3.57). 'H-NMR (CsDs, 500 MHz, 23°C) &: 13.99 (s, 1H, OH), 8.13 (s, 2H, C-H
aromatic), 7.62 (pseudo-d, 2H, aromatic), 7.31 (s, 2H, aromatic), 7.01 (m, 5H, toluene),
6.75 (m, 2H, aromatic), 2.10 (s, 3H, toluene), 1.85(s, 2H, C-H imine), 1.64 (s, 18H, Bu"),
1.33 (s, 18H, BuY). BC-NMR (Ce¢Ds, 125.72 MHz, 23°C) &: 203.78, 159.34, 143.09,
140.40, 137.82, 137.66 (quaternary aromatic and toluene), 165.11, 130.35, 127.45,
127.34, 125.62, 120.08, 119.08 (C-H aromatic and toluene), 35.48 (toluene), 34.25 (C-H
imine), 31.63, 29.96 (methyl Bu"), 32.27, 32.01 (quaternary Bu"). LR. (KBr, Nujol mull,
cm™) v: 3583(s, stretch O-H), 2960(vs), 2905(s), 2866(m), 1609(vs, stretch C=N),
1579(vs, stretch C=N), 1529(vs, aromatic), 1408(s), 1258(s), 1166(vs), 876(m), 835(w),

760(s), 637(w), 503(m). pegr=4.25up per formula unit.



37

IL.3: Results and Discussion:

The room temperature reaction of Sml,(THF)s with one equivalent of (3,5-
Bu'ysalophen)Nay(THF), in THF formed a deep red, air-sensitive solution from which
bright red needles of dimeric [Sm,(SB-SB)(THF);] 2toluene (2.2) [SB-SB = C-C bonded
salophen dimer] were isolated in gcod yield upon crystallization from toluene. The light
color suggested that the Sm metal center was oxidized to the trivalent state while
qualitative halogen and flame tests indicated the absence of both iodine and sodium.
Combustion analysis data were in agreement with the formulation as elucidated by an X-
ray crystal structure (Figure 2.1). Solution NMR spectra were well resolved and
accordingly displayed four distinct resonances for the Bu' groups. A new resonance
attributed to the C-H engaged in the formation of the C-C bond connecting the two
monomeric units was observed at 4.69 ppm. Complex 2.2 was also conveniently
prepared via reduction of (3,5-Bu'ssalophen)SmCl.ether 2.1 with metallic lithium in THF
(Scheme 2.1).

Complex 2.2 arises from the reduction of the ligand performed by the low-valent
samarium center. In other words, the intermediate Sm(IT)(3,5-Bu'ssalophen) derivative,
presumably originated in the first step of the reaction, reduces one of the ligand imino
functions thus forming a Sm(III) and a mainly carbon-centered radical. Obviously, the
extensive m-delocalization of this particular ligand provides a sufficiently long lifetime to
allow for coupling with an identical unit to form the final dimeric structure. The
compartmental ligand formed in this process wraps the dimetallic samarium unit with a

network of bridging interactions (Figure 2.1).
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Scheme 2.1

(3,5-t-Buysalophen)SmCI(Et,0)

Li, THF
2.1 \

t-Bu
SBNa2
SmI(THF); ————® < <o
t-Bu
6MeLi
dl'on
t-Bu CH; t-Bu
t-Bu
H,C
N Lis
_ \ l AL t-Bu 3
t-Bu \l\ o o\ t-Bu H
HyC——sm—0—sul_| Li By 0 Sm
Li—-07 //L1;H3C\\\ /t-Bu o-/! /I

(bridging phenylene ring was omitted for clarity)
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The metal-promoted reductive coupling of tetradentate Schiff bases has a few precedents
in the literature of first row transition metals.?! However, these reactions are usually
performed by strong reductants (alkali metals) with the role of the T.M simply being that
of a mediator or of a templating agent. Conversely, in the reaction described above the
reductive coupling is exclusively originated by the one-electron oxidation of Sm(II). In
addition, the C-C bond which results from the dimerization reaction and which is
typically rather long and easily cleaved by mild oxidizing agents, is in this case normal
[C(15)-C(51) = 1.569A] and rather robust.

As expected for a formal Sm(II) derivative, complex 2.2 proved to be unreactive
towards mild oxidizing agents such as Mel or PhCH,Cl. On the other hand, it was
surprising that no reaction was also observed with strong reductants such as Mg, Na, and
Li upon stirring at room temperature or in refluxing THF. No visible evidence of reaction
was observed over prolonged periods and unreacted starting maternial was always
recovered. However, reaction of 2.2 with PhCH,MgCl gave a sudden color change from
red to light yellow. The LR. spectrum of the resulting yellow microcrystalline solid,
isolated in modest yield from hexane, indicated the absence of any C=N resonance.
Similarly, the NMR spectrum did not show any signal which could possibly be attributed
to the C-H amidate of the reduced imino function. Unfortunately, it was not possible to
grow crystals of suitable size for X-ray analysis. Therefore, complex 2.2 was reacted with
excess MeLi at room temperature. When MeLi was added to complex 2.2, the reaction
proceeded to completion in a matter of minutes, and no further color changes were noted

even after prolonged periods. Yellow, extremely air-sensitive crystals of a new compound
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2.3 were isolated in reasonable yield after filtration, solvent replacement with hexane and
standing. Even in this case, the absence of C=N resonances in the IL.R. spectrum indicated
a complete reduction of the imine functions. The formulation of this new species as
{{(Me,-SB)Sm(u-CH3)Li(THF)][(Me2-SB)Sm(u-CHs)Li(THF),Li(THF ) ]} (1-O)(p-Li)s
(2.3) [Me,SB = phenylenebis(3,5-Bu‘ssalycyl)dimethyldiamidato] was elucidated by an
X-ray crystal structure (Figure 2.2). Due to the high sensitivity and pyrophoricity,
difficulties were encountered in obtaining meaningful combustion analysis data for
complex 2.3. The NMR spectra showed a pattern consistent with the solid state crystal
structure. Two C-H amidate signals were observed as multiplets at 5.43 and 4.42 ppm
corresponding to the inequivalent coordination environments about Sm(1) and Sm(2). As
well, solution NMR spectra showed two signals each for THF (3.63, 1.72 ppm) and ds-
THF (3.62, 1.78 ppm) indicating slow exchange of coordinated THF with that of the
solvent. Unfortunately, it was not possible to conclusively locate the resonances of the
CH; groups attached to Sm either due to overlap with ligand signals or to direct effect of
the close vicinity of the paramagnetic center. However, a Toepler pump experiment
involving bulk degradation of 2.3 with anhydrous HCI, yielded 77% of the expected
amount of CHj,.

Although the origin of the oxygen atom in complex 2.3 cannot be conclusively
explained at this stage, it seems that its likely source is the THF solvent. It may be argued
that small amounts of oxygen, adventitiously present in the reaction mixture, should lead
to methoxy derivatives rather than alkyls. In addition, given the excess of MeLi employed
in the reaction, the tremendous sensitivity to air and moisture of the resulting complex,

and the yield in which 2.3 may be isolated on a reproducible basis, the possibility that the
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formation of 2.3 may be the result of trace oxygen present in the reaction mixture may be
confidently ruled out. In addition, the gas-chromatogram of the reaction mixture showed
the presence of a substantial amount of ethylene thus confirming a process involving THF
deoxygenation. Deoxygenation and fragmentation of THF by early transition metal and
lanthanides to generate oxo derivatives or other exotic functions is well documented in
the literature.”? The formation of an oxo-metal derivative and ethylene implies the
reduction of THF by two electrons. This requires that upon the attack of MeLi on both the
ligand and the metal center of complex 2.2 the two electrons, used for the formation of
the C-C bond connecting the two samarium units, are transferred back to the two metal
centers and are used in the THF deoxygenation process. The high oxophilicity of
samarium and the consequent stability of the Sm-O-Sm bond may well provide the
necessary energy for this reaction to take place. In addition, the overall reaction requires
the addition of six equivalents of MeLi per dimeric unit, four methyl groups to be
attached to the four imine carbon atoms and two to the two Sm atoms.

As mentioned above, solutions of complex 2.2 are sensitive to air and moisture.
To further explore the reactivity of this species, its behavior in the presence of dry oxygen
was investigated. When a toluene solution of 2.2 was exposed to an excess of dry O,, the
color turned to brown. After 5 days, yellow cubic crystals appeared in the reaction
mixture which were isolated in reasonable yield. This compound, confirmed by a single
and sharp LR. stretch at 3585cm™ to be an hydroxide, was observed to be stable in the
presence of air and moisture. The resonance of the OH group as a singlet at 13.99 ppm of
the 'H-NMR spectrum was clearly identified by HQMC and deuterium labeling

experiments (see below).
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Questions arise about the genesis in compound 2.4 of the hydroxyl grougp. Consistent
with our observations, O’Halloran and coworkers® recently showed that re=action of the
Mn(IDPHAB dimer with O; in the absence of external oxidants and undeer anhydrous
conditions results in the catalytic de-hydroxylation of THF and formation of a Mn(V)
hydroxyl derivative. We speculate that during the reduction of dioxygen opeerated by the
in situ generated (salophen)Sm(II) a superoxide intermediate similar to that isolated and
characterized by Takats®* abstracts a hydrogen atom from the solvent, thus reforming in
the process one-half equivalent of dioxygen. At this stage it is impossible teo distinguish
between these two or other reasonable pathways. At least to verify the hypothhesis that the
solvent (toluene) is the donor of the hydrogen atom, we have carried out th:e reaction in
deuterated toluene. The product had spectral features identical to those of 2.4 except for
the resonance at 13.99 ppm which was absent in the '"H-NMR spectrum bust was clearly

visible in the *H-NMR spectrum.

I1.4: X-ray Crystallography

Suitable crystals were mounted with cooled viscous oil on thin glass fibers. Data
were collected on a Bruker AG SMART 1k CCD diffractometer using & proprietary
hemisphere scan routine. Cell constants were calculated from reflection dlata obtained
from 60 data frames collected at different parts of the Ewald sphere. Neo absorption
corrections were applied. The reflection data for 2.3 were consistent for P2,-/m and P2,,
however, solution in the centric option yielded chemically reas:onable and

computationally stable results of refinement. The data for 2.2 and 2.4 wvere uniquely
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consistent with the reported space groups. The structures were solved by direct methods,
completed with subsequent Fourier synthesis and refined with full-matrix least-squares
procedures based on F2. The compound molecule 2.3 was located on a mirror plane. A
lithium atom and a molecule of coordinated THF were located disordered by the mirror
plane symmetry. The compound molecule 2.4 is located at a 4-fold rotoinversion axis.
Two half molecules of co-crystallized toluene solvent were each located disordered at
inversion centers. Two molecules of toluene solvent were also located in the asymmetric
unit of 2.2. The carbon and nitrogen atoms of 2.2 were refined isotropically to conserve a
reasonable data/parameter ratio. For 2.3 and 2.4 all non-hydrogen atoms, excluding the
atoms of the interstitial molecules of solvent, were refined with anisotropic displacement
coefficients. Phenyl groups of the cocrystallized solvent in 2.4 and all the phenyl groups
in 2.2 were treated as idealized, flat, rigid hexagons. Hydrogen atoms were assigned with
idealized geometry, and constrained with an isotropic, riding model. Crystallographic
details are presented the Appendix, Table 1.

Complex 2.2 is dimeric and is formed by two similar (3,5-Bu'ssalophen)Sm
moieties. The linkage between the two units is realized via a C-C bond that connects the
two reduced imine carbon atoms of the two ligands. The C-C bond joining the two
salophen units [C(15)-C(51) = 1.549(16)A] is only slightly longer than a regular C-C
bond and compares well with those of the Bu® groups. The C-N bond distances of the
reduced imino functions [N(1)-C(15) = 1.485(14)A] are as expected for a C-N single
bond, while the C-N bonds of the intact imine functions are somewhat shorter and are
consistent with the presence of some extent of C-N double bond character [N(2)-C(22) =

1.303(13)A]. As a result of the sp® hybridization of the carbon atoms, the ligands are no



longer planar as would be expected based on the structural parameters featured in

¥ The reduction of one of the two

transition metal-based complexes of the same type.
imino functions of each ligand also imparts a tetrahedral sp3 geometry to the nitrogen
atoms which bridge the two metal centers. The Sm-N bond distances are rather short in
comparison to those of other complexes of nitrogen-donor based macrocyclic ligands'®
[Sm(1)-N(1) = 2.418(8)A, Sm(1)-N(3) = 2.465(8)A, Sm(2)-N(1) = 2.453(8)A, Sm(2)-
N(@3) = 2.368(8)A]. In spite of the fairly similar organization of the two tetradentate
moieties around the dimetallic unit, the two metal centers display two different
coordination geometries. One of them is six-coordinated and is bound to two oxygen
atoms [Sm(2)-O(3) = 2.180(7)A, Sm(2)-O(4) = 2.219(8)A], one imine nitrogen [Sm(2)-
N(4) = 2.503(9)A] and two reduced imine nitrogens as well as to one molecule of THF

[Sm(2)-O(7) = 2.478(7)A] (Figure 1). The second Sm atom is seven-coordinate with

basically the same coordination geometry aside from one additional molecule of THF.
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Fig. 2.1. X-ray Structure of 2.2, [Sm;(SB-SB)(THF);] 2toluene

The four Bu' groups have been deleted for clarity. Selected Bond Distances (&) and
Angles (°): Sm(1)-O(1) = 2.217, Sm(1)-O(2) = 2.240(7), Sm(1)-N(1) = 2.418(8), Sm(1)-
N(2) = 2.546(8), Sm(1)-N(3) = 2.465(8), Sm(1)-O(5) = 2.453(7), Sm(1)-0(6) = 2.522(7),
C(15)-C(51) = 1.549(16), Sm(2)-0(3) = 2.180(7), Sm(2)-O(4) = 2.219(8), Sm(2)-0(7) =
2.478(7), Sm(2)-N(3) = 2.368(8), Sm(2)-N(4) = 2.503(9), C(22)-N(2) = 1.303(13), C(15)-
N(1) = 1.485(14), O(1)-Sm(1)-0(2) = 161.5(3), O(1)-Sm(1)-0(2) = 161.5(3), O(1)-
Sm(1)-O(5) = 85.7(3), O(1)-Sm(1)-0(6) = 80.0(3), O(1)-Sm(1)-N(1) = 77.6(3), O(1)-
Sm(1)-N(2) = 125.6(3), O(2)-Sm(1)-0(5) = 89.9(3), O(2)-Sm(1)-O(6) = 81.6(3), O(2)-
Sm(1)-N(1) = 120.9(3), O(2)-Sm(1)-N(2) = 70.1(3), O(5)-Sm(1)-0(6) = 82.2(3), N(1)-

Sm(1)-N(2) = 61.2(3).
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Complex 2.3 is also dimeric with two non-equivalent Sm atoms bridged by a
single oxygen atom [Sm(1)-O(1) = 2.293(6)A, Sm(2)-O(1) = 2.314(6)A]. The slightly
bent Sm-O-Sm array [Sm(1)-O(1)-Sm(2) = 168.2(3)°] lies on a crystallographic mirror
plane. Each samarium is surrounded by a tetradentate and tetra-anionic diaryloxo/diamido
ligand (Me,SB) arising from the methylation of each carbon atom [C(34)-C(35) =
1.539(10)A, C(15)-C(16) = 1.542(10)A] of both imino functions of the original 3,5-
Bu'ssalophen ligand [Sm(1)-0(2) = 2.318(5)A, Sm(1)-N(1) = 2.435(6)A, Sm(2)-0(3) =
2.385(5)A, Sm(2)-N(2) = 2.405(6)A]. As a result of the alkylation of the imino functions
and consequent change in the hybridization of the C and N atoms [N(1)-C(15)-C(16) =
112.5(6)°, N(1)-C(15)-C(5) = 111.3(6)°], the carbon atoms display a regular tetrahedral
geometry. The two amidato nitrogen atoms of each ligand are engaged in bridging
interactions with three lithium atoms [N(1)-Li(3) = 2.111(15)A, N(2)-Li(4) = 2.18(3)A,
N(2A)-Li(2) = 2.245(14)A]. Both samarium atoms possess a distorted coordination
geometry [N(1)-Sm(1)-N(1A) = 64.5(3)°, O(2)-Sm(1)-O(2A) = 118.1(2)°, N(1)-Sm(1)-
O(1) = 146.00(15)°, C(39)-Sm(1)-N(1) = 84.5(2)°]. Each samarium atom also bears a
methyl group [Sm(1)-C(39) = 2.606(10)A, Sm(2)-C(40) = 2.570(11)A]. The first has the
methyl pointing away from the molecular core and is placed in trans position with respect
to the bridging oxo atom [O(1)-Sm(2)-C(40) = 177.5(3)°]. This methyl is also bonded to a
Li(THF) moiety [C(40)-Li(4) = 2.21(3)A] which in turn is attached to one nitrogen atom
of the tetradentate amidato ligand, thus forming a planar Sm-CH3-Li-N unit {torsion angle

Sm(2)-C(40)-Li(4)-N(2) = 0(1)°]. The second samarium atom has the methyl group
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placed in cis position with respect to the bridging oxygen [O(1)-Sm(1)-C(39) = 85.1(3)°].
The lithium atom connected to the two nitrogen atoms of the second samarium amidate
moiety bears two THF molecules rather than one [O(4)-Li(3)-O(5) = 102.2(9)°]. The
molecular core is formed by the Sm-O-Sm array and three lithium atoms. The Li;O plane
[Li(1)-O(1)-Li(2) = 113.4(4)°, Li(1)-O(1)-Li(1A) = 133.1(8)°] is perpendicular to the Sm-
O-Sm vector and is arranged in such a manner that the central lithium atom is also
coplanar with the Sm-O-Sm array [Li(1)-O(1)-Sm(1) = 92.0(4)°, Li(1)-O(1)-Sm(2) =
92.7(4)°] thus lying on the crystallographic mirror plane. As a result, the central oxygen
atom is pentacoordinated and adopts a distorted trigonal bipyramidal geometry defined by
two axial samarium atoms and three equatorial lithiums [L1(2)-O(1)-Li(1) = 113.4(4)°].
Two of the equatorial lithium atoms are also bonded to two oxygens from the two
tetradentate ligands of the two moieties [Li(1)-O(2) = 1.977(13)A, Li(1)-0(3) =
1.901(12)A, O(2)-Li(1)-O(3) = 160.3(8)°]. Conversely, the third one, which is coplanar
with the bridging oxo and the two samarium atoms, is bonded to the two nitrogen atoms
[Li(2)-N(2) = 2.245(15)A] of one ligand attached to one samarium and the methyl group
[Li(2)-C(39) = 2.129(19)A] attached to the second samarium atom (in cis position with
respect to the bridging oxo). A fifth lithium atom is connected to this methyl group
[Li(5)-C(39) = 2.56(2)A] and to four phenyl carbon atoms [Li(5)-C(18) = 2.702(17)A,
Li(5)-C(19) = 2.487(19)A] of the salophen ligand of the second Sm unit. The large
network of bridging interactions between the two samarium moieties results in rather
unusual coordination geometries of the donor atoms. The salophen oxygen atoms possess
a distorted T-shape geometry [Li(1)-O(2)-Sm(1) = 89.5(4)°, Li(1)-O(2)-C(6) = 141.1(6)°]

while the nitrogen atoms are severely distorted pentacoordinated. The methyl group
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engaged in the formation of the core has also a distorted T-shape geometry [Li(2)-C(39)-
Li(5) = 162.1(8)°, Li(2)-C(39)-Sm(1) = 76.8(5)°, Li(5)-C(39)-Sm(1) = 121.0(6)°]. As in
the case of 2.2, there is no planar arrangement of the [SmN,O] set of atoms due to
complete reduction of both imine functions. Accordingly, the C-N bond distances are
slightly longer than in the coordinated salophen ligand and are consistent with the
presence of some C-N single bond character [C(34)-N(2) = 1.463(10)A, N(1)-C(15) =

1.446(10)A].

Cl3sAl ®TA)

Fig. 2.2 X-ray Structure of 2.3, {[(Me:-SB)Sm(u-CH;)Li(THF)][(Me:-SB)Sm(u-
CH;)Li(THF).Li(THF); ]}(n-O)(p-Li);
The four Bu' groups have been deleted for clarity. Selected Bond Distances (A) and

Angles (°): Sm(1)-O(1) = 2.293(6), Sm(1)-0(2) = 2.318(5), Sm(1)-N(1) = 2.435(6),
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Sm(1)-C(39) = 2.606(10), Sm(2)-C(40) = 2.570(11), Sm(2)-O(1) = 2.314(6), Sm(2)-O(3)
= 2.385(5), Sm(2)-N(2) = 2.405(6), N(1)-C(15) = 1.446(10), C(15)-C(16) = 1.542(10),
N(2)-C(34) = 1.463(10), C(34)-C(35) = 1.539(10), O(1)-Sm(1)-O(2) = 79.35(14), O(1)-
Sm(1)-N(1) = 146.00(15), O(1)-Sm(1)-C(39) = 85.1(3), O(1)-Sm(2)- C(40) = 177.5(3),
Sm(1)-0(1)-Sm(2) = 168.2(3), O(1)-Sm(2)-0(3) = 76.59(12), O(1)-Sm(2)-N(2) =
87.50(19), Li(1)-O(1)-Li(2) = 113.4(4), Li(1)-O(1)-Li(1A) = 133.1(8), Sm(1)-O(1)-Li(1)
= 92.0(4), Sm(1)-O(1)-Li(2) = 89.1(5), Sm(1)-O(1)-Li(2) = 89.1(5), Sm(1)-O(1)-Li(1A) =

92.0(4).

The tetrameric structure of 2.4 consists of a distorted cuboid core formed by four
samarium atoms and four p*>-OH bridging groups [Sm-O(3) = 2.573(5)A, Sm-O(3C) =
2.470(5)A, Sm-O(3B) = 2.433(5)A] (Figure 2.3). The Sm-O distances compare well with
those observed in the hydroxo-bridged [Cp,Sm(OH)],.2° The distortion arising from the
compression alongside each Sm-Sm diagonal is introduced by the small bridging
hydroxides [Sm-O(3)-Sm(A) = 102.43(18)°, Sm-O(3)-Sm(C) = 112.15(19)°, Sm(A)-O(3)-
Sm(C) = 105.49(18)°] and originates short Sm..Sm contacts [Sm..Sm(A) = 3.9023(8)A].
Each of the four identical Sm atoms occupying opposite corners of the distorted cube
possesses a distorted seven-coordinate geometry [O(1)-Sm-O(2) = 89.7(2)°, N(1)-Sm-
N(@2) = 62.4(2)°, N(1)-Sm-O(1) = 70.8(2)°, O(1)-Sm-O(3) = 143.66(17)°]. Three of the
seven coordination sites of samarium are engaged by the bridging hydroxyl groups [O(3)-
Sm-0O3C) = 66.94(19)°, O(3)-Sm-O(3B) = 70.37(19)°, O(3B)-Sm-O(3C) = 93.11(18)°].

The coordination geometry is completed by two oxygens [Sm-O(1) = 2.260(5)A, Sm-
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O(2) = 2.205(5)A] and two nitrogens [Sm-N(1) = 2.542(6)A, Sm-N(2) = 2.566(6)A] of
one 3,5-Bu'ssalophen ligand. The ligand adopts a rather normal and slightly distorted
geometry [O(2)-Sm-N(1) = 119.0(2)°, O(1)-Sm-N(2) = 108.48(19)°] surrounding the
metal on the side opposite to that occupied by the three bridging hydroxyl groups. The

C=N bond distances are as expected for a coordinated Schiff base and are comparable

with those of 2.2 [N(1)-C(15) = 1.31(1)A, N(2)-C(22) = 1.30(1)A].

Fig. 2.3 X-ray Structure of 2.4, [(3,5-Bu‘ssalophen)Sm(OH)]44toluene
The four Bu' groups have been deleted for clarity. Selected Bond Distances (A) and
Angles (°): Sm-O(1) = 2.260(5), Sm-0O(2) = 2.205(5), Sm-O(3) = 2.573(5), Sm-O(3B) =

2.433(5), Sm-O(3C) = 2.470(5), Sm-N(1) = 2.542(6), Sm-N(2) = 2.566(6), N(1)-C(15) =
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1.310(10), N(2)-C(22) = 1.303(10), Sm-O(3)-Sm(A) = 102.43(18), Sm-O(3)-Sm(C) =
112.15(19), Sm(A)-O(3)-Sm(C) = 105.49(18), O(3)-Sm-O(3C) = 66.94(19), O(3)-Sm-
O(3B) = 70.37(19), O(1)-Sm-0(2) = 89.7(2), N(1)-Sm-N(2) = 62.4(2), O(1)-Sm-N(1) =

70.8(2), O(2)-Sm-N(2) = 71.5(2), O(1)-Sm-N(2) = 108.48(19).

IL.5: Conclusions

In view of the reactivity of transition metal systems stabilized by tetradentate schiff
bases, it is surprising that complex 2.2 did not show a more pronounced reactivity
towards electron-accepting molecules. However, such behavior may be understood if 2.2
is regarded as a pseudo-samarium (II) species which is effectively stabilized by storing
two electrons in the C-C bond linking the two 3,5-Bu'ssalophen units. The C-C bond may
be cleaved and the two electrons made available to the metal centers either by the attack
of oxidizing agents directly on the metal centers or of nucleophiles on the two carbon

atoms.
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CHAPTER III
Terminally-bonded samarium hydride, methyl and vinyl supported by calix-

tetrapyrrole ring macrocycle. Thermal decomposition to Sm(IT)

II.1 Introduction

The very high reactivity of hydride complexes of the lanthanides is responsible
for a number of attractive transformations’ and, as a result of the growing interest in the
reactivity of these species, synthetic efforts have multiplied. Today, examples of
dinuclear hydride-bridged complexes,> hydroaluminates® and borohydrides* are abundant
in the literature. Only lanthanide complexes containing terminally bonded hydrides
remain rare’ probably due to a particularly enhanced reactivity which can be expected for
these species.

The employment of the calix-tetrapyrrole ligand system in lanthanide chemistry®’
provides an interesting alternative to the traditional cyclopentadienyl derivatives. For
example, this family of macrocylic polyanions has allowed for both reversible fixation®
and reduction®’ of dinitrogen and has provided a unique case in lanthanide chemistry of
ethylene reversible fixation.’

Given the rarity of samarium hydrides?®*™"'® which to the best of our knowledge
have been isolated exclusively with Cp-based ligands, we have now probed the
possibility of exploiting the unique features of the calix-tetrapyrrole ligand system to
stabilize novel Sm hydride and alkyl derivatives. In this chapter, we wish to describe the

preparation and characterization of novel mononuclear calix-tetrapyrrole samarium
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hydride, methyl and vinyl complexes, and the spontaneous decomposition of the vinyl

derivative to a Sm(I) complex.

II1.2 Experimental Section

All operations were performed under an inert atmosphere of a nitrogen-filled
drybox or by using standard Schenk-type glassware in combination with a nitrogen-
vacuum line. SmCl3(THF)3," Etg-calix-tetrapyrrole and Cys-calix-tetrapyrrole were
prepared according to literature procedures.'s'9 CeD¢ and THF-d® were dried over Na/K
alloy, vacuum-transferred into ampoules, and stored under nitrogen prior to use. NMR
spectra were recorded on a Varian Gemini 200 and on a Bruker AMX-500 spectrometer
using vacuum sealed NMR tubes prepared inside a drybox. Infrared spectra were
recorded on a Mattson 3000 FTIR instrument from Nujol mulls or KBr prepared inside
the drybox. Samples for magnetic susceptibility measurements were carried out at room
temperature using a Gouy balance (Johnson Matthey). Magnetic moments were
calculated by following standard methods'? and corrections for underlying diamagnetism
were applied to the data.'* Elemental analyses were carried out using a Perkin-Elmer

Series I CHN/O 2400-analyzer.

Preparation of (Ets-calix-pyrrole)(C)Sm[Lix(THF);3] (3.1):

SmCI3(THF); (2.1 g, 4.4 mmol) and (Ets-calixtetrapyrrole)Lis(THF)4 (3.8 g, 4.4 mmol)
were combined in 100 mL freshly distilled anhydrous THF to give a suspension which
was heated gently for 10 minutes. The resulting golden yellow solution was stirred for 2

hours. The solvent was removed in vacuo and the pale yellow solid residue was
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resuspended and decanted w-ith 30 mL of diethyl ether. After repeating the operation two
more times, the solid was dxied at room temperature and in vacuo to yield 3.1 as a pale
yellow powder (4.0 g, 3.7 mmol, 84%). LR. (Nujol mull, cm™) v: 3012(w), 3080(w),
2732(w), 2704(w), 1610(w), 1456(s), 1370(s), 1322(m), 1256(m), 1210(w), 1160(w),
1110(s), 1045(s), 967(w), 9B83(w), 880(s), 760(s), 732(s). El. Anal. Calcd (Found) for C-

4eH78N403 SmLi,Cl: C 60.12 (61.24), H 8.20 (8.06), N 5.84 (6.00). perr= 1.61 pg

Preparation of (Etg-calix-pyrrole)(Me)Sm(u3-Cl)[Li (THF)];[Li(THF):] (3.2a):

A solution of MeLi (1.4 mL, 1.9 mmol) was added dropwise to a stirred suspension of 3.1
(2.0 g, 1.9 mmol) in diethyl ether (100 mL). The solution immediately became bright
orange and stirring was con:tinued for 30 minutes. The solution was filtered to remove
LiCl, concentrated to 50 m1 and allowed to stand overnight at -30 °C Yellow-orange
crystals of 3.2a separated (1.5 g, 77%). ElL. Anal. Calcd (Found) for Cs3HgsNsO4SmLizCl:
C 60.80(60.43), H 7.99(8.07), N 5.35(4.99). LR. (Nujol mull, cm™) v: 3071(w), 2752(w),
2724(w), 1622(m), 1584(m), 1376(s), 1323(m), 1260(m), 1188(s), 1135(w), 1046(s),
970(m), 924(m), 889(s), 835(w), 871(s), 751(s), 687(w). H'-NMR (dS-benzene, 500
MHz, 23°C) &: 8.15 (m, 3HI, Me ethyl), 6.33 (s, 2H, CH pyrr), 6.28 (s, 2H, CH pyrr),
5.86( s, 2H, CH pyrr), 5.83 (s, 2H, CH pyrr), 4.20 (d, 1H, CH; ethyl), 3.96 (d, 1H, CH,
ethyl), 3.65 (m, 16H THF), 3.26 (q, 4H, CH,, ether), 2.19 (q, 2H, CH, ethyl), 1.99 (m,
8H, CH, ethyl), 1.85 (m, 8H, CH; ethyl), 1.62 (s, 3H, CH; Me), 1.48 (m, 1H, CH; ethyl),
1.19 (m, 1H, CH,; ethyl), 1.4-5 (m, 16H, THF), 1.11 (t, 3H, CHj ether), 0.99 (m, 2H, CH,
ethyl), 0.92 (t, 3H, CH;3 ethyl), 0.53 (t, 3H, CH; ethyl), 0.51 (t, 12H, CH; ethyl) 0.41 (t,

3H, CHj ethyl). C°-NMR -(d®-benzene, 125.72MHz, 23°C) &: 107.00, 103.47, 99.73,
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99.86 (CH pyrr), 87.19, 30.61, 30.48, 30.20, 25.51 (CH; ethyl), 105.99, 8.39, 8.31, 9.02,
8.73 (CH; ethyl), 65.84, 8.88 (ether), 68.17, 25.60 (THF), 9.81 (Me), 46.8 (quaternary C

ring), 154.26, 153.78, 142.71, 141.63 (quaternary C pyrrole). perr= 1.67 up

Preparation of (Etg-calix-pyrrole)(vinyl)Sm(p."'—Cl)[Li (THF)]:[Li(THF).] (3.2b):

A suspension of 3.1 (1.6 g, 1.54 mmol) in diethyl ether (100 mlL) was treated with a
freshly-prepared solution of CH,CHLI in diethyl ether (0.5 mL, 3.2 M, 1.55 mmol). The
color immediately changed to bright yellow. After stirring for 10 minutes the solution
was filtered to remove a small amount of LiCl and concentrated to 50 ml. Prolonged
stirring at room temperature results in darkening of the solution to green with lower
yields of 3.2b. Upon standing at —30°C for 2 days, the solution separated light yellow
crystals of 3.2b (0.89 g, 0.840 mmol, 55%). El. Anal. (Calcd.) for Cs4Hg3LizN4OsSmCl:
C 61.33 (61.25), H 7.87(7.90), N 5.05(5.29). LR. (Nujol mull, cm™) v: 3081(w),
2725(w), 1650(w), 1575(w), 1457(s), 1377(s), 1324(m), 1259(m), 1025(w), 1043(s),
970(w), 924(m), 890(s), 855(m), 792(s), 784(s), 670(w). H'-NMR (d*-THF, 500 MHz, -
20°C) &: This thermally unstable complex is fluxional at low T and shows two distinct
series of resonances for the vinyl groups: 8.10, 7.90 (two pseudo-t, 1H, CHyiny), 5.62,
5.52, 5.49, 5.47 (four broad-s, 8H, CHpyrr), 3.56 (partly overlapping broad-s, 16H, THF ),
3.32 (g, 4H, ether), 3.01, 2.15, 2.67, 1.99 (two doublets, 1H, CHayiny1), 2.61, 2.42, 1.81,
1.70 (four broad-s, 16H, CHzg,), 1.73 (broad-s, 16H, THF), 1.06 (t, 6H, ether), 0.93, 0.22
(two broad-s, 24H, CHag). CP-NMR (d*-THF, 125.72MHz, -20°C) &: 155.92, 154.74,

141.74 (ring and pyrr. quaternary C), 123.71, 122.98 (CHayiny), 101.20, 100.93, 99.05,
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97.74 (CHpy), 66.48, 15.81 (ether), 68.23, 26.37 (ether), 10.33, 10.15, 9.21, 9.14

(CH3ethy|), 32.27, 32.03, 27.64, 27.60 (CHZelhyl), Heft = 1.51 HUB

Preparation of (Etg-calix-pyrrole)(THF)Sm(u-H)[Li(THF)],.3THF (3.3).

Method A. An orange solution of 3.2 (1.7 g, 1.9 mmol) in THF (75 mL) was stirred at
room temperature under 1 atm H; for 1 hour during which time the color lightened to pale
yellow. The clear solution was concentrated to 30 mL. After standing at -30 °C for 24
hours large, light yellow crystals of 3.3 separated (1.2 g, 1.0 mmol, 53%). El. Anal. Calcd
(Found) for SmL1;CsoHg7N4Os: C 63.51(63.10), H 8.62(8.82), N 4.94(4.82). LR. (Nujol
mull, cm™) v: 3068(m), 2721(w), 1657(w), 1571(w), 1461(s), 1375(s), 1323(w),
1262(m), 1240(m), 1208(w), 1154(w), 1130(w), 1047(s), 973(m), 886(s), 841(m), 780(s),
735(s), 693(w), 665(m). H'-NMR (d®-THF, 500 MHz, 23°C) 8: 6.12 (s, pyrrole, 4H),
5.72 (s, pyrrole, 4H), 4.08 (m, CH; ethyl, 4H), 3.61 (m, free THF, 12H), 3.58 (broad s,
THEF attached to Li, 8H), 2.12 (m, CH; ethyl, 4H), 2.11 (m, CH, ethyl, 4H), 1.84 (pseudo
t, THF attached to Sm, 4H), 1.79 (m, free THF, 12H), 1.75 (broad s , THF attached to Li,
8H), 1.43 (t, CHj; ethyl, 12H), 1.11 (m, CH, Et, 4H), 0.59 (pseudo t, THF attached to Sm,
4H), 0.29 (t, CH; ethyl, 12H). C°-NMR (d-THF, 125.72MHz, 23°C) &: 162.79
(quaternary C pyrrole), 140.00 (quaternary C pyrrole), 97.87 (C-H pyrrole), 95.73 (C-H
pyrrole), 68.13 (CH; coord. THF), 67.75 (CH; coord. THF), 50.94 (quaternary C ring),
31.32 (CH; ethyl), 26.37 (CH; ethyl), 25.19 (CH; coord. THF), 24.70 (CH; coord. THF),
9.88 (CHj; ethyl), 8.07 (CH;s ethyl). pesr= 1.32 ps.

Method B. A solution of 3.1 (1.5 g, 1.4 mmol) in 75 mL THF was treated with LiAlH,4

(0.05 g, 1.4 mmol). The color immediately changed from golden yellow to light greenish-
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yellow. The mixture was stirred for 2 hours at room temperature. After filtration, the
solution was concentrated to 30 mL and was kept at -30 °C for 24 hours to yield pale
yellow crystals of 3.3 (yield 66%).

Method C: A solution of NaHB(C;Hs); (1.4 mL, 1.0 M) in toluene was added to a
solution of 3.1 (1.5 g, 1.4 mmol) in 75 mL THF. The color immediately lightened. A fter
stirring for 1 hour the pale, light yellow solution was concentrated to 25 mL. After

standing for 24 hours at -30 °C crystals of 3.3 separated (yield 49%).

Preparation of [Etg-calix-pyrrole)(THF)Sm(;f-Cl)[Li (THF)):[Li(THF):] (3.4a):

A light yellow solution of 3.2b (1.5 g, 1.4 mmol) in diethyl ether (150 mL) was stirred at
room temperature for 2 days. The solvent of the resulting dark green solution was
removed in vacuo and the solid residue redissolved in hexane (50 mL). A small amount
of insoluble material was eliminated by filtration and the filtrate concentrated to small
volume (25 mL). Dark green microcrystalline 3.4a (0.5 g, 0.5 mmol, 35%) separated
upon allowing the resulting solution to stand at -20°C for two days. El. Anal. (Calcd.) for
SmLi3CICs6HgsN4Os: C 60.92(60.73), H 8.03(8.02), N 5.07 (5.05). LR. (Nujol mull, cm”
Y v: 3076(w), 2729(w), 1606(m), 1456(vs), 1377(vs), 1325(w), 1308(w), 1259(s),
1211(w), 1091(m), 1043(s), 1024(s), 976(m), 926(m), 889(m), 796(m), 752(s). Herr =

3.55 ug

Preparation of {[-(CH,)s-]4s-calix-pyrrole}(THF)Sm (p3-Cl)[Li(THF)]z[Li(’I‘ HF):] (3.4b)
A suspension of SmCI3(THF); (3.5 g, 7.4 mmol) in freshly distilled anhydrous THF (150

mL) under Ar was treated with colorless {[-(CH;)s-]4-calix-pyrrole}Lis (4.3 g, 7.4 mmol).



The resulting golden yellow suspension was heated gently for 10 minutes until complete
dissolution of the solid was reached and then was allowed to stir at room temperature for
2 hours. Metallic lithium (0.07 g, 10 mmol) was added to the reaction mixture. The color
deepened from yellow to dark green over 30 minutes. Afier stirring for 18 hours the
solvent was removed in vacuo and the resulting deep green solid residue was extracted
with a few portions of diethyl ether (total 75 mL). Deep-green crystals of 3.4b (7.7 g, 5.5
mmol, 75%) separated upon concentration and allowing the extracts to stand at room
temperature for 24 hours. LR. (Nujol mull, cm'l) v: 3090(w), 2730(w), 2662(w),
1550(w), 1355(m), 1315(w), 1286(s), 1270(s), 1256(s), 1191(s), 1140(m), 1074(s),
970(m), 845(m), 780(s). El. Anal. Calcd (Found) for SmLi3ClCsHgsNsOs: C 62.55

(62.93), H 7.70(7.22), N 4.86(4.75). piesr= 3.70 g

IT1.3: Results and Discussion

The mononuclear and trivalent (Ets-calix-pyrrole)(CH)Sm[Li,(THF);] (3.1) was
the precursor for the preparations described in this work. Its preparation was obtained via
simple metathetic reaction of SmCI3(THF); with one equivalent of the tetralithium
derivative of the calix-tetrapyrrole anion. The complex can either be easily isolated or
more conveniently may be prepared and used in situ. This species displays fluxional
behavior at room temperature and, different from the other compounds reported in this
work, produced uninformative NMR spectra. Further reaction of 3.1 with equivalent
amounts of RLi [R = Me, vinyl] (Scheme 3.1) afforded the corresponding terminally-
bonded derivatives (Etg-calix-pyrrole)(R)Sm(p’-CI)[Li(THF)][Li(THF),] [R = Me(3.2a),

vinyl(3.2b)] which have been isolated in crystalline form.
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Scheme 3.1

LiAlH4, NaHBEt3

3.1

[R = Me (3.2a), vinyl (3.2b); L = THF]

-CH,CH, l(R = vinyl)

Exposure of a THF solution of 3.2a to hydrogen gas at room temperature and one
atmosphere gave a rapid reaction from which the new mononuclear hydride derivative
(Etg-calix-pyrrole)(THF)Sm(u-H)[Li(THF)],.3THF (3.3) was isolated in good yield and

analytically pure form as a pale yellow, crystalline material. Complex 3.3 was also
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conveniently prepared via direct reaction of 3.1 with either LiAIH,; or NaHBEt; or via
reaction of 3.2 with PhSiHs;.

The '"H-NMR spectra of 3.2a, 3.2b and 3.3 are characterized by the same strong
magnetic anisotropy previously observed in other samarium complexes of the same
ligand system.®® The *C-NMR resonances of the methyl and vinyl o-carbon atoms
attached to Sm could not be located in the HQMC spectra, probably because of their
vicinity to the paramagnetic center. In the '"H-NMR spectra, the Me group of 3.2a
displays a broad resonance at 8.15 ppm, while the vinyl protons of 3.2k show two sets of
vinyl signals each featuring one pseudo-triplet and two doublets. The fluxional behavior
of 3.2b, whose spectrum was necessarily recorded at -30°C due to its high thermal
instability, is likely to be responsible for the presence of the two independent vinyl
groups. Similar to the case of (Cp'zsmH)z,Il difficulties were also encountered in
locating the resonance of the hydride in the '"H-NMR spectrum. The only difference
between the 'H-NMR spectrum of 3.3 and that of the corresponding deuteride is the
absence in the deuteride specttum of a very broad resonance at 7.91 ppm. Since this
resonance was uncoupled to either hydrogen or carbon resonances, we tentatively assign
it to the hydride. Unfortunately, further efforts to substantiate this proposal have been
hampered by the fact that complex 3.3 does not exchange with D, gas (room temperature,
1 atm.). Furthermore, the L.R. of 3.3 was identical to that of the corresponding deuteride,
prepared via reaction of 3.1 with LiAID, and, regrettably, no resonance could be assigned
to the Sm-H stretching. However, degradation experiments of 3.3 carried out with a
Toepler pump and four equivalents of anhydrous HCl afforded 76% of the expected

amount of Hj, thus confirming the presence of the hydride function. Finally, reaction of
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3.3 with ethylene gas gave a clean conversion to 3.2b which was accompanied by the
evolution of H, (Scheme 3.2).

Compounds 3.2a and 3.3 are thermally robust and we found no signs of
degradation upon allowing their THF solutions to stand for a few weeks at room
temperature or for a few hours at 60°C. Conversely, the vinyl-Sm derivative (Etg-calix-
pyrrole)(CH=CH,)Sm (u3-Cl)[Li(THF)]2[Li(THF)2] (3.2b) (Scheme 3.2) decomposes
rapidly at room temperature to yield a deep green divalent samarium compound [Etg-
calix-pyrrole)(THF)Sm(u?-CI)[Li (THF)]-[Li(THF),] (3.4a) which was isolated as a dark
green crystalline solid. The formation of 3.4a is accompanied by the evolution of an
equivalent amount of ethylene that could be identified in NMR tube experiments in spite

of the broad features arising from the paramagnetism of 3.4a.

Scheme 3.2
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Crystals of suitable quality could be grown only for the cyclohexyl homologue {[-(CH,)s-
Ja-calix-pyrrole }(THF)Sm(u>-C1)[Li(THF)]2[Li(THF),] (3.4b) which was more
conveniently prepared via reduction of the corresponding trivalent chloride derivative

with Li under Ar.
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The transformation of 3.2b to 3.4 with simultaneous formation of ethylene
implies homolytic cleavage of the Sm-C.iny1 bond with one hydrogen atom from a solvent
molecule likely undergoing abstraction by the vinyl radical. At first glance, the fact that
complexes 3.4 did not give fixation of either ethylene or dinitrogen (both available to 3.4
during its formation) seems to be in contradiction with the reactivity of previously
reported Sm(II) calix-tetrapyrrole complexes.® However, it should be reiterated that the
extent of fixation of these substrates by these complexes (dinitrogen reduction® versus
dinitrogen reversible fixation®) is determined by the nature of the anion attached to the
three lithium atoms (enolate versus chloride).®® In addition, the substituents attached to
the macrocyclic rings are also capable of determining the extent of ethylene and
dinitrogen fixation.®® Finally, the solvent (ether versus THF) also plays a critical role
with this respect. This enhanced sensitivity of the reactivity of the metal center to minor
ligand modifications, and to the nature of groups not directly attached to the Sm center, is
surprising. This behavior provides insight into rationalizing and fine tuning the reactivity

of divalent samarium which is notoriously uncontrollable.

II1.3: X-ray Crystallography
Suitable crystals were mounted with cooled viscous oil on thin glass fibers. Data

were collected on a Bruker AX SMART 1k CCD diffractometer using 0.3° w-scans at 0,

90, and 180° in ¢. Unit-cell parameters were determined from 60 data frames collected at
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different sections of the Ewald sphere. Semi-empirical absorption corrections based on
equivalent reflections'” were applied. No symmetry higher than triclinic was observed
for 3.2a and 3.2b. The reflection data for 3.3 were consistent for Pnma and Pn2;a
(Pna2,). However, solutions in the centric space group options, for 3.2a, 3.2b and 3.3,
yielded chemically reasonable and computationally stable results of refinement. The data
for 3.4b were uniquely consistent with the reported space group. The structures were
solved by direct methods, completed with subsequent Fourier synthesis and refined with
full-matrix least-squares procedures based on F°.

Two symmetry-unique compound molecules were located in the asymmetric units
of 3.2a and 3.2b. The compound molecule 3.3 was located on a mirror plane. A molecule
of coordinated THF and three half-molecules of cocrystallized, noncoordinated THF
molecules were also located, disordered by the mirror plane symmetry. The carbon
atoms of 3.4b and the atoms of the cocrystallized solvent molecules of 3.3 were refined
isotropically to conserve a reasonable data/parameter ratio. All other non-hydrogen atoms
were refined with anisotropic displacement coefficients. Hydrogen atoms were assigned
with idealized geometry, and constrained with an isotropic, riding model.
Crystallographic details are presented in the Appendix, Table 2.

The X-ray crystal structures of complexes 3.2a and 3.2b showed two nearly
isostructural species. In both structures, the samarium atom is placed in the center of the
macrocyle and is bonded to the four pyrrole rings by adopting both the n- and c-bonding
modes. The two centroids of the two nearly parallel n-bonded rings define, together with
the two nitrogen atoms of the two o-bonded rings and the terminally bonded methyl (or

vinyl) group, an almost regular trigonal bipyramidal coordination geometry (Figures 3.1
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and 3.2). On the side of the molecule opposite to that of the terminally bonded alkyl,
three lithium atoms bridged by one chlorine are connected to the pyrrole rings of the
macrocyle. Two are c-bonded to the N atom while the third is n-bonded to one of the
four pyrrole rings. A total of four molecules of coordinated THF complete the

coordination geometry around the three lithium atoms.
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Fig. 31  X-ray Structure of 3.2a, (Etg-calix-pyrrole)(Me)Sm(u’>-CD[Li
(THF)):[Li(THF).]

Selected Bond Distances (&) and Angles (°): Sm-C(53) = 2.496(6), Sm(1)-N(1) =
2.465(5), Sm(1)-N(2) = 2.716(5), Sm(1)-C(10) = 2.800(6), Sm(1)-C(11) = 2.970(7),
Sm(1)-C(12) = 2.966(7), Sm(1)-C(13) = 2.821(6), Li(1)-N(2) = 1.977(12), Li(3)-N(1) =
3.136(14), Li(3)-C(1) = 2.870(14), Li(3)-C(2) = 2.394(13), Li(3)-C(3) = 2.379(14), Li(3)-
C(4) = 2.851(14), Li(1)-O(1) = 1.989(12), Li(1)-Ci(1) = 2.228(12), Li(2)-Cl(1) =

2.270(10).
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Fig 3.2  X-ray Structure of 3.2b, (Etscalix-pyrrole)(vinyl)Sm(u’-CD[Li
(THF)]z[Li(THF).]

Selected Bond Distances (A) and Angles (°): Sm(1)-C(1) = 2.468(10), C(1)-C(2) =
1.209(16), Sm(1)-N(1) = 2.491(7), Sm(1)-N(2) = 2.698(7), Sm(1)-C(12) = 2.803(8),
Sm(1)-C(13) = 2.935(9), Sm(1)-C(15) = 2.801(9), Li(2)-N(2) = 2.020(16), Li(3)-N(4) =
1.999(18), Li(1)-C(4) = 2.381(14), Li(1)-C(5) = 2.375(18), Li(1)-N(1) = 3.105(18), Li(1)-
CI(1) = 2.287(17), Li(2)-Cl(1) = 2.270(16), Li(3)-Ci(1) = 2.166(17), Sm(1)-C(1)-C(2) =

137.6(16).
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Complex 3.3 is formed by a samarium atom surrounded by the macrocycle (Figure
3.3). Similar to complexes 3.2, two of the four pyrrole rings are n-bonded to the metal
while the other two are coplanar with samarium and with which they form o-bonds
through the two nitrogen atoms. Each of the pyrrole rings ¢-bonded to samarium is also
n-bonded to one lithium atom. Each of the two lithium atoms is in turn c-bonded to the
nitrogen atom of a second ring and to one molecule of THF. The two N-Li-O vectors are
significantly bent and, as a result, the two lithium atoms are oriented towards each other.
One molecule of THF is bonded to samarium and is placed on the axis perpendicular to
the plane defined by the four nitrogen atoms of the macrocycle. One hydride, whose
position was located and satisfactorily refined, was found in the middle of the SmLi,
triangle and placed coaxial to the Sm-Oryr vector. The Sm-H distance [2.203A] is rather
long in comparison with those of the few cyclopentadienyl samarium hydride derivatives

reported in the literature >0
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Fig. 3.3 X-ray Structure of 3.3, (Ets-calix-pyrrole)(THF)Sm(u-H)[Li(THF)],.3THF
Selected Bond Distances (A) and Angles (°): Sm-N(1) = 2.436(5), Sm-N(2) = 2.682(4),
Sm-C(8) = 2.785(5), Sm-C(9) = 2.934(5), Sm-C(10) = 2.926(5), Sm-C(11) = 2.799(5),
Sm-O(1) = 2.559(6), Sm-H(1) = 2.203, Li-N(2) = 1.950(13), Li-H(1) = 1.686(3), N(2)-
Li-O(2) = 135.1(7), Sm-H(1)-Li = 110.7(7), Li-H(1)-Li(a) = 138.6(7), O(1)-Sm-H(1) =

171.9(7).
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The structure of 3.4b is very similar to 3.2, the only difference arising from the
replacement of the vinyl group with one molecule of THF (Figure 3.4). Consistent with
the lower oxidation state of samarium, the bond distances are, on average, slightly longer

than those observed in complexes 3.2.

C(S9) QCl60)

Fig. 34 Xray Structure of 3.4b, {[-(CH)s]scalix-pyrrole}(THF)Sm(u’>-
CD[Li(THF)]2[Li(THF),]

Selected Bond Distances (A) and Angles (°): Sm-N(1) =2.898(9), Sm-N(2) = 2.567(9),
Sm-N(3) = 2.851(8), Sm-N(4) = 2.541(9), Sm(1)-C(1) = 2.886(11), Sm(1)-C(2) =
2.930(11), Sm(1)-C(3) = 2.936(10), Sm(1)-C(4) = 2.929(11), Sm-O(5) = 2.612(8), Cl-
Li(1) = 2.306(19), CI-Li(2) = 2.27(2), CI-Li(3) = 2.33(2), N(2)-Sm-N(4) = 126.6(3),

N(2)-Sm-O(5) = 126.2(3), N(4)-Sm-0O(5) = 107.2(3).
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CHAPTERIV

Dinuclear Sm(II), Sm(III), alkyl and mixed-valence compounds of calix-tetrapyrrole
IV.1: Introduction

The steady growth of interest enjoyed by organolanthanides is continuously fueled
by the remarkable catalytic performances discovered in both the past and the present for
the Ln-C functionality. For example, it has been documented that organolanthanide
complexes are attractive catalysts for olefin hydrogenation', dehydroamination?,
hydrosilation’, hydroboration®, oligomerization® and reductive cyclization®. Complexes
with the formula (CsMes),LnX’ [X = alkyl, hydride] have been shown to be among the
most versatile, catalytically-active species. Remarkably, even low-valent samarium
organometallic compounds of cyclopentadienyl-based, constrained-geometry-type ligands
have shown versatility as olefin polymerization catalysts® and as powerful catalysts in
metal-promoted organic synthesis.” These types of compounds are also desirable as
models for investigating the characteristic bending of samarocene which, to date, has
remained unexplained and poses a theoretical challenge. The ability of low-valent
samarium to act as a strong reducing agent is, in principle, limited to only one-electron
reduction processes. Nevertheless, the cooperative interaction of more low-valent
samarium centers on the same substrate, which appears to be a rather characteristic
behavior of this metal, has allowed for multi-electron processes which include four-
electron reduction of dinitrogen, complex organic transformations, CO oligomerization/
deoxygenation, etc. Thus the possibility of assembling polynuclear structures containing
two or more low-valent samarium atoms becomes particularly attractive in view of the

above-mentioned transformations.
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Although metallocene derivatives are still the most extensively studied
compounds of the lanthanides, there is rapidly growing interest in organometallic
compounds of these elements stabilized by other ligands. While low-valent samarium
alkoxides,'® amides,!! phosphides'? and pyrazolylborates'> have been prepared and
characterized and have been shown to display promising reactivity, these species are
exclusively mononuclear which obviously might be a limitation for reactivity studies.
Aside from the triple-decker (CsMes)(THF),Sm(CsHg)Sm(THF)«(CsMes) (x = 0,1),"*
examples of bimetallic lanthanide compounds remain limited to the only example of a
dinuclear complex of the calix-tetrapyrrole ligand'>. This compound is particularly
interesting on account of its very short intermetallic distance and corresponding unusually
low paramagnetism as well as its potential for use as an alkali-free starting material for
further transformations.

In this chapter we report a dinuclear series of Sm(II), Sm(IIl), alkyl and mixed-
valence compounds of the calix-tetrapyrrole ligand and the reaction of one of them to

afford a rare example of a mononuclear Sm(II)-hydride species.
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IV.2: Experimental Section

All operations were performed under an inert atmosphere of a nitrogen-filled drybox
or by using standard Schlenk-type glassware in combination with a nitrogen-vaccuum
line. Solvents were dried by passing through a column of Al,O; under an inert
atmosphere prior to use, degassed in vacuo and transferred and stored under inert
atmosphere. SmCl3(THF);'¢, SmI,(THF),!”, and (Etg-calix—tetrapyrrole:)[Li(THF)]418
were prepared according to literature procedures. PhSiH; was dried over molecular
sieves prior to use. THF-d® was dried over Na/K alloy, vacuum-transferred into
ampoules, and stored under nitrogen prior to use. NMR spectra were recorded on Varian
Gemini 200 and on a Bruker AMX-500 spectrometer using vacuum-sealed NMR tubes
prepared inside a drybox. Infrared spectra were recorded on a Mattson 3000 FTIR
instrument from Nujol mulls prepared inside the drybox. Samples for magnetic
susceptibility measurements were carried out at room temperature using a Gouy balance
(Johnson Matthey). Magnetic moments were calculated by following standard methods
and corrections for underlying diamagnetism were applied to the data.'”” Elemental

analyses were carried out using a Perkin-Elmer Series [ CHN/O 2400 analyzer.

Preparation of (Etg-calix-tetrapyrrole)Sm;{(u-Cl):[Li(THF):]}. <2THF (4.1)

A suspension of SmCl;(THF); (2.4 g 5.2 mmol) in THF (100 mL) was treated with (Ets-
calix-tetrapyrrole)(LiTHF)4 (2.2 g, 2.6 mmol). Within minutes the solid dissolved and
the color changed to deep orange. Afier stirring at room temperature for 2 hours, the
solution was concentrated to 30 mL and subsequently allowed to stand at —30°C for 2

days yielding air-sensitive orange crystals of 4.1 (2.5 g, 1.8 mmol, 72%). LR. (Nujol
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mull, cm™) v: 3109(w), 3097(w), 2729(w), 1520(w), 1494(s), 1458(vs), 1379(s),
1327(w), 1277(m), 1261(m), 1240(m), 1161(m), 1134(w), 1074(m), 1039(vs), 1024(s),
980(m), 914(m), 893(s), 827(m), 791(s), 771(s), 721(w), 677(w). 'H-NMR (d3-THF, 500
MHz, 23°C) &: 7.18 (broad s, pyrrole, 8H), 6.26 (sext, CH; ethyl, 8H), 3.56 (m, free
THEF, 4H), 3.53 (broad s, coord. THF, 16H), 3.34 (sext, CH; ethyl, 8H), 1.79 (broad t,
CH; ethyl, 24H), 1.72 (m, free THF, 4H), 1.68 (broad s, coord. THF, 16H). '*C-NMR
(d®-THF, 125.72 MHz, 23°C) &: 149.02 (quaternary C pyrrole), 103.11 (C-H pyrrole),
68.22 (CH; free THF), 67.45 (CH; coord THF), 55.71 (quaternary C ring), 26.38 (coord.
THF), 25.62 (CH; ethyl), 25.48 (free THF), 9.77 (CHs ethyl). EL Anal. Calcd. (Found)

for CeoHosN4OsSm;Li>Cls: C 50.54(49.99), H 6.79(6.83), N 3.93(4.09). perr=2.84up

Preparation of [(Ets-calix-tetrapyrrole)Sm; {(u-CH;);[Li(THF);]},2Et;0 (4.2)

A solution of 4.1 (2.0 g, 1.5 mmol) in diethyl ether (100 mL) was treated at room
temperature with a solution of MeLi in ether (4.2 ml, 1.4 M, 5.9 mmol). The color of the
solution lightened slightly during the following minutes of stirring. After 30 minutes, the
solution was filtered to remove LiCl and the resulting solution was concentrated to 75
mL. Standing at —30°C for 2 days produced yellow prisms of 4.2 (1.5 g, 1.3 mmol, 85%).
LR. (Nujol mull, cm™) v: 3093(w), 2773(w), 2727(w), 1620(w), 1464(vs), 1379(s),
1325(m), 1275(s), 1242(s), 1159(s), 1134(m), 1117(w), 1051(vs), 1022(s), 978(s), 918(s),
891(s), 827(s), 791(s), 764(vs), 712(w), 679(w), 586(s). "H-NMR (d-THF, 500 MHz,
23°C) &: 7.48 (s, 8H, pyrrole), 3.72 (m, 8H, CH, ethyl), 3.65, 3.58 (free and coord. THF),
2.11 (s, 12H, Me), 1.77, 1.72 (free and coord. THF), 1.27 (m, 8H, CHsethyl), 0.20 (m,

24H, CHj; ethyl). >*C-NMR (d5-THF, 125.72 MHz, 23°C) &: 103 (broad resonance CH
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pyrrolyl), 144.72 (quaternary pyrrolyl ring), 90.63 (Me groups), 67.40 (THF), 50.58
(quatemary ring), 25.46 (THF), 24.41 (CH, ethyl), 8.08 (Me, ethyl). El. Anal. Calcd.
(Found) for CesHp12NsSmyO¢Liz: C 57.18(56.77), H 8.10(7.95), N 4.17(4.12). pegr =

2.90[13

Preparation of (Etg-calix-tetrapyrrole)Sm,y(THF).(u-Cl):[Li(THF);] (4.3)

Solid LiAlH, (0.032 g, 0.8 mmol) was added to an orange solution of 4.1 (2.0 g, 1.5
mmol) in THF (100 mL) resulting in a vigorous reaction with effervescence and an
immediate color change to deep red. Stirring was allowed to continue for an additional 3
hours. The solution was concentrated to 75 mL and was allowed to stand overnight at
room temperature during which time dark red crystals of 4.3 separated (1.5 g, 1.2 mmol,
84%). LR. (Nujol mull, cm™) v: 3089(w), 2723(w), 1506(w), 1487(s), 1458(vs), 1377(s),
1342(w), 1325(m), 1275(s), 1246(s), 1159(m), 1134(w), 1043(vs), 978(s), 920(s),
891(vs), 829(m), 793(w), 769(vs), 754(s), 735(w), 683(w), 667(w), 588(m). El. Anal.
Calcd. (Found) for Cs;HgoN4OsSm,LiCl: C 51.88(51.60), H 6.70(6.79), N 4.65(4.55).

Hefr = 3.46}13.

Preparation of (Etg-calix-tetrapyrrole)Sm,;(THF)3THF (4.4)

Method A: Treatment of a solution of SmI,(THF), (2.5 g, 4.6 mmol) in THF (80 mL)
with solid (Ets-calix-tetrapyrrole)(Li(THF)s] (1.9g, 2.3 mmol) resulted in a brown
solution which deposited orange microcrystalline solid within minutes. The reaction
mixture was stirred for an additional 2 hours during which time more solid accumulated.

The suspension was heated gently until everything went into solution. Subsequent
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standing at —30°C for 2 days produced dark brown crystals of 4.4 (1.8g, 1.60 mmol,
70%). LR. (Nujol mull, cm™) v: 3091(w), 3076(w), 2721(W), 1591(w), 1458(s), 1375(s),
1358(m), 1323(w), 1269(m), 1248(m), 1211(w), 1157(w), 1103(m,br), 1039(vs),
1018(m), 974(w), 922(w), 889(s), 829(w), 800(w), 754(vs), 667(w). El. Anal. Calcd.
(Found) for CssH;04N4O7Smy: C 57.27(57.36), H 7.81(7.71), N 4.17(4.03). perr=3.98 pg
Method B: A solution of 4.1 (2.0 g, 1.5 mmol) in THF (100 mL) was treated with excess
LiAlH, (0.12 g, 3.2 mmol). The resulting deep red suspension was refluxed for 2 hours
until the solution turned brown. Concentration to 75 mL and standing at —30°C for 2 days
yielded crystals of 4.4 (65%).

Method C: Excess metallic lithium (0.025 g, 3.6 mmol) was added to a solution of 4.1
(1.5 g, 1.1 mmol) in THF (100 mL) under Ar. Stirring at room temperature for 16 hours
resulted in a dark brown solution which was filtered to remove unreacted lithium.

Concentration to 50 mL and standing at —30°C yielded crystalline 4.4 (60%).

Reaction of 4.2 with PhSiHj; (4.5)

Dropwise addition of PhSiH; (3.2 mmol) to stirred solution of 4.2 (2.0 g, 1.6 mmol) in
THF (100 mL) resulted in color change to light yellow, then gradually to pale orange-
yellow during the course of 1 hour. The solvent was removed under reduced pressure and
the yellow residue was extracted with diethyl ether (50 mL). Concentration of the extracts
to 15 mL and standing at —30°C overnight resulted in the accumulation of bright yellow
blocks (0.8 g, 24%). The mass was composed by two different components. The minor
one was identified as (Etg-calix-pyrrole)(THF)Sm(p-H)[u-OCH=CH,],Li4(THF); (4.5)

while the second was identified as (Ets-calix-pyrrole)(THF)Sm(u-H)[Li(THF)]> (4.6).
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Recrystallization of the solid mass from ether/THF mixtures afforded analytically pure
4.6°3THF. El. Anal. Calcd (Found) for SmLi;CeoHg7N4Os: C 63.51(63.10), H 8.62(8.82),
N 4.94(4.82). I.R. (Nujol mull, cm™) v: 3068(m), 2721(w), 1657(w), 1571(w), 1461(s),
1375(s), 1323(w), 1262(m), 1240(m), 1208(w), 1154(w), 1130(w), 1047(s), 973(m),
886(s), 841(m), 780(s), 735(s), 693(w), 665(m). H'-NMR (d*-THF, 500 MHz, 23°C) &:
6.12 (s, pyrrole, 4H), 5.72 (s, pyrrole, 4H), 4.08 (m, CH, ethyl, 4H), 3.61 (m, free THF,
12H), 3.58 (broad s, THF attached to Li, 8H), 2.12 (m, CH, ethyl, 4H), 2.11 (m, CH;
ethyl, 4H), 1.84 (pseudo t, THF attached to Sm, 4H), 1.79 (m, free THF, 12H), 1.75
(broad s , THF attached to Li, 8H), 1.43 (t, CHj ethyl, 12H), 1.11 (m, CH; Et, 4H), 0.59
(pseudo t, THF attached to Sm, 4H), 0.29 (t, CH; ethyl, 12H). C'*-NMR (d*-THF,
125.72MHz, 23°C) &: 162.79 (quaternary C pyrrole), 140.00 (quaternary C pyrrole),
97.87 (C-H pyrrole), 95.73 (C-H pyrrole), 68.13 (CH, coord. THF), 67.75 (CH coord.
THF), 50.94 (quaternary C ring), 31.32 (CH, ethyl), 26.37 (CH; ethyl), 25.19 (CH; coord.

THF), 24.70 (CH, coord. THF), 9.88 (CH; ethyl), 8.07 (CH; ethyl). pesr= 1.32 ps.
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IV.3: Results and Discussion

The room temperature reaction of two equivalents of SmCl3(THF); with (Ets-calix-
tetrapyrrole)[Li(THF)]; in THF formed an orange, air-sensitive solution from which
orange blocks of the paramagnetic (Etg-calix-tetrapyrrole)Smj; {(u-Cl);[Li(THF),]}> (4.1)
were isolated in good yield upon crystallization from THF (Scheme 4.1). Combustion
analysis data were in agreement with the formulation as elucidated by an X-ray crystal
structure. Solution NMR spectra were well resolved and consistent with the high
symmetry of the molecule. Only one resonance was present in both the 'H and *C-NMR
spectrum for the pyrrolyl CH groups, while the ethyl groups produced two well-separated
resonances for the two geminal methylene hydrogens as two reasonably well-solved
pseudo-sextuplets centered at 6.26 and 3.34 ppm and coupled to the same resonance at
25.62 of the *C-NMR spectrum. Conversely, the corresponding CH3 groups gave only
one poorly solved triplet centered at 1.79 ppm.

A simple metathetic reaction of 4.1 with MeLi in ether afforded yellow crystals of
(Etg-calix-tetrapyrrole)Sm; {(u-CHj3),[Li(THF);]}> (4.2) in high yield. The complex is
basically isostructural with the starting 4.1 with the crystal structure showing the same
solid state features and arrangement of the ligand around the two metal centers. The 'H-
NMR spectrum also showed only one signal for the pyrrole ring C-H groups and two well
separated resonances for the geminal hydrogens of the CH; groups. Only one resonance
was observed for the methyl groups of the ethyl substituents. The strong magnetic
anisotropy of the two geminal CH, hydrogens is surprising yet it is a rather common

feature among trivalent samarium complexes of this particular ligand system. Solutions of
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4.2 are indefinitely stable in ether while solutions in THF slowly turn brown at room

temperature.
Scheme 4.1
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Attempts to form dinuclear samarium hydroaluminate compounds of similar structure
were carried out by reacting complex 4.1 with LiAlH, affording instead two different
compounds depending on the reaction conditions with both arising from reduction of the
metal center. Room temperature reaction resulted in the formation of a deep red solution
accompanied by significant effervescence. Deep red crystals of the mixed valence (Ets-
calix-tetrapyrrole)Smy(THF),(u-Cl)2[Li(THF),;] (4.3) were obtained in good yield. The
molecular structure as elucidated by the X-ray crystal structure revealed the same
dinuclear arrangement as observed in 4.1 and 4.2 but with two non-equivalent samarium
atoms. The first samarium is formally in its divalent state since is simply attached to two
molecules of THF while the second displays the same structural features of the starting
4.1. Complex 4.3, a rare example of a mixed-valent Sm compound, is paramagnetic with
the expected magnetic moment for the mixed-valence state.

Conversely, reaction of excess LiAlH; with 4.1 in refluxing THF produced a
brown solution from which the dinuclear and divalent (Etg-calix-
tetrapyrrole)Smy(THF)4*3THF (4.4) was obtained in acceptable yield and crystalline
form. The divalent oxidation state was clearly identified by the solid state crystal structure
showing the same dinuclear structure of the complexes described above. In this case,
however, each of the two samarium atoms is coordinated to two molecules of THF. The
magnetic moment of 4.4 is surprisingly low and is even lower than in the mixed-valent
4.3. This is probably a result of the remarkably short Sm-Sm distance [3.4417(9)A] which
perhaps is at the origin of some sort of intramolecular magnetic coupling. Solution NMR

spectra display very broad signals and did not allow for reasonable spectral interpretation.
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Complex 4.4 may also be conveniently prepared by direct reaction of Sml,(THF), with
(Etg-calix-tetrapyrrole)[Li(THF)l4, or by reduction of 4.1 with metallic lithium under Ar.
The failure of this ligand system to support aluminohydride structures was rather
surprising to us in the view that, in the chemistry of trivalent Sm supported by
cyclopentadienyl ligands, aluminohydrides are readily prepared from reaction of LiAlH,
with the corresponding halides to form dimeric and polymetallic complexes.?® Thus
further attempts to prepare hydride complexes were carried out by attempting both
reaction of 4.2 with PhSiH; and hydrogenolysis. The reaction of arylsilanes with
transition metal alkyls is a well-established method for preparing hydride derivatives.’'
The reaction of the dinuclear alkyl derivative 4.2 with PhSiH; was carried out at room
temperature in THF and resulted in an immediate color change to pale yellow and then to
pale orange-yellow over the course of 1 hour. Subsequent removal of the solvent in vacuo
and extraction of the residue with diethyl ether and crystallization of the extracts at -30°C
resulted in a crystalline mass composed of two different compounds. The very minor
component (less than 10%) was of sufficient quality to undertake a crystal structure
determination. This compound is formulated as the mononuclear hydride derivative (Ets-
calix-tetrapyrrole)(THF)Sm(u-H)[u-OCH=CH,],Li4(THF), (5.5). The structure of 5.5 is
unique. Besides the presence of a hydride encapsulated between the samarium and two
lithium atoms, the molecule possesses two Lienolate functions which are retained at the
periphery of the molecule. These two functions are clearly generated from THF cleavage
and are likely to be the result of the attack on THF by two molecules of MeLi released by
the samarium centers during the reaction. Accordingly, significant amounts of ethylene

were found in the reaction mixtures. The enolate fragments are scavenged by the hydride
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precursor derivative (Etg-calix-tetrapyrrole)(THF)Sm(u-H)[Lix(THF),] to form the final
compound. The reaction however, requires a major molecular reorganization since one
samarium atom has been removed from the molecular frame and whose fate remains so
far unclear. Attempts to further spectroscopically characterize 4.5 were prevented by the
ease of dissociation of the enolate groups. Simple room temperature recrystallization
from THF gave a complete transformation to the previously reported (Ets-calix-
tetrapyrrole)(THF)Sm(u-H)[Li2(THF);] (4.6). Accordingly, NMR spectra of 4.5 were
identical to those of 4.6 in spite of the different structure and the presence of the two
enolate groups. Reaction of 4.2 at room temperature and under 1 atm of H; also led to
exclusively formation of the hydride derivative ({(Ets-calix-pyrrole)(THF)Sm(u-
H)[Li(THF)],} with no sign for the presence of 4.5 or of enolate moieties.

Obviously, the reaction of 4.2 with PhSiHj; is rather complex and yields a mixture of
products. The first step in the reaction may involve formation of a dinuclear silane with
elimination of methane. Subsequent Si-H activation promoted by the Sm center results in
a dinuclear Sm-hydride with concomitant formation of [PhSiH,]n which remains in
solution. The dinuclear structure may then collapse into the monomeric hydride.
Although this is rather surprising, and interesting compounds could conceivably be
formed in the process, it was not possible to identify other Sm-containing products in the

reaction mixture.
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IV.4: X-ray Crystallography

Suitable crystals were selected, mounted on thin glass fibres using viscous oil and
cooled to the data collection temperature. Data were collected on a Bruker AX SMART
1k CCD diffractometer using 0.3° w-scans at 0, 90, and 180° in ¢. Unit-cell parameters
were determined from 60 data frames collected at different sections of the Ewald sphere.
Semi-empirical absorption corrections based on equivalent reflections were applied

No symmetry higher than triclinic was evident from the diffraction data of 4.3.
Systematic absences in the diffraction data and unit-cell parameters were consistent for
space groups C2/c (no. 15) and Cc (no. 9) for 37 and 4.5 and, uniquely, Pbcn (no. 60) for
4.2. A close inspection of the diffraction data for 4.4 suggested merohedral twinning of
Laue class 4/m simulating Laue class 4/mmm. The systematic absences in the data for 4.4,
in Laue class 4/m, were uniquely consistent for space group /4,/a (no. 88). In cases of
ambiguous space group assignment, solution in the centric options yielded chemically
reasonable and computationally stable results of refinement. The structures were solved
by direct methods, completed with difference Fourier syntheses and refined with full-
matrix least-squares procedures based on F*. The compound molecules for 4.1 and 4.5 are
located on two-fold axes. The compound molecule of 4.2 is located at an inversion center.
The compound molecule of 4.4 is located at a four-fold rotoinversion axis. A coordinated
thf molecule, a half-occupied cocrystallized thf molecule and a quarter-occupied
cocrystallized thf molecule was each located disordered in two positions in a roughly
50/50 site distribution for 4.4. Identification of the oxygen atom positions for the
cocrystallized thf molecules in 4.4 was not possible because of the severe disorder, and

the ring positions were refined with carbon atom identities each approximating a
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[(1/50)/(4/5CH2)] fragment, but the correct empirical formula was used in intrinsic
property calculations. A solvent molecule was each located cocrystallized in the
asymmetric units of 4.1 (thf) and 4.2 (diethyl ether). All non-hydrogen atoms were refined
with anisotropic displacement parameters. All hydrogen atoms were treated as idealized
contributions except the hydride ligand in 4.5 which was located from the difference map
and refined with a riding model. All scattering factors and anomalous dispersion factors
are contained in the SHEXTL 5.10 program library (Sheldrick, G. M., Bruker AXS,

Madison, W1, 1997).

The molecular structure of 4.1, as determined by X-ray diffraction, consists of a Sm,
unit surrounded by the calix-tetrapyrrole ligand. The ligand is centered on the Sm-Sm
vector and adopts a nearly symmetric conformation in which each pair of pyrrole rings at
opposite positions on the macrocycle are almost parallel to one another. Each pair of
rings coordinates one of the two Sm atoms in an 1° fashion, thus assembling a
samarocene-type structure. The two N atoms of each pair of parallel pyrrole rings are
also o-bonded to the second samarium atom, which is therefore connected to the four
pyrrole rings in an 1',n°-bonding fashion. The second set of pyrrole rings displays an
identical arrangement with the second samarium atom. Two chlorides bridge each
samarium and a lithium atom which is, in tumn, coordinated to two molecules of THF.
The coordination geometry about each Sm may be viewed as severely distorted
octahedral, the two c-bonded nitrogens, and the bridging chlorides define, together with
the lithium atom, the equatorial plane, while the two centroids of the two n°-bonded rings

occupy the axial positions.
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Figure 4.1 X-ray Structure of 4.1, (Ets-calix-tetrapyrrole)Sm;{(u-CI):[Li(THF):]}.
2THF
Selected Bond Distances (A) and Angles (°):

Sm-CI(1) = 2.7231(9), Sm-CI(2) =

2.7237(8), CI(2)-Li(1) = 2.354(7), CI(1)-Li = 2.329(6), Li-O(80) = 1.924(7), Li-O(90) =
1.949(7), Sm-C(13) = 2.863(3), Sm-C(5) = 2.970(3), Sm-C(6) = 2.967(3), Sm-N(2) =
2.648(3), SmA-N(1) = 2.654(3), SmA-C(14) = 3.017(3), N(2)-Sm-N(1) = 66.69(8), N(2)-
Sm-CI(1) = 87.68(6), N(1)-Sm-CI(1) = 120.24(5), O(80)-Li-O(90) = 104.2(3), O(80)-Li-

CI(1) = 108.6(3).

Complex 4.2 consists of a symmetry-generated dinuclear molecule with similar structural
parameters to 4.1. The calix-tetrapyrrole ligand bridges two samarium atoms which are

further separated from one another [Sm-Sm = 3.485(0)A] than in the starting chloride
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[Sm-Sm = 3.390(1)A]. The positions of the chloride atoms in complex 4.1 are occupied
by methyl groups which coordinate each samarium atom as well as a lithium atom which
is coordinated to two molecules of THF. Thus 4.2 may be regarded as the MeLi adduct
of (Ets-calix-pyrrole)[Sm(CH;3)]>. The Sm-C bond distances are, within error limits,
similar to those observed in terminally-bonded Sm complexes of the same ligand

system. '’

C(3)

Figure 4.2 X-ray Structure of 4.2, [(Ets-calix-tetrapyrrole)Sm;{(p-

CHs): [Li(THF):1}222Et,O

Selected Bond Distances (A) and Angles (°): Sm-C(20) = 2.582(4), Sm-C(21) = 2.579(3),
Sm-C(4) = 2.885(3), Sm-N(2) = 2.721(3), Sm-C(7) = 2.896(3), SmA-N(1) = 2.706(3),
SmA-C(14) = Sm-N(1) = 2.769(3), Li-C(21) = 2.171(8), Li-C(20) = 2.163(7), SmA-N(1)

=2.706(3), SmA-N(2) = 2.766(3).

The molecular structure of 4.3 is also dinuclear. Similar to 4.1 and 4.2, each

samarium shares the same calix-tetrapyrrole ligand with which it engages in both ¢ and
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n-bonding interactions. Whereas each samarium atom in 4.1 and 4.2 is in a similar
environment, mowever, complex 4.3 is asymmetric. Two chlorides bridge one samarium
atom and a litkhium atom which is solvated by two molecules of THF while the second
samarium atoms bears two molecules of THF. The Sm-Sm distance in 4.3 [3.430(2)A] is

comparable to ghose observed for 4.2 and 4.1.

.c37) Ci38)

Figure 43  Xray Structure of 4.3, (Etg-calix-tetrapyrrole)Smy(THF);(u-
CD:[Li(THF).}

Selected Bond Distances (A) and Angles (°): Sm(1)-N(1) = 2.775(3), Sm(1)-O(1) =
2.589(4), Sm(1)-0(2) = 2.613(4), Sm(1)-N(3) = 2.790(4), Sm(1)-N(4) = 2.798(4), Sm(1)-
N(2) = 2.828(3), Sm(1)..Sm(2) = 3.4300(4), Sm(2)-N(4) = 2.607(3), Sm(2)-N(2) =
2.623(4), Sm(2)-N(1) = 2.744(4), Sm(2)-N(3) = 2.751(3), Sm(2)-Cl(2) = 2.7638(12),

Sm(2)-Cl(1) = 2.8006(11), Sm(2)-C(4) = 2.834(4), CI(1)-Li = 2.370(10), CI(2)-Li =
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2.358(9), O(1)-Sm(1)-0(2) = 73.60(14), O(1)-Sm(1)-N(1) = 92.01(12), N(1)-Sm(1)-N(3)

=165.52(12), C1(2)-Sm(2)-CI(1) = 78.63(3).

Complex 4 is isostructural with the previously reported (Etg-calix-pyrrole){Sm(Et,0)],,
the only notable differences arising from the substitution of two molecules of THF per
each Sm instead of one molecule of diethyl ether. As a consequence, the Sm-Sm distance
[3.4417(9)A] in 4 is slightly longer than that reported for (Etg-calix-pyrrole)[Sm(Et,O)],

[3.3159(5)A].

Figure 4.3 Xray Structure of 4.4, (Etg-calix-tetrapyrrole)Sm;(THF),4

Selected Bond Distances (A) and Angles (°): Sm-O(1) = 2.634(4), Sm-N(1) = 2.748(4),
Sm-N(1A) = 2.865(4), Sm-C(4A) = 2.931(5), Sm-C(1A) = 3.022(4), Sm..Sm(A) =
3.4417(9), O(1)-Sm-O(1A) = 74.2(2), O(1)-Sm-N(1A) = 162.67(16), O(1)-Sm-N(1) =

89.37(15), Sm-N(1)-Sm(A) = 75.62(10).
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The monomeric 4.5 is formed by a samarium atom surrounded by the macrocycle.
Two of the four pyrrole rings are n-bonded to the metal while the other two are coplanar
with samarium and with which they form o-bonds with the two nitrogen atoms. Each of
the pyrrole rings c-bonded to samarium is also n-bonded to one lithium atom. Each of
the two lithium atoms is in turn -bonded to the nitrogen atom of a second ring. Each
lithium atom is also bound to the oxygen atom of a Lienolate moiety. The enolate lithium
atoms are each bound to one molecule of THF as well as to the lithium atom of the other
enolate fragment, thus forming a Li-O-Li-O ring which caps the cavity of the macrocycle
opposite to the samarium atom. The four lithium atoms define a rather regular
tetrahedron. One molecule of THF is bonded to samarium and is placed on the axis
perpendicular to the plane defined by the four nitrogen atoms of the macrocycle. The
hydride was located in the center of the Sm,Li, triangle and is obviously responsible for

the substantial bending of the N-Li-O vector.
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Figure 4.5, Xray Structure of (Ets-calix-tetrapyrrole)(THF)Sm(u-H)[u-
OCH=CH,},Liy(THF); (5.5)

Selected Bond Distances (A) and Angles (°): Sm-N(2) = 2.448(6), Sm-O(1) = 2.600(8),
Sm-N(1) = 2.691(6), Sm-C(1) = 2.795(7), Sm-C(4) = 2.790(7), Sm-C(3) = 2.924(8), Sm-
C(2A) = 2.921(8), O(1)-C(19) = 1.456(10), O(2)-C(21) = 1.453(15), O(2)-Li(1) =
1.757(19), O(2)-Li(2A) = 1.80(4), C(21)-C(22) = 1.374(19), N(2)-Sm-C(1) = 110.8(2),

C(21)-0(2)-Li(1) = 122.9(9), C(22)-C(21)-0(2) = 110.2(13).
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IV.5: Conclusions

The calix-pyrrole ligand is a versatile ligand system, effective in the stabilization of
Sm(II), Sm-alkyl, Sm-chloride, and Sm(IT)/Sm(IIT) dinuclear species. These dinuclear
compounds may be synthesized cleanly and in good yield. Attempts to synthesize a Sm-
calix-pyrrole aluminohydride complex were unsuccessful. Whereas the monomeric Sm-
calix-pyrrole reacts with LiAlH,; to yield the corresponding hydride, the dinuclear
complex undergoes reduction in the presence of LiAlH; to produce either a Sm(Il)
complex or a mixed-valence Sm(II)/Sm(III) complex depending upon the reaction
conditions. The ability of this dinuclear species to undergo either one or two- electron
reduction may demonstrate the potential of these compounds in terms of catalytic
applications. Reaction of the dinuclear methyl complex 4.2 with PhSiHj3 results in
formation of a monomeric hydride, rather than a dinuclear species. Accompanying the
rearrangement was generation of enolate fragments, presumably originating from THF-

cleavage promoted by MeLi released by the samarium center during the reaction.
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CHAPTER YV
The reactions of Sm(II) and Sm(III) complexes of calix-tetrapyrrole with acetylene:

Formation of an "N-confused" calix-tetrapyrrole ring.

V.I: Introduction

The coordination chemistry of divalent samarium supported by Cp-based ligand
systems is characterized by a series of remarkable transformations' that can be
rationalized in terms of carbene-like reactivity. The two electrons necessary for this type
of transformation are typically provided by the cooperative attack of two or more divalent
samarium centers on the same substrate. It is thus surprising that, given the uniqueness of
this chemistry and the potential provided by these systems, information about the
reactivity of divalent complexes based on ligand systems other than Cp derivatives
remains so scarce.

As part of our efforts to develop the chemistry of divalent samarium with
alternative ligand systems, we have been investigating the behavior of divalent samarium
complexes with polypyrrole anions. The results have so far been encouraging. Four novel
dinitrogen complexes have been isolated and characterized by using di- and tetrapyrrole
ligands.? The calix-tetrapyrrole ligand in particular has proven to be rather versatile since
it has allowed for both the reversible fixation® and the encapsulation of dinitrogen into a
SmyLis octahedral cage®. In addition, the sole example in lanthanide chemistry of
reversible fixation of ethylene5 has also been documented with this ligand system.

A few years ago, Evans described the preparation and characterization of

[(C5Me5)2Sm(TI-IF)]2(|,1-n1:n'-Cz) obtained upon reaction of samarocene with acetylene.
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This species contains a C, unit bridging the two samarium centers in an end-on fashion.®
We were particularly attracted by this strange reaction since the C, moiety is
isoelectronic with N> and thus it may provide an interesting and convenient model for
studying the remarkable complexity of factors which promote the fixation and reduction
of dinitrogen. Our primary objective was an assessment of the role of the alkali cations,
invariably retained within the calix-tetrapyrrole frame, which, similar to the case of
dinitrogen reduction, might also play an important role in acetylene activation.

Herein we describe the reactivity of both Sm(II) and Sm(III) calix-tetrapyrrole
complexes with acetylene as well as a rare example of ring isomerization closely
reminiscent of the so-called N-confused systems reported in a few cases in porphyrine

chemistry.
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V.2 : Experimental Section

All operations were performed under an inert atmosphere of a nitrogen-filled
drybox or by using standard Schlenk-type glassware in combination with a nitrogen-
vacuum line. Solvents were dried by passing through a column of Al,O; under an inert
atmosphere prior to use, degassed in vacuo and transferred and stored under inert
atmosphere.  (Ets-calix-pyrrole)(CH:)Sm[Li(THF)[Li(THF),](1’-Cl)}’  (Ets-calix-
pyrrole)(THF)  Sm(p-H)[Li(THF)-3THF,” and (Rs-calix-pyrrole)(L)Sm[Li(THF);]
[Li(THF)]2(u3-OCH=CH;) [R = 1/2 -(CH3)s-, L=THF; R=Et,L = Et,0)° were prepared
according to literature procedures. C¢Ds and THF-d® were dried over Na/K alloy,
vacuum-transferred into ampoules, and stored under nitrogen prior to use. NMR spectra
were recorded on a Varian Gemini 200 and on a Bruker AMX-500 spectrometer using
vacuum sealed NMR tubes prepared inside a drybox. Infrared spectra were recorded on a
Mattson 3000 FTIR instrument from Nujol mulls prepared inside the drybox. Samples for
magnetic susceptibility measurements were carried out at room temperature using a Gouy
balance (Johnson Matthey). Magnetic moments were calculated by following standard
methods® and corrections for underlying diamagnetism were applied to the data’.
Elemental analyses were carried out using a Perkin-Elmer Series I CHN/O 2400

analyzer.

Preparation of ({[-(CH2)s-]4-calix-pyrrole}Sm),(u-C:Lis) ‘THF (5.1a).
The exposure of a deep green solution of {[(-CHa)s-]4-calix-tetrapyrrole}(THF)
Sm[Li(THF)],[Li(THF),;](u;-OCH=CH;) (4.3 g, 3.9 mmol) in hexanes (100 mL) to 1

atm of acetylene turned the color immediately to purple then gradually to light yellow
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over a 20 minute period. Pale yellow 5.1a separated as a fine, microcrystalline solid
upon standing for 3 hours at room temperature (1.5 g, 0.9 mmol, 46%). Crystals suitable
for X-ray were grown at room temperature by layering a concentrated THF solution of
5.1a with hexanes. LR. (Nujol mull, cm™): 3088(w), 2731(W), 2664(w), 1658(w),
1564(w), 1344(s), 1309(m), 1290(s), 1267(s), 1235(s), 1136(m), 1070(s), 1050(s),
983(w), 932(w), 898(s), 876(s), 831(m), 777(s), 735(s), 688(m), 582(m). El. Anal. Calcd
(Found) for CgeHiosNgO SmyLis: C 64.70(64.02), H 6.69(6.36), N 7.029(6.91). pegr =

2.37uz.

Preparation of {(Ets-calix-pyrrole)Sm}.(u-C;Lis)Et;O (5.1b)

A stirred solution of (Etg-calix-tetrapyrrole)(THF)Sm(u-H)[Li(THF)], (2.5 g, 2.2 mmol)
in THF (50 mL) was saturated with acetylene (1 atm, room T). After 30 minutes, the
resulting purple-red solution was evaporated to dryness and the residue was extracted
with diethyl ether (100 mL). After standing for 24 hours at room temperature a mixture
of red crystals of §.2b (32%) as well as colorless crystals of 5.1b (1.0 g, 0.7 mmol, 25%)
was obtained and the two components fractionally separated. El. Anal. Calcd (Found) for
CrsH106NsOSm,Lis: C 62.44(62.42), H 7.12(7.37), N 7.47 (7.16). LR. (Nujol mull, cm™)
v: 3083(w), 2736(w), 2610(w), 1660(w), 1578(w), 1360(s), 1323(m), 1281(s), 1270(s),
1155(m), 1075(s), 1030(s), 965(w), 933(w), 895(m), 855(s), 830(m), 760(m), 730(s),
680(m). ). H'-NMR (d®-THF, 500 MHz, 23°C) 8: 6.20, 5.96 (two pseudod., pyrrole rings
4H and 4H), 2.17, 4.56, 3.17 (broad s, m, and quadruplet for CH3 and CH; groups of two
ethyl group, 12H, 4H, 4H), 1.75, 3.58, 2.02 (broad s, m, broad quadruplet for CH; and

CH; groups of four ethyl group, 24H, 8H, 8H), 0.65, 1.95 (sharp triplet, broad quadruplet
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for CH3; and CH,; groups of two ethyl group, 12H, 8H), 1.10, 3.25 (t and quadruplet for
CH; nad CH, groups of ether, 6H and 4H). C'*-NMR (d3-THF, 125.72MHz, 23°C) &:
105.45, 92.05 (CH pyrrole), 10.63, 8.81, 27.73 (CH; of ethyl groups), 34.24, 28.63, 26.01
(CH,; of ethyl groups), 28.13, 8.41 (CH; and CHj, ether), 189.98, 135.08 (ring quaternary

C atroms). peg= 2.45 pg.

Preparation of {(Ets-calix-pyrrole)SmLi[Li(thf)],(1*>-OCH=CH,)},(u,n°n' *-
HC=C=C=CH) (5.2b)

Method A: The exposure of a solution of (Ets-calix-pyrrole)(Et;O)Sm[Li(THF)],[Li
(THF),](1*-OCH=CH,) (1.3 g, 1.2 mmol) in diethyl ether (100 mL) to acetylene (1 atm,
room T) instantly turned the color to purple-red. After standing at room temperature for
2 days, cherry-red crystals of 5.2b separated (0.8 g, 0.4 mmol, 66%). LR. (Nujol mull,
cm) 3072(w), 2722(w), 1589(w), 1539(m), 1324(s), 1286(w), 1260(s), 1244(s),
1208(w), 1152(m), 1132(m), 1104(m), 1041(s), 971(m), 922(m), 889(s), 835(s), 781(s),
747(s), 672(w). El. Anal. Calcd (Found) for CgeH,36LisNgOsSmy: C 62.64(62.44), H
7.45(7.56), N 6.09(5.93). ). H'-NMR (d®-THF, 500 MHz, 23°C) &: 6.31 (s, pyrrole rings,
8H), 3.35, 1.35 (two broad s, coordinated THF, 16H, 16H), 2.25, 2.30, 4.35 (three broad
multiplets, CH3 and CH; of four ethyl groups, 12H, 4H, 4H), 0.10, 1.01, 2.12 (three broad
multiplets, CH; and CH, of four ethyl groups, 12H, 4H, 4H), 4.55 (broad s, CH
butatrienyl, 1H), enolate resonances could not conclusively be located. C"3.NMR (ds-
THF, 125.72MHz, 23°C) &: 96.19 (CH pyrrole), 25.31, 27.28 (CH, THF), 10.14, 30.19

(CH; and CH; of four ethyl groups), 7.81, 28.19 (CH; and CH; of four ethyl groups),
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100.53 (CH butatrienedyil group), 169.23, 150.51, 98.79, 49.50 (quaternary C atoms).

Megr = 2.54 pg.

Method B: A solution of (Etg-calix-pyrrole)(CH3)Sm[Li(thf)Jo[Li(thf)](u>-Cl) (2.5 g, 2.4
mmol) in THF (100 mL) was exposed to acetylene (1 atm, room T) causing a colour
change to purple-red. After stirring the solution for 2 hours at room temperature, the
solvent was evaporated to dryness and the residue extracted with diethyl ether (100 mL).
After filtration to remove a small amount of insoluble solid, the solution was allowed to
stand at room temperature. After 24 hours a mixture of 5.2b (34%) as well as 5.1b (30%)
separated. The products were identified on the basis of their analytical, spectroscopic and

crystallographic properties.

Preparation of {[(Ets-calix-pyrrole*)Sm][Li(thf).]}, (5.3b)

The mother liquor of the above preparation (method A) was allowed to stand at room
temperature for 7 days resulting in the separation of large, bright yellow crystais of 5.3b
(0.15 g, 0.09 mmol, 15%). El. Anal. Calcd (Found) for CggH;24NgOsSm;Li: C
63.19(63.42), H 7.47(7.97), N 6.70 (6.76). LR. (Nujol mull, cm™) v: 3080(w), 2730(w),
2600(w), 1640(w), 1568(w), 1340(s), 1300(m), 1295(s), 1260(s), 1125(m), 1075(s),
1030(s), 980(w), 930(w), 895(s), 875(s), 830(m), 770(s), 730(s), 688(m). H'-NMR (d?-
THF, 500 MHz, 23°C) &: 6.95 (s, CH pyrrole, 1H), 6.37 (s, CH pyrrole, 2H), 5.95 (broad
s, CHj; ethyl, 6H), 5.81(s, CH pyrrole, 1H), 5.03 (s, CH pyrrole, 2H), 4.67 (s, CH pyrrole,
1H), 4.07 (s, CH pyrrole, 1H), 3.59 (broad s, CH, THF, 16H), 3.40 (q, CH, ethyl, 1H),
2.44 (broad q, CH; ethyl, 1H), 2.13 (q, CH; ethyl, 4H), 1.73 (bs, CH,; THF, 16H), 1.50 (q,

CH; ethyl, 1H), 1.41 (t, CH; ethyl, 6H) 1.06 (tt, CH; ethyl 3H), 0.78 (broad q, CH; ethyl,
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1H), 0.62 (q, CH; ethyl, 4H), 0.61 (q, CH: ethyl, 1H), 0.60 (q, CH; ethyl, 2H), 0.52
(broad q, CH; ethyl, 1H), 0.09 (t, CH; ethyl, 3H), -1.53 (broad s, CHj; ethyl, 3H), -4.56
(broad s, CHj ethyl 3H). CB3.NMR (d?-THF, 125.72MHz, 23°C) &: 10.69, 9.75, 9.55,
9.21, 8.84, 8.30, 7.90, 7.04 (Me ethyl), 28.73, 30.99 (CH; ethyl), 105.44, 99.81 (CH
pyrrole), 50.77 (quaternary C ring), 68.22, 26.38 (CH; THF). Quaternary carbon atoms of

pyrrole could not be located. pesr = 2.57 pug.

V.3 : Results and Discussion

The exposure of a dark emerald green solution of [{(-CH.)s-}s-calix-
pyrrole) }(THF)Sm {Li(thf), {Li(thf);} (u;-OCH=CH,)]’ in hexane to an excess of
acetylene gas resulted in a sudden color change to dark purple. However, upon a period
of minutes at room temperature the solution discolored to originate a pale yellow solution
from which nearly colorless crystals of a new complex [({-(CHa)s-}4-calix-
pyrrole)Sm[Li(THF)2]>(n-CzLis) (5.1a) separated (Scheme 5.1). The formation of the
trivalent 5.1a implies the one electron oxidation of two Sm(I) starting complexes. Thus,
given that equivalent amounts of H, gas were released during the reaction, it is
reasonable to envision the reaction as resulting from the cooperative oxidative addition of
two divalent metal centers on the same acetylene molecule to form an intermediate
hydride/acetylide species. The formation of an intense purple color during the first
minutes of the reaction time strongly indicates the formation of an intermediate species.

Subsequent elimination of H (probably driven by the a relatively high acidity of the
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acetylide residual hydrogen atom) and dissociation of Li(enolate) affords the final

compound.

Scheme 5.1

N\

The structure of 5.1a as revealed by an X-ray diffraction analysis shows some
interesting structural analogies with the encapsulated dinitrogen complex’ of the same

ligand system. Even in this case, the C; unit is encapsulated within a rather regular
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Sm;,Lis octahedron. Different from N,, however, the C, unit is placed end-on with respect
to the two Sm centers and side-on with respect to the four lithium cations. Also in
contrast to the encapsulated dinitrogen complex, the C-C distance is very short and is
indicative of minimal extent of acetylene reduction. The light color of 5.1a, as well as
magnetic susceptibility data (u.er = 2.37up per dimer) also confirms the presence of two
trivalent Sm centers and are consistent with the presence of an intact C-C triple bond.

Reaction carried out under identical conditions but with (Ets-calix-pyrrole)
(EtzO)Sm[Li(THF)]2[Li(THF)2](;,L3-OCH=CH2)5 and acetylene also resulted in an instant
color change from green to dark purple-red. In this case, however, the intense color
persisted and cherry-red crystals of a new compound formulated as {[(Etg-calix-
pyrrole)SmLi][Li(thf)]o(1*-OCH=CH,)}2(it,>,' >-HC=C=C=CH) (5.2b) were isolated in
good yield and analytically pure form from diethyl ether (Scheme 5.1). The complex is
obviously formed by the coupling of two acetylene molecules accompanied by the release
of H,. The reaction may be rationalized in terms of formation of the same {[(Ets-calix-
pyrrole)SmLi][Li(thi)]z(p3-OCH=CH2)}2(p—CCH)(p—H) intermediate which, in the case
of the cyclohexyl derivative, led to the formation of 5.1a. However, metathesis of a
second molecule of acetylene, instead of H, elimination, presumably results in a dimeric
{[(Ets-calix-pyrrole)SmLi][Li(thf)]> (1’ -OCH=CH,)}2(p—CCH), complex which
isomerizes to generate S.2b.

Surprisingly, both reactions proceed selectively towards the formation of the two
compounds regardless of variations in solvent system or temperature. In neither case was
it possible to isolate the purple intermediate even by carrying out the reactions at -78°C,

nor did we observe evidence for the presence of other compounds in the reaction
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mixtures. Both S.1a and 5.2b showed no signs of reactivity with H, while both
compounds were found to be indefinitely stable at 70°C.

Considering the close steric and electronic similarity between the two calix-
tetrapyrrole ligands, the only explanation for the diversity of the reaction pathways relies
on kinetic factors. We propose that the formation of the two compounds results from two
different reaction pathways of the same intermediate. Obviously, the nature of the
substituents plays an important role in modifying the activation energies of the two
competitive processes (dehydrogenation versus methathesis/coupling) thus determining,
in the end, the nature of the final product. The situation is closely reminiscent of the
behavior of the same compounds with dinitrogen to the extent that the degree of N>
activation is extremely sensitive to the nature of the ligand substituents. Whereas labile
fixation of N> occurs when R = 1/2 -(CH,)s-, irreversible N, reduction with considerable
increase in the N-N distance occurs when R = Et. It should also be reiterated that both
Sm(II) calix-tetrapyrrole systems [R = Et, 1/2 -(CH_)s-] form isostructural m-complexes
with ethylene. Although in both cases the ethylene moiety is symmetrically n-bonded
between the two Sm(calix-pyrrole) units, the extent of ethylene fixation is remarkably
sensitive to the nature of the substituents.

As mentioned in Scheme 5.1, a key intermediate in the formation of both 5.1a and
5.2b may be a trivalent hydride species. In order to probe this possibility, we explored the
reactivity of the recently prepared trivalent samarium hydride and alkyl tetrapyrrole
derivatives’ with acetylene. Treatment of either (Ets-calix-pyrrole)(THF)Sm(u-H)[Li
(THF)]> or {(Etg-calix-pyrrole)CH3Sm[Li(TI-IF)]z[Li(TI-IF)](p3-Cl)} with acetylene

resulted in rapid reactions from which similar mixtures of the two complexes in similar
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ratios, the colorless [(Ets-calix-pyrrole)Sm],[pu-LisC,] (5.1b) and the bright-red {[(Ets-
cah'x—pyrrole)SmLi][Li(THF)]z(us-OCH=CH2)}(p,nz,n' -HC=C=C=CH) (5.2b), were

obtained in crystalline form and acceptable yield (Scheme 5.2).

Scheme 5.2

HC=CH

Even in this case the reaction was very sensitive to the nature of the ligand

substituents. As in the case of the reaction of Sm(II) complexes with acetylene, the
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formation of 5.2b resulting from partial dehydrogenation and dimerization of two
acetylene molecules was observed only in the case where R = Et. Conversely, when R =
1/2 -(CHa)s-, complex 5.1a was the only product isolated from clean reactions involving
either Sm(II), Sm-alkyl, or Sm-hydride precursors. The fact that the same products
obtained from the reaction of the divalent samarium compounds with acetylene were also
obtained by using Sm(III) precursors supports the idea that indeed a Sm-hydride is
involved in the reactivity of divalent samarium with acetylene. However, although the
formation of the butatrienedyil moiety of 5.2b from a Sm(III) hydride or alkyl can be
easily explained in terms of carbenoid-type coupling of two Sm-acetylide moieties, its
formation implies the presence of Li(enolate) which, in contrast to the Sm(II) reagents, is
absent in the samarium hydride and methyl compounds. The Li(enolate) unit arises from
THF cleavage which can be achieved through either radical or anionic attack involving
either the THF a-hydrogen or B-carbon atoms (Scheme 5.3). Both processes afford, in

addition to the enolate anion, a mixture of ethylene/H, or ethane, respectively.

Scheme 3

H " l
H + THJ

I CH3

Lit
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It is not uncommon to find these products altogether in reaction mixtures where THF
cleavage occurs as a result of lack of selectivity. The THF cleavage process also may be
favored by the coordination of Lewis acids to the oxygen atom. Obviously the trivalent
Sm-R [R = H, Me] compounds used in this work cannot be responsible per se for the
formation of the two enolate anions present in 5.2b since both are indefinitely stable in
THF even at higher temperatures. The process leading to the formation of 5.1 also
cannot be responsible, since the two lithium atoms present in the structure of the Sm-R
reagents must be retained in the structure of S.1a,b and therefore cannot be made
available for THF cleavage. Thus the presence of the enolate fragment in 5.2b implies
that another product must be formed during the reaction with acetylene. In other words,
the reaction must necessarily also lead to the formation of another species in which both
the hydride (or alkyl) group and the lithium cation participate in forming Li(enolate).

Accordingly, a third product (5.3b) was isolated in low yield (7%) from the mother
liquor of the reaction of (Etg-calix-pyrrole)(thf)Sm(u-H)[Li(thf)], with acetylene
(Scheme 5.4). Its structure, as indicated by X-ray analysis, is unique in the sense that the

ligand has undergone of a a—3 migration of the alkyl chain.
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Scheme 5.4
H
sI [
4% HC=CH
Li Li
R=Et

isomerization

The reorganized calix-tetrapyrrole macrocyle of 5.3b is reminiscent of the "N-
confused porphyrins'® isolated by Furuta'® and Latos?® and whose rational synthesis was
more recently achieved by Dolphin.?! Given the low yield, the possibility that the
presence of the N-confused calix-tetrapyrrole may be caused in this case by adventitious
(yet reproducible) carrying on from the original ligand preparation cannot be
conclusively excluded. However, it should be reiterated that 5.3b was isolated after four
subsequent reactions, and purification of zhree different precursors. Thus, assuming that
the formation of 5.3b is indeed triggered by the reaction with acetylene, questions arise

about the factors that promoted the isomerization of the macrocycle with consequent
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assembly of the dinuclear structure. At this stage we cannot offer a detailed explanation
for the formation of 5.3b. However, the possibility that the rearrangement could be
triggered by attack on the pyrrole B-hydrogen by one strongly basic function (perhaps a
vinyl formed via insertion of acetylene into the Sm-H bond) followed by chain shifting
can be confidently ruled out. The recently characterized trivalent (calix-tetrapyrrole)Sm-
vinyl, isostructural with the methyl derivative used in this work, rather produces a Sm(II)
species upon thermolysis.” Thus, we can only observe that the formation of 5.3b from the
hydride samarium complex during the reaction with acetylene implies the formal
dissociation of a LiH unit followed by ring reorganization. A LiR [R = H, alkyl] unit is
precisely what is necessary for the cleavage of a THF molecule and the formation of the

Li(enolate) present in 5.2b, as well as balancing the overall stoichiometry of the reaction.

V.4 : X-ray Crystallography

Suitable crystals were selected, mounted on thin, glass fibres using paraffin oil
and cooled to the data collection temperature. Data were collected on a Bruker AX
SMART 1k CCD diffractometer using 0.3° o-scans at 0, 90, and 180° in ¢. Unit-cell
parameters were determined from 60 data frames collected at different sections of the
Ewald sphere. Semi-empirical absorption corrections based on equivalent reflections
were applied. '

Systematic absences in the diffraction data and unit-cell parameters were uniquely
consistent with the reported space group. The structures were solved by direct methods,

completed with difference Fourier syntheses and refined with full-matrix least-squares
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procedures based on F2. A molecule of cocrystallized diethyl ether solvent was located in
5.1a. The compound molecule of 5.3b and two symmetry-unique compound molecules of
5.2b were located at inversion centres. All non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogen atoms were treated as idealized
contributions. All scattering factors and anomalous dispersion factors are contained in
the SHEXTL 5.03 program library (Sheldrick, 1997, WI.). Crystal data are summarized
in the Appendix,Table 4.

Complex 5.1b is dinuclear with two calix-tetrapyrrole Sm units bridged by a
C;Li4 fragment. The calix-tetrapyrrole ligand surrounds the samarium atom by adopting
the characteristic basket-like conformation. The coordination geometry of Sm is distorted
pseudo trigonal bipyramidal. Two centroids of two n-bonded pyrrole rings occupy the
equatorial positions together with a carbon atom from the bridging carbide, while the
other two nitrogen atoms of two o-bonded pyrroles are located on the axial plane [N(2)-
Sm(1)-N(3) = 88.14(19)°, N(5)Sm(2)-N(7) = 163.5(2)°, N(1)-Sm(1)-C(81) = 74.1(2)°,
N(5)-Sm(2)-C(82) = 81.2(2)°]. The dinuclear structure is held together by a nearly linear
C> unit [Sm(1)-C(81)-C(82) = 179.3(7)°; C(81)-C(82)-Sm(2) = 178.7(7)°] which bridges
the two samarium atoms in an end-on fashion. The C-C distance [C(81)-C(82) =
1.224(10)A] compares well with that observed in other lanthanide carbide complexes'!
and is only slightly longer than that observed in free acetylene [1.205A]"%. The Sm-C
bond distances [Sm(1)-C(81) = 2.559(8)A, Sm(2)-C(82) = 2.578(8)A] are, within error
limits, similar to those observed in terminally bonded and alkyl bridged Sm complexes of
the same ligand system.”!* The four lithium cations are located in the region between the

two Sm(calix-tetrapyrrole) units forming a flattened tetrahedron bisected by the Sm-CC-
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Sm vector. The lithium atoms are asymmetrically side-on connected to the two carbon
atoms of the C, unit forming both short and long Li-C distances [Li(1)-C(82) =
2.353(15)A, Li(1)-C(81) = 2.530(15)A, Li(2)-C(81) = 2.292(15)A, Li(2)-C(82) =
2.504(15)A]. In addition, they are also connected to the pyrrole nitrogen atoms of two
separate Sm(calix-tetrapyrrrole) units [Li(3)-N(6) = 2.082(16)A, Li(2-N(3) =

2.080(14)A, Li(1)-N(8) = 2.099(15)A] using both o- and n-interactions.

Fig. 5.1. X-ray Structure of 5.1b, {(Ets-calix-pyrrole)Sm},(u-C;Li) Et;O
Selected Bond Distances (A) and Angles (°): C(81)-C(82) = 1.224(10), Sm(1)-C(81) =
2.559(8), Sm(2)-C(82) = 2.578(8), Li(1)-C(82) = 2.353(15), Li(1)-C(81) = 2.530(15),
Li(2)-C(81) = 2.292(15), Li(2)-C(82) = 2.504(15), Li(3)-N(6) = 2.082(16), Li(2)-N(3) =

2.080(14), Li(1)-N(8) = 2.099(15), N(2)-Sm(1)-N(3) = 2.639(6), N(5)-Sm(2)-N(7) =
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163.5(2), N(1)-Sm(1)-C(37) = 74.1(2), N(5)-Sm(2)-C(82) = 81.2(2), Sm(1)-C(81)-C(82)

=179.3(7), C(81)-C(82)-Sm(2) = 178.7(7).

Complex 5.2b is a symmetry-generated dimer with each samarium atom
surrounded by one calix-tetrapyrrole ligand. The macrocycle ligand adopts the usual
conformation by arranging the four pyrrole rings in both o- and m-bonding fashions
around the samarium center. On the opposite side of the cavities defined by each of the
calix-tetrapyrroles, three lithium atoms, all bridged by an enolate fragment, are either o
or n-bonded [Li(3)-C(22) = 2.137(18)A, Li(2)-N(2) = 1.985(13)A] to the pyrrole rings of
the ligand. One C4H> moiety is located between the two metal centers, holding together
the dinuclear core. Similar to the molecular structures of (Cp*2M),(u-RC4R) (M = La, R
=Ph', M = Sm, R = Ph'’, M = La, R = Me'5, M = Ce, R = tBu'®), the four bridging
carbon atoms are coplanar with the two Sm atoms and form a fully conjugated bridge
[C(37)-C(38) = 1.295(9) A, C(37)-C(37A) = 1.298(14)A]. Samarium is primarily bound
to the terminal carbon atom of the C,4 bridge [Sm(1)-C(38) = 2.426(7)A, Sm(1)-C(37) =
2.734(7)A]. The Sm-C bond distances are within the estimated standard deviations of the
range of those found for analogous lanthanide species with substituted alkynes. The
crystal structure was of sufficient quality to locate and refine the hydrogen atoms
attached to the coordinated butatrienediyl group. The hydrogen atoms attached to each
terminal carbon are located trans to one another in the SmC,; plane and point in the
opposite direction with respect to the neighbouring samarium atom resulting in a formal
sp” hybridization of each terminal carbon. Similar to other compounds of this type, and in

contrast to the dilithiated butatrienediyl!’, the bridging C. fragment is bent [C(38)-C(37)-



124

C(37A) = 155.0(10)°]. This may be attributed to secondary interactions between
samarium and the internal carbon atoms of the bridge [Sm(1)-C(37A) = 3.076(7)A], the

sum of the ionic radii of which are within those expected for a Sm-C bond.

9.,

@/)" X)
2%

e

Fig. 5.2b, {(Ets-calix-pyrrole)SmLi[Li(thf)].(1*-OCH=CH:)}»(1,n%,n" *-
HC=C=C=CH)

Selected Bond Distances in angs (A) and Angles in deg (°): Sm-N(1) = 2.781(6), Sm-
C(1) =2.777(7), Sm-C(2) = 2.854(6), Sm-C(3) = 2.825(7), Sm-C(4) = 2.796(7), Sm-N(2)
= 2.458(6), Sm-N(4) = 2.455(6), Sm-N(3) = 2.659(6), Sm-N(1A) = 2.479(5), Li-N(3) =

1.985(14), N(1A)-Sm-N(2) = 99.49(19).

Complex 5.3b is also dinuclear and is formed by two identical {[(Ets-calix-
pyrrole)Sm]{[Li(THF),]} units in which one of the pyrrole rings has undergone a a—f

migration of the alkyl chain. This new macrocycle adopts the usual geometry with two of
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the four pyrrole rings in a m-coordination bonding mode with respect to Sm while the
other two are comnected to samarium via Sm-N c-bonds [Sm(1)-N(3) = 2.659(6)A,
Sm(1)-N(1) = 2.781(6)A, Sm(1)-N(1A) = 2.479(5)A]. The nitrogen atom of the
“confused” pyrrole is bonded to the samarium atom of a second identical unit, thus
assembling the dinuclear structure. Two lithium cations located trans to one another and
at opposite ends of the molecule are o-bonded to the nitrogen atom of one pyrrole ring
macrocycle. Each lithium is ¢ bonded to one of the two N-confused pyrrole rings [Li-
NQ@3) = 1.985(14)A] and which, in turn, is w-bonded to samarium. Two molecules of

THF complete the coordination environment of each trigonal planar lithium.

Fig. 5.3. X-ray Structure of 5.3b, {{(Ets-calix-pyrrole*)Sm}[Li(thf);]}.
Selected Bond Distances in angs (A) and Angles in deg (°): Sm-N(1) = 2.781(6), Sm-
C(1) =2.777(7), Sm-C(2) = 2.854(6), Sm-C(3) = 2.825(7), Sm-C(4) = 2.796(7), Sm-N(2)

= 2.458(6), Sm-N(4) = 2.455(6), Sm-N(3) = 2.659(6), Sm-N(1a) = 2.479(5), Li-N(3) =
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1.985(14), N(1a)-Sm-N(2) = 99.49(19), N(1a)-Sm-N(4) = 129.8(2), N(2)-Sm-N(4) =

130.66(19).

V.5: Conclusions

The type of reactivity observed with Sm(II) calix-pyrrole species and acetylene is
strongly dependent upon the nature of the bridging substituent on the ligand. Acetylene
double metallation to form a bridging C, unit or partial dehydrogenation and coupling to
form a butatrienediyl derivative, are simply the result of the different nature of the
substituents located on the macrocycle ring. The remarkable selectivity of these reactions
is likely to be ascribed to kinetic factors since both reactions seem to proceed via the
same dark purple Sm(III) hydride/acetylide intermediate. In addition, the close similarity
with the reaction of Sm-alkyl and hydride with acetylene reinforces the observation that
the +2 oxidation state is not necessary for either the coupling or the metallation processes
to occur. Conversely, the cooperative interaction of two divalent samarium centers is
probably necessary for performing oxidative addition on the acetylene C-H bond.
Reaction of the trivalent hydride (Ets-calix-pyrrole)(thf)Sm(u-H)[Li(thf)], with acetylene
results in a mixture of products, the most unique of which arises from a complicated

ligand reorganization possibly promoted by the formal dissociation of LiH.
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CHAPTER VI

Reversible fixation of ethylene promoted by a Sm" calix-pyrrole enolate complex.

VL1: Introduction

The chemistry of lanthanides became a very important field of inorganic
chemistry and received a major development only in the eighties when a series of reports
describing the unique richness and variety of reactivity of Sm" rejuvenated the interest in
this field.! These findings acted as a powerful stimulus to promote a wide range of
chemical research in the chemistry of lanthanides.? Cyclopentadienyl and related ligands
were used to develop the major part of the chemistry of Sm".> Given the caliber of
transformations afforded by Cp*,Sm, it is not surprising that several attempts have been
made to prepare complexes of divalent samarium in different ligand environments.*
However, in spite of interesting progresses made in this direction,’ so far no other ligand
system has been able to display the same variety of reactivity as discovered with
decamethylsamarocene.

Attempts to isolate a Sm" complex of a calix-pyrrole ligand® led to the isolation of
a unique case of encapsulation of dinitrogen into a Sm,Lis cage.” The rarity of this
transformation and the considerable extent of reduction of N indicated that this ligand
system is perhaps a valid alternative to the Cp systems. In this chapter we wish to report
the isolation and characterization of Sm" complexes of two calix-pyrrole ligands and
their reaction with ethylene which provides the first example of reversible ethylene

fixation in lanthanide chemistry.®



130

VIL.2: Experimental Section

All operations were performed under an inert atmosphere of a nitrogen-filled
drybox or by using standard Schlenk-type glassware in combination with a nitrogen-
vacuum line. Solvents were dried by passing through a column of Al,O; under an inert
atmosphere prior to use, degassed in vacuo and transferred and stored under inert
atmosphere. SmCI;(THF),®, SmIL(THF),'® and [(Rs-calix-pyrrole) {Li(THF)}4] (R = Ets,
{-(CH:)s-}0.5) were prepared according to literature procedures. C¢Ds and THF-d® were
dried over Na/K alloy, vacuum-transferred into ampoules, and stored under nitrogen prior
to use. NMR spectra were recorded on a Varian Gemini 200 and on a Bruker AMX-500
spectrometer using vacuum sealed NMR tubes prepared inside a drybox. Infrared spectra
were recorded on a Mattson 3000 FTIR instrument from Nujol mulls prepared inside the
drybox. Samples for magnetic susceptibility measurements were carried out at room
temperature using a Gouy balance (Johnson Matthey). Magnetic moments were
calculated by following standard methods'' and corrections for underlying diamagnetism
were applied to the data'’. Elemental analyses were carried out using a Perkin-Elmer

Series IT CHN/O 2400 analyzer.

Preparation of {({-(CH:)s-}os-calix-pyrrole)(THF)Sm[Li(THF)];[Li(THF).] (*-
CD}(Et; O)15(6.2b)

A suspension of SmCI3;(THF); (3.20 g, 6.80 mmol) in THF (150 mL) was treated with
colorless (Rg-calix-pyrrole)(LiTHF)s [R = {-(CH)s-}0s] (6.80 mmol). The resulting
golden yellow suspension was heated gently for about 10 minutes and stirred at room

temperature for 2 hours. Lithium foil (70 mg, 10 mmol) was added to the reaction
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mixture under Ar. The color changed from yellow to deep green over 30 minutes. After
stirring for 18 hours the solvent was removed in vacuo and the resulting deep green solid
residue was extracted with diethyl ether (75 mL). After concentration to small volume
(50 mL) and standing at —30°C overnight, large dark green crystals of 6.2b separated
(75%). Crystals suitable for X-ray analysis were grown at room temperature upon
cooling a concentrated THF solution. LR. (Nujol mull, em?) v = 3090(w), 2730(w),
2662(w), 1550(w), 1355(m), 1315(w), 1286(s), 1270(s), 1256(s), 1191(s), 1140(m),
1074(s), 970(m), 845(m), 780(s). El. Anal. Calcd (Found) for SmLi;CICssHgoNs = C

62.28(63.22), H 7.47(8.31), N 5.19 (5.88). pegr = 3.70 pia.

Preparation of {(Ets-calix-pyrrole)(Et;O)Sm[Li(THF)],[Li(T HF)z](;f-
LiOCHCH,)}(Et; O),.5(6.3a)

A similar procedure to that described for 6.2b was followed for this preparation. Yield
79%. LR. (Nujol mull, cm™) v = 3090(w), 2723(w), 1625(m), 1585(m), 1322(s), 1260(s),
1195(s), 1156(w), 1104(w), 1046(s), 975(s), 925(w), 888(s), 799(s), 756(s). El. Anal.
Calcd (Found) for Sm,LigC10sH166NsO9 = C 62.06(61.94), H 8.21(7.91), N 5.56 (5.57).
Hefr = 3.62 ug 'H-NMR [500 MHz, C¢Ds, 23°C] & = 14.53 (s, 4H, CHpyn), 14.22 (broad s,
4H, CH,; ether), 8.73 (s, 4H, CHpyrr), 5.35 (t, 6H, CH; ether), 3.85 (broad s, 8H, THF),
3.75 (s, 4H, CH, ethyl), 1.20 (s, 4H, CH; ethyl), 0.97(s, 8H, THF), -2.98 (s, 12H, CH;
ethyl), -4.67 (broad s, 1H, enolate), -5.01 (s, 12H, CH; ethyl), -6.95 (broad s, 1H,

enolate), -7.03 (s, 8H, CH; ethyl), -15.62 (broad s, 1H, enolate).
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Preparation of [(Rs-calix-pyrrole)[(CH,=CHO)Li}[Li (THF)];Sm],(u-CH,CH?)

(6.4a,b)

A stirred solution of SmI,(THF), (2.0 g, 3.65 mmol) in THF (75 mL) was treated with
(Rs-calix-pyrrole)Lis (2.23 g, 3.66 mmol). The resulting reddish-brown solution was
refluxed for 2 hours then stirred at room temperature overnight. The solvent was
removed in vacuo yielding a deep green solid residue which was extracted with hexane
(100 mL). Upon exposure of the deep green hexane solution to 1 atm of ethylene the
color changed to a lighter green. After standing at room temperature for 2 days, light
green crystals of 6.4b separated (1.5 g, 0.78 mmol, 43%). LR. (Nujol mull, cm) v =
3088(w), 2731(w), 2664(w), 1564(w), 1350(m), 1309(s), 1267(s), 1240(s), 1185(s),
1140(m), 1070(s), 1040(s), 978(m), 898(s), 877(s), 830(m), 777(s), 740(s), 690(m). ElL
Anal. Calcd (Found) for Sm,LisCi02H3806Ng: C 62.08(61.30), H 7.65(7.00), N
6.16(5.45). pterr = 1.40 up. A similar procedure was followed for the preparation of 6.4a.
Yield (39%). The extreme air-sensitivity and spontaneous loss of ethylene prevented
obtaining satisfactory analytical data. "H-NMR [500 MHz, CsDs, 23°C] § = 19.08 (br.s,
2H, ethylene), 18.97 (br. s, 2H, ethylene), 8.60 (br. s, 8H, THF), 7.17 (s, 16H, CH
pyrrole), 4.01 (br.s, 8H, CH; ethyl), 3.47 (br.s, 8H, THF), 2.13 (br.s, 8H, CH; ethyl), 1.25
(br.s, 8H, CH; ethyl), 1.22 (br.s, 8H, CH; ethyl), -0.66 (br.s, 24H, CH; ethyl), -2.68 (br.s,
24H, CH; ethyl), -4.53(br.s, 2H, enolate), -6.75(br.s, 2H, enolate), -15.60 (br.s, 2H,

enolate).
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VL.3: Results and Discussion

Reduction of (Rg-calix-pyrrole)ClSm[Li(TI-IF)]z[Li(THF)z](p3 -C]) [R =Et (6.1a),
{~(CHz3)s-}0.s (6.1b)]” with lithium under Ar formed dark green solutions. The result of
the reduction reaction depended on the aliphatic chains attached to the macrocycle. Two
compounds formulated as {(Rg-calix-pyrrole)(L)Sm[Li(THF)]2[Li(THF):](1>-X)} (Et2
0O)15 [R = {-(CHy)s-}0.5s, X =Cl, L = THF (6.2b); R = Et, X = OCHCH,, L = ether (6.3a)]
were isolated in good yield and characterized in both cases (Scheme 6.1). In the case of
the octaethyl derivative the enolate group, probably arising from a THF cleavage
process13 replaced the Cl anion. Reaction of the tetralithium salts of both ligands'*%*
with SmI,(THF), afforded low yield of the two isomorphous enolate derivatives 6.3a and
6.3b. Both complexes are paramagnetic. Informative NMR spectra were obtained only in

the case of 6.3a.

Both enolate Sm" derivatives 6.3a and 6.3b react reversibly with ethylene through
a fast reaction, the extent of which depends on the nature of R. Upon exposure to
ethylene, the initially dark green color persists in the case of 6.3a but becomes light green
in the case of 6.3b. Light green paramagnetic crystals of [(Rs-calix-
pyrrole)[(CH,=CHO)Li][Li (THF)]>Sm]>(p-CH,CH,) (6.4a,b) may be isolated in good
yield. The magnetic moment measured at room temperature for 6.4b [1ey= 1.40 upMm per
metal center] supports the premise that complete oxidation to Sm™ occurred. In each case

crystals suitable for X-ray analysis were obtained.



134

Scheme 6.1

dinitrogen complex

N

Sml; + (Cys-calix-pyrr)Lig

[R =Et(a), {-(CHy)s-}os (b)]

In spite of the presence of a significant Sm-Cenyiene -bond character, the fixation
of ethylene is a reversible process as indicated by the behavior of solutions of both 6.4a
and 6.4b. Addition of pale green crystals of 6.4 to C¢Ds originated dark green solutions
where the peak of free ethylene was clearly visible at 5.23 ppm. In addition, the
resonances characteristic of 6.2 were also clearly identified in the NMR spectrum
although partly overlapping with the resonance of 6.4. Conversely, subsequent saturation
of the same NMR tube with ethylene conferred the characteristic pale green color to the
solution in the case of 6.4a, while the resonances of the enolate starting complex

disappeared. In the case of 6.4b, however, the solutions always remained dark green and
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the peaks of the starting 6.3b were invariably present in the NMR spectra. The peaks of
coordinated ethylene in complex 6.4a were clearly identified by using C;D4 and are
present as two resonances of equal intensity at 19.08 and 18.97 ppm in the ’H-NMR
spectrum.

In spite of the dominant o- character of the Sm-Cehyiene bond, this complex does
not insert further ethylene under normal reaction conditions and does not perform
polymerization which strikingly contrasts with the fact that decamethylsamarocene is an

ethylene polymerization initiator."?

V1.4: X-ray Crystallography
Suitable crystals were selected, mounted on thin, glass fibres using paraffin oil
and cooled to the data collection temperature. Data were collected on a Bruker AX
SMART 1k CCD diffractometer using 0.3° w-scans at 0, 90, and 180° in ¢. Unit-cell
parameters were determined from 60 data frames collected at different sections of the
Ewald sphere. Semi-empirical absorption corrections based on equivalent reflections
were applied. Crystallographic details are presented in the Appendix, Table 5.
Systematic absences in the diffraction data and unit-cell parameters were uniquely
consistent with the reported space group. The structures were solved by direct methods,
completed with difference Fourier syntheses and refined with full-matrix least-squares
procedures based on F?. All non-hydrogen atoms were located and refined

anisotropically. Hydrogen atoms were introduced at their idealized positions and refined
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with a riding mode. Absorption corrections (SADABS) were applied to the data. Two
crystallographically independent but chemically equivalent molecules and one molecule
of ether were found in the unit cell of 6.3a. Hydrogen atoms in 6.4a were located from

different Fourier maps and refined with a riding mode.

The crystal structure of 6.3a consists of a samarium atom surrounded by a calix-
pyrrole ligand arranged in a basket-like conformation (Figure 6.1). The coordination
geometry of the samarium atom is distorted pseudo-trigonal bipyramidal and is defined
by two nitrogen atoms of two pyrroles (o-bonded), two centroids of the other two pyrrole
rings (n-bonded) and the oxygen atom of one molecule of coordinated solvent (ether or
THF). On the opposite side of the macrocycle, three lithium atoms are bonded to the
pyrrole rings adopting either o- or - bonding mode and are also connected to the oxygen

atom of the enolate group (or a chlorine atom as in the case of 2b).
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Fig. 6.1. X-ray Structure of 6.3a, {(Ets-calix-
pyrrole)(Et;0)Sm{Li(THF)].[Li(THF),](u>-LiOCHCH,)}(Et; O) 5

Bond distance are in angs (&) and angles in deg (°): Sm(1)-N(1) = 2.597(7), Sm(1)-N(3)
=2.602(7), Sm(1)-N(2) = 2.853(6), Sm1-C(10) = 2.913(8), Sm(1)-C(11) = 2.986(8),
Sm(1)-C(12) = 2.976(9), Sm(1)-C(13) = 2.901(8), Li(2)-N(4) = 2.09(2), Li(1)-N(1) =
2.16(2), Li(1)-C(1) = 2.18(2), Li(1)-C(2) = 2.22(2), Li(1)-C(3) = 2.24(2), Li(1)-C(4) =
2.17(2), Li(1)-O(1) = 1.84(2), Li(2)-O(1) = 1.93(2), Li(3)-O(1) = 1.90(2), O(1)-C(37) =
1.330(11), C(37-C(38) =1.303(13), Li(1)-C(37) = 2.37(2), Li(1)-C(38) = 2.67(2), N(1)-
Sm(1)-N(3) = 123.2(2), N(1)-Sm(1)-0(4) = 114.6(3), N(3)-Sm(1)-O(4) = 122.2(3), centr-
Sm(1)-centr = 161.6(3), O(1)-C(37)-C(38) = 125.1(10), Li(1)-O(1)-Li(2) = 104.5(7),

Li(1)-O(1)-Li(3) = 102.1(7), Li(2)-O(1)-Li(3) = 110.0(8).
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The structure of 6.4a consists of a dimer lying on an inversion center where each
samarium atom is surrounded by the calix-pyrrole ligand (Figure 6.2). One C; unit is
placed between the two metal centers in a distorted side-on fashion [Sm-C(37) =
2.427(5)A, Sm-C(37a) = 2.711(5)A] but still forming a planar SmCCSm core. On the
opposite side of the cavity defined by each calix-pyrrole, three lithium atoms are bonded
to the pyrrolyl rings. The rather long coordinated ethylene C-C bond distance [C(37)-
C(37a) = 1.487(10)A] is indicative of the presence of a C-C single bond, thus suggesting,
in combination with the light color, that complete reduction of ethylene and oxidation of
the two metal centers occurred. The crystal structure was of sufficient quality to locate
and refine the hydrogen atoms attached to the coordinated ethylene. According to their
position, the ethylene molecule is perpendicular to the Sm; vector. The hydrogen atoms
attached to each carbon deviate from the ethylene plane and point in the opposite
direction with respect to the neighboring samarium thus conferring to the carbon a
distorted tetrahedral geometry [Sm-C(37)-H(37a) = 112.9°; Sm-C(37)-H(37b) = 115.4°;
H(372)-C(37)-H(37b) = 107.2°]. This indicates that ethylene predominantly adopted a c-
rather than n-bonding mode which is also consistent with the remarkable elongation of

the C-C bond and the zigzag conformation of the Sm,C; core.
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Fig. 6.2. X-ray Structure of 6.4a [(Ets-calix-
pyrrole){CH,=CHO)Li] [Li(THF)],Sm](4-CH;CH>)

Bond distance are in angs (A) and angles in deg (°). C(37)-C(37a) = 1.493(15), Sm-C(37)
=2.427(5), Sm-C(37a) = 2.711(5), Sm-N(2) = 2.738(4), Sm-N(4) = 2.720(3), Sm-N(1) =
2.549(4), Sm-C(10) = 2.855(4), Sm-C(11) = 2.899(9), Sm-C(12) = 2.892(9), Sm-C(13) =
2.853(4), N(2)-Li(1) = 2.014(9), N(4)-Li(2) = 2.024(5), Li(3)-N(1) = 2.512(10), Li(3)-
C(1) = 2.434(10), Li(3)-C(2) = 2.318(10), Li(3)-C(3) = 2.312(10), Li(3)-C(4) =
2.433(10), O(1)-Li(1) = 1.860(9), O(1)-Li(2) = 1.886(9), O(1)-Li(3) = 1.859(9), O(1)-
C(38) = 1.399(6), C(38)-C(39) = 1.427(8), C(37)-Sm-C(37a) = 33.0(2), centr-Sm-centr =

165.1(3), N(2)-Sm-N(4) = 122.4(2), O(1)-C(38)-C(39) = 114.6(5).
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CHAPTERVII
Reversible coordination of dinitrogen facilitated by Sm(II) calix-tetrapyrrrole as a

possible prelude to further dinitrogen reduction.

VIL.1: Introduction

In the few existing dinitrogen lanthanide complexes, the spectator ligand and the
nature of the metal play a particularly enhanced role in determining the extent of
dinitrogen reduction (from labile coordination' to two-> and four-electron reduction’).
The starting point of this work was the observation that the four-electron reduction of
dinitrogen occurring during the formation of the encapsulated [(Etscalix-tetrapyrrole)Sm
Li],LisN> complex™ has no explanation given that the complex contains only two
samarium atoms. In addition, we have recently observed that the same Sm(II) Ets-calix-
tetrapyrrole complex which gave irreversible dinitrogen encapsu.la’tion321 is also capable
of reversibly coordinating a molecule of ethylene in a side-on fashion.* The reversibility
of the ethylene fixation was rather surprising considering that dinitrogen notoriously is a
substrate more difficult than ethylene to be reduced. We also observed that the ability of
the calix-tetrapyrrole samarium complexes to interact with ethylene was greatly sensitive
to relatively minor variations in the macrocycle substituents [less labile coordination with
Etg-calix-tetrapyrrole and more labile with Cys-calix-tetrapyrrole], and to the nature of
additional groups (LiO-CH=CH, versus LiCl) coordinated to the complex. These
observations prompted us to revisit the dinitrogen activation process in divalent
samarium calix-tetrapyrrole complexes with the help of the recently prepared Cy,-calix-

tetrapyrrole tetra-anion ligand.*
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VIL.2: Experimental Section

All operations were performed under an inert atmosphere of a nitrogen-filled
drybox or by using standard Schlenk-type glassware in combination with a nitrogen-
vacuum line. Solvents were dried by passing through a column of Al,O; under an inert
atmosphere prior to use, degassed in vacuo and transferred and stored under inert
atmosphere. {(Cya-calix-tetrapyrrole)Sm(THF)[Li(THF)],[Li(THF);](1*>-Cl)} was
prepared according to literature procedures’. CsDg and THF-d® were dried over No/K
alloy, vacuum-transferred into ampoules, and stored under nitrogen prior to use. NMR
spectra were recorded on a Varian Gemini 200 and on a Bruker AMX-500 spectrometer
using vacuum sealed NMR tubes prepared inside a drybox. Infrared spectra were
recorded on a Mattson 3000 FTIR instrument from Nujol mulls prepared inside the
drybox. Samples for magnetic susceptibility measurements were carried out at room
temperature using a Gouy balance (Johnson Matthey). Magnetic moments were
calculated by following standard methods® and corrections for underlying diamagnetism
were applied to the data’. Elemental analyses were carried out using a Perkin-Elmer

Series II CHN/O 2400 analyzer.

Preparation of {(Cy,-calix-tetrapyrrole)Sm{Li(THF)],[Li(T HF)z](p.s-Cl)}z(}l-Nz)
(7.2) and {(Cy4-calix-tetrapyrrole)(THF)Sm[Li(THF)],[Li(T HF)z](p3-OCH= CH,))}
(7.3)

A deep green solution of 7.1 (4.5 g, 3.2 mmol) in freshly distilled THF (50 mL) under an
atmosphere of Ar was concentrated to small volume (SmL). Hexane (200 mL) was added
and the resulting suspension was heated to 60°C until most of the dark green solid was

dissolved. The hot solution was filtered to remove a small amount of insoluble solid.
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After cooling to room temperature, the solution was exposed to N, and was allowed to
stand at room temperature. After 2 days, a red crystalline mass containing a mixture of
7.2 and 7.3 separated (2.1g). Analytically pure samples for combustion analysis and
spectroscopic characterization were obtained by separating the crystals of different shape
using a stereomicroscope. 7.2: LR. (Nujol mull, cm™) v: 3095(w), 3076(w), 2729(w),
2684(w), 1645(w), 1458(s), 1377(s), 1342(m), 1273(m), 1261(s), 1232(w), 1151(w),
1105(m,br), 1047(s), 980(m), 897(m), 876(m), 804(s), 771(w), 733(m), 704(w). El. Anal.
Calcd. (Found) for C;2H;60N1900sSm;CLLis: C 61.48(61.33), H 7.37(7.28), N 6.40(6.31).
Hert = 2.82 g (per formula unit). 7.3: LR. (Nujol mull, cm™) v: 3094(w), 3074(w),
2709(w), 2671(w), 1637(w), 1458(s), 1379(s), 1342(m), 1294(m), 1259(s), 1182(w),
1132(w), 1106(s), 1047(vs), 982(w), 877(s), 833(m), 769(s), 737(s), 719(w). El Anal.
Calcd. (Found) for CsoHg7N4Li3O3Sm : C 63.66(62.98), H 7.16(7.05), N 5.94(5.87). et

=3.70 HUB.

Preparation of {(Cy,-calix-tetrapyrrole)(L)Sm[Li(THF)],[Li (THF)Z](p}-
CD}(EL0)15 [L = E;O (7.4)]

Under an atmosphere of N, a red crystalline 7.2 physically separated from 7.3 (0.8 g,
0.36 mmol) was dissolved in diethyl ether (100 mL) to form a deep green solution which
was filtered to separate a small amount of insoluble solid. Concentration to 30 mL and
standing at —-30°C for 5 days yielded dark green crystals of 7.4 (0.5 g, 0.43 mmol, 59%).
LR. (Nujol mull, cm™) v: 3079(w), 3067(w), 2739(w), 2678(w), 1465(vs), 1387(s),

1286(w), 1251(m), 1138(w), 1048(s), 899(w), 885(m), 800(w), 748(m), 636(m). EL
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Anal. Calcd. (Found) for CsHoslizNsOsSmCl: C 62.23(62.19), H 8.18(8.07), N

4.84(4.75). pesr=3.20 paym

VIL.3: Results and Discussion

Upon recrystallizing {(Cys-calix-tetrapyrrole)(THF)Sm[Li(THF)]>[Li(THF),] (-
Ch} (7.1) from boiling hexane/THF mixture and allowing the dark-green solution to
stand under nitrogen gas for two days, a bright-red crystalline mass separated in good
yield from the dark-green solution. A visual inspection showed that the crystalline red
mass was composed of two different compounds, one minor (7.2) and one major (7.3), of
similar color but with distinctively different shapes (rectangular versus hexagonal
prisms). The two components of the orange crystalline mixture were physically separated
according to their different crystal shape and characterized. Both types of crystals were
extremely air-sensitive and independently generated dark green solutions upon dissolving
in ether or THF. In the case of 7.2, the dissolution process was accompanied by vigorous
N> evolution thus suggesting the presence of labile coordination of dinitrogen in this
species.

A single crystal structural determination confirmed that complex 7.2 indeed
contains a coordinated dinitrogen molecule (Scheme 7.1). The complex formulated as
{(Cya-calix-tetrapyrrole)Sm[Li(THF)],[Li(THF):](11>-CI)}2(u-N,) is dinuclear and is
formed by two samarium calix-tetrapyrrole moieties side-on coordinated to the opposite
sides of one dinitrogen molecule. Three lithium atoms bridged by one chlorine are
located on the exterior of the molecule pointing away from the molecular core and are

connected to the ligand pyrrole rings using both m- and o-bonding interactions
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Table 7.1 Selected Bond Distances (A) and Angles (deg).

7.2
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7.3

7.4

N(1)-N(1a) = 1.08(3)
Sm-N(1) = 2.880(18)
Sm-N(1a) =2.974(18)
Sm-N(3) = 2.84(2)
Sm-C(11) =2.90(2)
Sm-C(13) = 2.93(3)
Sm-C(14) = 2.85(3)
Sm-N(2) = 2.573(19)
Sm-N(4) = 2.68(2)
Li(1)-Cl = 2.18(6)
Li(2)-Cl = 2.09(5)

Li(3)-Cl =2.14(6)

Sm-O(3) = 2.630(6)
Sm-N(2) = 2.855(6)
Sm-C(11) =2.901(8)
Sm-C(12) =2.956(8)
Sm-C(14) =2.892(8)
Sm-N(1) = 2.601(6)
Li(2)-N(1) =2.152(16)
Li(2)-C(1) =2.167(17)
Li(2)-C(2) = 2.242(17)
Li(2)-C(3) = 2.248(18)

Li(2)-C(4) = 2.177(17)

Li(1)-C(23) = 2.410(19)

Li(1)-C(24) = 2.275(18)

Li(1)-0(2) = 1.871(16)
Li(2)-0(2) = 1.826(16)
Li(3)-0(2) = 1.933(14)

0O(2)-C(41) = 1.425(8)

C(41)-C(42) = 1.326(14)

0(2)-C(41)-C(42) = 122.1(9)

Sm-0(1) = 2.618(8)
Sm-N(1)=2.569(9)
Sm-N(2) = 2.868(8)
Sm-N(3) = 2.602(9)
Sm-C(11) =2.910(11)
Sm-C(12) = 2.934(12)
Sm-C(13) =2.918(11)
Sm-C(14) = 2.882(10)
Li(1)-Cl =2.25(2)
Li(2)-Cl =2.29(2)
Li(3)-Cl =2.28(2)
Li(2)-N(2) = 1.99(2)
Li(2)-C(21) = 2.74(3)

Li(2)-C(22) =2.74(3)



-150-

The N-N distance [N(1)-N(1a) = 1.08(3)A] is very short and, within experimental error,
is in the same range of that determined by Evans in the labile decamethylsamarocene
dinitrogen complex.'

The second crystalline compound 7.3 present in the crude reaction mass is a Sm(Il)
enolate derivative {(Cy4-calix-tetrapyrrole)(TI-IF)Sm[Li(THF)]z[Li(THF)z](p.s-OCH=
CH>)} The complex is monomeric and possesses a structure closely related to that of the
divalent 7.1° and 7.4 (see below), the major differences being the presence of an enolate
group (from THF cleavage)® bridging the three lithium atoms instead of the bridging
chlorine. The red color of the single crystals is most unusual for the oxidation state +2 of
samarium and also contrasts with the more conventional dark green color of the divalent
7.1.° This, together with the severe bending of the Oenolate-Sm-Oryr vector [O(2)-Sm-0O(3)
= 150.4(2)°] at first glance suggested that complex 7.3 might perhaps be a trivalent
hydride. However, a comparable distortion is also present in the crystal structure of the
dark-green 7.2 and similar to the case of the dinitrogen complex 7.2, single red crystals of
7.3 also formed THF or ether solutions with the characteristic dark-green color. The
magnetic moment was also in agreement with the divalent samarium formulation.

When crystals of 7.2 were redissolved in either THF or ether, nitrogen gas was
released and dark green solutions were formed from which dark green crystals of either
the starting 7.1 or the corresponding etherate {(Cys-calix-
tetrapyrrole)}(L)Sm[Li(THF)],[Li (TIIF);](p3-C1)}(EtzO)1 s [L = Et;O (7.4)] were
isolated, respectively. As a common feature to other divalent Sm compounds of this
particular ligand system,*” the NMR spectra of 7.4 were uninformative due to the large

magnetic anisotropism. The magnetic moment was comparable to that of the starting
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complex 7.1 and satisfactory analytical data in agreement with the proposed formulation
were obtained. The only structural difference of 7.1 with respect to 7.4 consists of the
presence of a chlorine instead of the enolate group and an almost linear arrangement of
the CIl-Sm-Oeper Vector.

In sharp contrast to the case of 7.1, treatment of crystalline 7.4 with boiling
hexane under nitrogen, followed by overnight standing at room temperature under N,
afforded unreacted 7.4 as the only isolable compound. This indicates that the formation
of the dinitrogen complex 7.2 can be reversed, but only in THF.

The labile fixation of dinitrogen as displayed by 7.2 as well as the short N-N
distance sharply contrasts with the 4-electron reduction observed with the octaethyl
derivative of the same ligand system.>® However, the isolation of this new complex
provides a straightforward, possible explanation for the encapsulation of dinitrogen as
performed by the Ets- derivative. If we assume that a complex similar to 7.2 is also
formed in the case of the Etg-calix-tetrapyrrole complex, simple attack of two molecules
of unreacted divalent (Etgcalix-tetrapyrrole)Sm(THF)LizCl might deliver the two
additional electrons necessary for the four-electron reduction of N,, and remove two

chloride anions

(Li;CI)}(CP)Sm(N,)Sm(CP)(LisCl) + 2(CILi3)(CP)Sm(THF) -> [(CP)SmLi],(LisN,) + 2(CILi3)(CP)SmCl

CP = Rg-calix-tetrapyrrole tetra-anion

in return. Thus the formation of the encapsulated [(Ets-calix-tetrapyrrole)SmLi]>(N2Lis)

complex should be accompanied by the formation of two equivalents of the trivalent
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(Etgcalix-tetrapyrrole)Sm(CI)[Li(THF)[[Li(THF),](u’-Cl) whose preparation from

Sm(II) precursors was previously described.’*

VII.4: X-ray Crystallography

Suitable crystals were selected, mounted on thin, glass fibres using paraffin oil and
cooled to the data collection temperature. Data were collected on a Bruker AX SMART
1k CCD diffractometer using 0.3° w-scans at 0, 90, and 180° in ¢. Unit-cell parameters
were determined from 60 data frames collected at different sections of the Ewald sphere.
Semi-empirical absorption corrections based on equivalent reflections were applied.

All non-hydrogen non-solvent atoms were located and refined anisotropically. Atoms
of interstitial molececules of THF and diethyl ether were refined isotropically. Hydrogen
atoms were introduced at their idealized positions and refined with a riding mode. In the
case of 7.2, the Sm, Cl, O and Li atoms were refined anisotropically. All the other non-
hydrogen atom were refined isotropically to conserve a reasonable data/parameter ratio.
Absorption corrections (SADABS) were applied to the data. Selected bond distances and
angles are given in Table 7.1. Crystallographic details are presented in the Appendix,

Table 6.
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CHAPTER VIII
Formation of a tetranuclear samarium dinitrogen complex via cooperative,

tetrametallic reduction of dinitrogen

VIII.1: Introduction:
Examples of dinitrogen complexes are rare in lanthanide chemistry and have been
documented for only four cases.'” In the case of samarium in particular, the two existing

' Thus, in an

complexes display a completely different extent of dinitrogen reduction.
attempt to evaluate the role played by the nature of the ligand in promoting dinitrogen
reduction, we have now pursued the preparation of a novel diphenylmethyldipyrrolide
dianion and investigated its ability to stabilize Sm" complexes. * Herein we describe the
first example where a four-electron dinitrogen reduction is achieved through the

cooperative one-electron oxidation of four metal centers. To the best of our knowledge,

this type of process has been observed only in the enzyme nitrogenase.”
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VIIL.2: Experimental Section

All operations were performed under an inert atmosphere of a nitrogen-filled drybox
or by using standard Schlenk-type glassware in combination with a nitrogen-vacuum line.
Diphenyl dipyrromethane was prepared according to a modification of the existing
procedure.’> SmCl(THF);® and SmI(THF),® were prepared according to literature
procedures.®® Infrared spectra were recorded on a Mattson 3000 FTIR instrument from
Nujo! mulls or KBr pellets prepared inside the drybox. Samples for magnetic
susceptibility measurements were carried out at room temperature using a Gouy balance
(Johnson Matthey). Magnetic moments were calculated by following standard methods’
and corrections for underlying diamagnetism were applied to the data.® Elemental

analyses were carried out using a Perkin-Elmer Series I CHN/O 2400-analyzer.

Preparation of [{[z-Ph,C(7':77°-CsH3N),1Sm} s(u-77" : 11 : 17 : 177-N3)] (8.1):

Method A: A solution of potassium diphenylmethyldipyrrolide (1.3 g, 3.4 mmol) in THF
(100 mL) was treated under N, with SmI;(THF), (1.8 g, 3.4 mmol). The color
immediately changed to dark purple-brown. Stirring was continued for 12 hours after
which the solution was filtered to eliminate a small amount of insoluble material. The
filtrate was concentrated to small volume (50 mL). Addition of toluene (50 mL) and
standing at room temperature for 24 hours yielded large, red-brown crystals of 8.1 (1.3 g,
0.66 mmol, 78%). ElL Anal. Calcd. (Found) for Sm4Cq;HgoO2Np: C 56.40(56.35), H
4.12(4.08), N 7.15(7.09). LR. (Nujol mull, cm™) v: 3048(w), 1597(w), 1491(m), 1464(s),
1417(w), 1377(s), 1261(w), 1182(w), 1147(m), 1078(w), 1043(s), 985(w), 874 (w),

798(m), 785(m), 756(s), 740(s), 696(s), 658(W), 640(m). tg= 6.55 uz per formula unit.
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Method B: A solution of 8.2 (0.7 g, 0.25 mmol) in THF (50 mL) under N, was treated
with KH (0.050 g, 1.2 mmol). A vigorous reaction with effervescence and a color change
to purple-brown was immediately observed. The solution was allowed to stir for 30
minutes followed by filtration to remove a small amount of insoluble material. Layering
with toluene and standing at room temperature for 3 days produced crystals of 8.1 (Yield

76%).

Preparation of [{[-Ph,C(77 :77-CH3N):]Sm}s(=D][{[-Ph=C (77 : 77-
C.H3N)Lo[Sm(THF)]3}(2+D]™ (8.2):

A solution of diphenylmethyldipyrrolide (1.0 g, 3.4 mmol) in THF (100 mL) was stirred
with KH (0.3 g, 6.7 mmol) at room temperature under Ar and for 30 minutes. Subsequent
addition of SmI,(THF), (1.8 g, 3.4 mmol) resulted in an immediate color change to dark
brown. After stirring overnight the solution was filtered to eliminate a small amount of
dark insoluble material, concentrated to small volume (50 mL), and layered with toluene
(25 mL). The mixture was allowed to stand for 24 hours at rooma temperature resulting in
the precipitation of large, dark red crystals of 8.2 (1.0 g, 0.22 mmol, 53% calculated
relatively to Sm). El. Anal. Calcd. (Found) for SmgN;407Cz06.5 Haoss: C 59.07(58.88), H
4.93(4.81), N 4.67(4.59). LR. (Nujol mull, cm™) v: 3049(w), 1595(w), 1489(m), 1464(s),
1419(w), 1377(s), 1263(w), 1234(w), 1184(w), 1151(m), 1076(m), 1038(s), 980(w),
964(w), 926(w), 891(m), 848(m), 789(m), 748(s), 704(s), 658(w"), 634(m). = 9.14 up

per formula unit.
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Preparation of [{[+-Ph:C(77': 77-C4H3N):|Sm}4(4-CH[K(THF);]] (8.3):

A THF solution (100 mL) of diphenylmethyldipyrrolide (1.1 g, 3.7 mmol) was treated
with KH (0.3 g, 7.5 mmol). Stirring was continued at room temperature for 30 minutes
until all of the KH had been consumed. Subsequent addition of SmCI1;(THF); (1.7 g, 3.7
mmol) resulted in the formation of a yellow suspension which was stirred for 1 hour.
Metallic potassium (0.15 g, 3.8 mmol) was then added to the reaction mixture together
with catalytic amount of naphthalene (0.01 g, 78 umol). Within minutes the color began
to deepen to reddish-brown. After 4 hours all the potassium was consumed. The solution
was filtered to remove a small amount of insoluble material. The dark brown filtrate was
concentrated (50 mL) and layered with toluene (30 mL). After standing at room
temperature for 2 days large, dark brown crystals of 8.3 separated (1.2 g, 0.5 mmol,
58%). EL Anal. Calcd.(Found) for Ci04H;0sNsOsKCISmy: C 56.21(56.11), H 4.72(4.66),
N 5.04(4.97). LR. (Nujol mull, cm™) v: 3050(w), 1597(w), 1493(m), 1464(s), 1415(w),
1377(s), 1261(m), 1236(w), 1182(w), 1151(m), 1091(m), 1078(m), 1039(s), 980(w),
924(w), 879(w), 849(m), 795(m), 760(s), 700(s), 660(m), 636(m). i = 7.02 up per

tetramer.

VIIL.3: Results and Discussion:
The reaction of SmI,(THF), with one equivalent of diphenylmethyldipyrrolide dianion
(either disodium or dipotassium salt) at room temperature and under N; yielded a dark

purple-brown solution from which dark brown crystals of [{[&-PhC(n : 77-

C4H3N)Y,1Sm}a(u-n' - ' :17:177-N2)] (8.1) (Scheme 8.1) were isolated in good yield and
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analytically pure form on a reproducible basis. Unlike [ {N(CH,CH,NSiBu'Me;);U}2(u-
7:17-N2)]° or [{(7°-CsMes),Sm}(u-17:77-N2)]' and similar to the case of the calix-
tetrapyrrole derivative,'® complex 8.1 showed no sign of reversible coordination of
dinitrogen and remained unchanged upon prolonged exposure to heat or vacuum.

The N-N distance and the fact that degradation with anhydrous HCl did not
release N, indicates that the Sm atoms are definitely present in the formal trivalent
state.'® The same reaction carried out under Ar atmosphere afforded dark red crystals of
a new ionic compound formulated as [{[-PhC(7’:7’-CsHsN),1Sm}s(u-DIO[{[e-
PhC(77': 77-CaHsN): L[ Sm(THF)]3} (4 D] (8.2).

Complex 8.2 does not show any appreciable sign of reaction with nitrogen gas
even after long periods and upon heating. Thus questions arise about the striking diversity
of behavior resulting in the formations of 8.1 and 8.2. Complex 8.2 exclusively contains
divalent samarium atoms. The formula wunit formally consists of seven
[{Ph,C(CsH3N),}Sm] units and one Sml; organized in stable cluster structures around the
two halogen atoms. The presence of the two iodine atoms is likely to be the factor
responsible for the lack of reactivity with dinitrogen. Attempts to avoid their presence,
for example by carrying out the preparation of 8.2 with excess ligand, did not modify the
result. The elimination of the formal Sml, unit was obtained via reaction of 8.2 with KH
which resulted in an immediate color change and concomitant release of H, according to

the equation 8.1:

2[{(dipyrr)Sm};Sml,] + 4KH + 3.5N, = 2Sm®” + 2H, + 4KI + 3.5 [{(dipyrn)Sm}s(N2)]
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Scheme 8.1

Ph Ph

Sml;(THF), [l\ |

The fact that this reaction afforded 8.1 in good yield suggests that halogen elimination
from 8.2 dissociates the cluster structures releasing "[ {{Ph,C(CsH3N);]Sm}]" fragments

free to react with dinitrogen.
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In an effort to further clarify the role of the halogen atom, attempts were made to
generate the "[ {PhoC(CsH3N);}Sm]"unit via reduction of a “[{[Ph,C(CsH3N),]Sm}CI1]”

precursor with potassium under nitrogen and in THF (Scheme 8.2).

Scheme 8.2
SmCl3(THF);
Ph Ph
[ I
N N "
K K

8.3

The reaction yieldled a new Sm" compound formulated as [{[-PhoC (77 : 77-
C:H3N)2]Sm}4(u-Cl)[K(THF),]] (8.3) Similar to the case of 8.2, 8.3 showed no signs of
reactivity towards dinitrogen despite the striking structural similarity of its tetrametallic
core with that of 8.1. This result confirms that the halogen has indeed an inhibitory effect
on the ability of the samarium diphenylmethyldipyrrolide system to interact with
dinitrogen. It should be observed that in spite of the oxophilicity of samarium, the

presence of THF does not prevent dinitrogen fixation.



162

VII1.4: X-ray Crystallography
Suitable crystals were mounted with cooled viscous oil on thin glass fibers. Data were
collected on a Bruker AX SMART 1k CCD diffractometer using 0.3° w-scans at 0, 90,
and 180° in ¢. Unit-cell parameters were determined from 60 data frames collected at
different sections of the Ewald sphere. Semi-empirical absorption corrections based on
equivalent reflections were applied.
The presence of a molecule of coordinated dinitrogen in the molecular structure of
8.1 was demonstrated by an X-ray crystal structure (Fig. 8.1). The complex is formed by
four [{Ph,C(C;H5N),}Sm] units with the four metal atoms arranged to form a slightly
distorted lozenge. A dinitrogen molecule is placed in the center and is coordinated side-
on to two metal atoms and end-on to the others. Crystallographic details are presented in

the Appendix, Table 7.
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Fig. 8.1 X-ray Structure of 8.1, [{[z=Ph,C(77': 7’~CsH;N)ISm}a(u-17': 17 s 177 : 17-N3))

Bond distances are in angs (A) and angles in deg (°): N(3)-N(3a) = 1.412(17), Sm(1)-
N(@3) = 2.177(8), Sm(2)-N(3) = 2.327(3), Sm(2)-N(32) = 2.327(3), Sm(1)...Sm(2) =
3.602(9), Sm(2)..Sm(2a) = 4.434(9) , Sm(1)..Sm(la) = 5.678(9), Sm(1)-N(1) = 2.701(8),
Sm(1)-N(2) = 2.736(8), Sm(2)-N(1) = 2.574(8), Sm(2)-N(2) = 2.697(7), Sm(1)-N(3)-

N(32) = 156.6(11), O(1)-Sm(1)-N(3) = 150.5(4);

The ionic structure of Complex 8.2 is formed by a trinuclear cation and a pentanuclear
anion. The cation consists of three samarium atoms bridged by one nearly coplanar iodine
atom adopting a distorted "T-shape" geometry. Two diphenylmethyldipyrrolide dianions

also bridge the three samarium atoms adopting the same bonding mode observed in
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Complex 8.1. The counter-anion is a pentanuclear samarium complex with five samarium
atoms pentagonally arranged around a central and coplanar iodine atom. The five

diphenylmethyldipyrrolide dianions adopt the usual 7~ and o~bonding modes with each

ligand bridging two samarium centers.

Fig. 8.2. X-ray Structure of 8.2, [{[~Ph,C(77:7’-CsH3N);]Sm}s(u-DI”H{[1
PhoC(77': 7-CaHsN) L [Sm(THF)]s} (D]

Bond distances are in angs (A) and angles in deg (°): Sm(1)-I(1) = 3.434 (1), Sm(2)-I(1)
=3.480(1), Sm(3)-I(1) = 3.634(1), Sm(4)-I(1) = 3.455(1), Sm(5)-I(1) = 3.520(1), Sm(1) -
N(1) = 2.810(7), Sm(1)}-N(2) = 2.670(7), Sm(1)-N(9)) = 2.664(7), Sm(1)-N(10) =
2.768(7), Sm(6)-I(2) = 3.3168(8), Sm(7)-I(2) = 3.369(1) , Sm(8)-I(2) = 3.3047(9),

Sm(1).Sm(2) = 4.123(1), Sm(1)..Sm(5) = 4.101(1), Sm(7).Sm(6) = 4.028(1),

Sm(7).Sm(8) = 4.038(1), Sm(1)-I(1)-Sm(2) = 73.211(18), Sm(1)-I(1)-Sm(5) =
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72.260(16), Sm(7)-I(2)-Sm(6) = 74.090(18), Sm(7)-I(2)-Sm(8) = 74.468(18), Sm(6)-I(2)-

Sm(8) = 148.35(2).

An X-ray crystal structure determination of Complex 8.3 (Fig. 8.3) revealed a
molecular structure very similar to that observed for 8.1 except that a chlorine atom is
present instead of N, in the center of the square plane defined by the four samarium

atoms. A single potassium atom is z~-bonded to one of the pyrrole rings already engaged

in o~ and #bridging interactions with the two samarium centers.

=3 C80
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Fig. 8.3. X-ray Structure of 8.3, [{[£+Ph2C(77': 77°-C4H3N),]Sm} «(=-CDH[K(THF),}]
Bond distances are in angs (A) and angles in deg (°): Sm(1)-Cl = 3.045(2), Sm(2)-Cl =

2.847(2), Sm(3)-Cl = 3.042(2), Sm(4)-Cl = 2.845(2), Sm(1)-N(1) = 2.726(6), Sm(1)-N(2)
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= 2.849(6), Sm(1)-N(7) = 3.040(8) , Sm(1)-N(8) = 2.712(7), Sm(1)..Sm(2) = 4.136(2),
Sm(1)..Sm(4) = 4.240(2), Sm(1)..Sm(3) = 6.087(2), Sm(2)..Sm(4) = 5.689(2), Sm(1)-Cl-
Sm(2) = 89.10(6), Sm(1)-Cl-Sm(3) = 178.30(8), Sm(1)-Cl-Sm(4) = 92.03(6), Sm(2)-Cl-

Sm(4) = 176.69(9), O(1)-Sm(1)-Cl = 168.53(13).
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CHAPTERIX
Tetrametallic Divalent Samarium Clusier Hydride and Mixed-Valence

Sm(II)/Sm(II) Dinitrogen Complex.

IX.1: Introduction

Among the few lanthanides that can be made available as low-valent complexes,'
samarium certainly occupies an important place because of the unique richness and
variety” of the chemical transformations displayed by the few existing divalent samarium
complexes.” As usual, the nature of the ancillary ligand plays a prominent role in
determining the reactivity of these species and, with this respect, pyrrole-based ligand
systems seem to be particularly versatile. For example, calix-tetrapyrrole anions are able
to stabilize very reactive divalent samarium complexes,* to promote ethylene reversible
coordination* and either dinitrogen labile coordination® or 4-electron reduction.”® The
recently described diphenylmethyldipyrrolide dianion has enabled the preparation and
characterization of a series of divalent and mixed-valence cluster compounds and of a
unique trivalent and tetranuclear dinitrogen complex.®

This work describes the isolation and characterization of an unprecedented
tetranuclear divalent samarium hydride cluster supported by the diphenylmethyl
dipyrrolide ligand system,” as well as the first example of a mixed-valence

Sm(IT)/Sm(III) dinitrogen complex.
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IX.2: Experimental Section:

All operations were performed under an inert atmosphere of a nitrogen-filled
drybox or by using standard Schenk-type glassware in combination with a nitrogen-
vacuum line. SmCl;(THF);8, SmIy(THF),’ and cyclohexyl dipyrromethane were prepared
according to literature procedures.'® Diphenyl dipyrromethane was prepared according to
a modification of the literature procedure.” THF-d® was dried over Na/K. alloy, vacuum-
transferred into ampoules, and stored under nitrogen prior to use. NMR spectra were
recorded on a Varian Gemini 200 and on a Bruker AMX-500 spectrometer using vacuum
sealed NMR tubes prepared inside a drybox. Infrared spectra were recorded on a
Mattson 3000 FTIR instrument from Nujol mulls or KBr pellets prepared inside the
drybox. Samples for magnetic susceptibility measurements were carried out at room
temperature using a Gouy balance (Johnson Matthey). Magnetic moments were
calculated by following standard methods'® and corrections for underlying diamagnetism
were applied to the data.'”? Elemental analyses were carried out using a Perkin-Elmer

Series I CHN/O 2400-analyzer.

Preparation of {([Ph,C(CsH3N);]Sm),(H)}Na(THF)¢} (9.1):

A solution of diphenylmethyldipyrrole (3.2 g, 10.7 mmol) in THF (200 mL) was treated
at room temperature with NaH (0.5 g, 22.5 mmol). The resulting suspension was stirred
for 2 hours at room temperature until no further effervescence was observed. Subsequent
addition of SmCl;(THF); (4.9 g, 10.4 mmol) resulted in an instantaneous color change to

light yellow. After stirring at 60°C for 30 minutes, sodium metal (0.3 g, 13.0 mmol) was

introduced in the presence of a catalytic amount of C;¢Hg (10 mg, 78 umol). Vigorous



71

stirring at room temperature for 18 hours produced a deep purple-brown solution which
was filtered to remove an appreciable amount of insoluble solid. Addition of toluene (75
mL), concentration to small volume and standing overnight at room temperature resulted
in the separation of dark purple, microcrystalline 9.1 (2.5 g, 1.05 mmol, 39%). El. Anal.
Calcd.(Found) for C;;sH2sNsNaOsSmy: C 58.37(58.31), H 5.41(5.35), N 4.69(4.64).
LR. (Nujol mull, cm™) v: 3190(w), 3051(w), 2729(w), 2671(w), 1595(w), 1577(w),
1489(m), 1456(vs), 1377(vs), 1261(w), 1147(m), 1092(br,m), 1043(s), 984(w) 891(w),
848(m), 798(m), 740(s), 700(s), 656(w), 634(w). H'-NMR (d®-THF, 500 MHz, 23°C) &:
31.01 (s, pyrrole, 8H), 25.25 (s, pyrrole, 8H), 8.59 (s, phenyl, 4H), 8.45 (q, phenyl, 8H),
7.15 (s, phenyl, 16H), 7.01 (q, phenyl, 8H), 5.92 (dd, phenyl, 4H), 4.17 (br. s, pyrrole,
8H), 3.75 (m, THF, 32H), 1.86 (m, THF, 32H), -3.91 (br.s, hydride, 1H). C'*-NMR (d®-
THF, 125.72MHz, 23°C) &: 145.29, 38.23, -23.31 (C-H, pyrrole), 153.32, 133.43, 131.47,
129.97, 126.13, 124.75 (C-H, phenyl), 86.13 (quaternary. The other quaternary carbons
could not be located), 68.24, 67.78, 67.60, 67.43, 67.25, 67.08, 26.36, 25.61, 25.46,

25.30,25.14, 24.98 (CH;, THF), pesr= 7.07up

Preparation of {[(CH:)sC(C4H3 N):ISm}, (u-N2)[Na(THF)]; (9.2)

Solid NaH (0.7 g, 30.1 mmol) was added to a THF solution (150 mL) of 1,1-
cyclohexyldipyrrole (3.4 g, 15.0 mmol). The mixture was stirred for 30 minutes at room
temperature until no further effervescence was observed. Addition of SmCI3;(THF); (6.9
g, 14.6 mmol) resulted in a bright yellow suspension which was heated to 60°C for 30
min. Excess metallic sodium (0.5 g, 21.7 mmol) and a catalytic amount of naphthalene

(10 mg, 78 umol) were introduced and the mixture was stirred at room temperature for 16
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hours. The resulting dark greenish-brown solution was filtered, concentrated to 50 mL,
and layered with hexanes (50 mL). Standing at room temperature for 2 days yielded
crystals of 9.2 (3.0 g, 1.5 mmol, 42 %). ElL Anal. Calcd.(Found) for
CsoH112N10Na;OsSmy: C 49.09(48.77), H 5.77(5.66), N 7.16(7.00). IL.R. (Nujol mull, cm”
D v: 3107(w), 3091(w), 1597(w), 1462(s), 1377(vs), 1278(m), 1261(m), 1149(m),
1151(m), 1124(m), 1078(m, br), 1038(m), 1024(s), 956(m), 902(m), 874(w), 829(w),
760(vs), 729(w), 632(m), 571(s). Hesr = 4.05 pp per formula unit. Very poor solubility in
the most common inert solvents including THF and pyridine has prevented NMR

characterization.
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IX.3: Results and Discussion

Reduction of a “{[R2C(C4H3N),]Sm}CI” [R = Ph] precursor with sodium under
nitrogen and in THF afforded the paramagnetic {([Ph.C(C4H3N);]Sm)s} {Na(THF)e)}
(9.1) which was isolated as a dark purple crystalline material (Scheme 9.1).

The connectivity of complex 9.1 as indicated by the crystal structure might
suggest either a mixed-valence {([Ph,C(CsH3N),]Sm)s}{Na(THF)¢} or a divalent
{([Ph,C(CsH35N),]Sm)4(H)}Na(THF)s} hydride formulation. Consistent with both
possibilities, chemical degradation carried out by reacting 9.1 with eight equivalents of
gaseous hydrochloric acid produced the expected 5/2 equivalents of H, (93%) per
formula unit. Similar to the case of the other Sm(II) clusters of the same ligand system,’
the magnetic moment was hardly informative. However, the 'H-NMR spectrum of 9.1
showed a broad peak at -3.91 ppm which did not correlate with any carbon atom.
Exposure of a solution of 9.1 in d®-THF to D, gas at 1 atmosphere led to the
disappearance of this resonance while the rest of the spectrum remained unmodified. A
corresponding resonance appeared in the H-NMR spectrum. The LR. spectrum of the
compound after having been exposed to deuterium gas showed no modification except
for a band at 1261 cm™ which shifted to 966 cm™. On the basis of these observations, it
seems reasonable to conclude that complex 9.1 is indeed a Sm(II) hydride compound
rather than an unlikely mixed-valence Sm(II)/Sm(I) species. It may be regarded as the
formal addition product of one molecule of NaH to {[R.C(CsH3N);]Sm}4.

We have no explanation for the origin of the hydride in complex 9.1. We simply
observe that its formation is strikingly similar to the case of the reduction of
Cp:Lu(THF)C! with Na in THF which afforded a good yield of the corresponding

hydride Na(THF)g][(Cp,LuH);H]."
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Scheme 9.1 R

In close analogy to the chemistry of Sm(II) supported by the calix-tetrapyrrole
ligand system,*” the reduction of the trivalent “{[R2C(C4H;N)>]Sm}C1” precursor
displayed a remarkable sensitivity to the nature of the substituents (Scheme 9.1). In the
case of the 1,1-cyclohexyldipyrrolide derivative [R = 1/2 -(CH,)s-] the same reaction
carried out under identical conditions afforded the dinitrogen complex {[(CH,)sC(CsH3
N)2]Sm}4 (u-N>){Na(THF)]; (9.2) which was isolated in crystalline form.

Although the geometrical parameters of the Sm4N; core are comparable to those
of 9.1 we found no evidence that 9.1 may react with dinitrogen. The presence in 9.2 of
two sodium cations coordinated to nitrogen and the N-N distance [N-N = 1.371(16)A],

indicative of a 2-electron reduction of N, attribute a formal oxidation state of +2.5 to the
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four samarium atoms. We found rather surpris-ing that in spite of the availability of more

electrons on the samarium metals no further dimitrogen reduction occurred.

IX.4: X-ray Crystallography

Suitable crystals were mounted with cooled: viscous oil on thin glass fibers. Data were
collected on a Bruker AX SMART 1k CCD diffractometer using 0.3° w-scans at 0, 90,
and 180° in ¢. Unit-cell parameters were detsermined from 60 data frames collected at
different sections of the Ewald sphere. Unfortienately, the crystals of 9.1 diffracted poorly
in spite of their good quality and repeated .attempts. However, the data quality was
sufficient for the elucidation of the molecular cconnectivity and the formula.
Semi-empirical absorption corrections based on equivalent reflections were applied.

Crystallographic details are presented in the Appendix, Table 8.

The connectivity of 9.1 was determined according to an X-ray crystal structure
determination. The molecule is formed by four {[Ph,C(CsH3N),]Sm}units with the four
samarium atoms arranged to form a rhomb (Figure 9.1). Each dipyrromethany! dianion
bridges two metal atoms with the pyrrole rings being in turn n—bonded to one samarium
and c-bonded to another. Each of the two s.amarium atoms placed on the two acute
vertices of the tetrametallic core bears one molecule of THF. One sodium atom, solvated

by six molecules of THF and unconnected to tlae cluster, completes the structure.
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Fig. 9.1. X-ray Structure of 9.1, {([Ph,C(C4H;3N):]Sm),(H)}Na(THF)¢}

Selected Bond Distances (A) and Angles (°): Sm(1)-N(1) = 2.668(17), Sm(1)-N(2) =
2.842(18), Sm(1)-C(5) = 2.93(2), Sm(1)-C(6) = 3.01(2), Sm(1)-C(7) = 3.01(2), Sm(1)-
C(8) = 291(2), Sm(1)-O(1) = 2.597(14), Sm(2)-N(1)= 2.801(17), Sm(2)-N(2) =
2.622(17), Sm(2)-N(3) = 2.601(17), Sm(2)-N(4) = 2.795(17), Sm(2)-C(1) = 2.86(2),
Sm(2)-C(2) = 2.93(2), Sm(2)-C(3) = 2.95(2), Sm(2)-C(4) = 2.85(2), Sm(l)...Sm(2) =

3.9132(16), Sm(1)-Sm(2)-Sm(12) = 102.0(5), Sm(2)-Sm(1)-Sm(2a) = 78.0(5).

The structure of Complex 9.2, as revealed by X-ray diffraction analysis (Figure 9.2),
consists of four Sm atoms and four dipyrromethanyl dianions defining a rhomb-type

structure similar to that of complex 9.1. Even in this case four ligands bridge the four
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metal centers adopting both the ¢ and n bonding modes. A dinitrogen molecule, placed in
the center of the tetranuclear core, adopts the side-on bonding mode with two Sm atoms

and the end-on bonding mode with the other two and with the two sodium atoms.

<D D 7
7) (024 N
“A v O . L4 . O
7 al ) S g 7t - (7R ) 9,
NIA

l\c . A4
3N

— cis ).

Fig. 9.2. X-ray structure of 9.2, {[(CH;)sC(CH; N);]Sm} (11-N2)[Na(THF)};

Bond distances are in angs (A) and angles in deg (°). Sm(1)-N(1) = 2.714(12), Sm(1)-
N(2) = 2.723(10), Sm(1)-N(3) = 2.727(11), Sm(1)-N(4) = 2.731(12), Sm(1)-N(5) =
2.178(10), Sm(1)-O(1) = 2.512(9), Sm(1)-C(19)= 2.875(15), Sm(1)-C(20) = 3.116(15),
Sm(1)-C(21) = 3.104(15), Sm(1)-C(22) = 2.915(16), Sm(2)-N(1) = 2.719(11), Sm(2)-
N(3a) = 2.696(11), Sm(2)-C(1) = 2.766(13), Sm(2)-C(2) = 2.902(13), Sm(2)-C(3) =
2.937(14), Sm(2)-C(4) = 2.815(14), Sm(2)-N(5) = 2.332(11), Sm(2)-N(5a) = 2.324(11),
N(5)-N(52) = 1.371(19), N(5)-Na = 2.259(12), Na-O(2) = 2.684(16), Sm(1)..Sm(2) =
3.5848(12), Sm(1)-N(5)-N(52) = 155.4(11), Sm(1)-Sm(2)-Sm(la) = 103.4(3), Sm(2)-

Sm(1)-Sm(2a) = 76.6(3), Sm(1)-N(5)-Na = 67.2(3) .
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CHAPTER X
THEF deoxygenation versus cluster formation and N; fixation in the chemistry of

Sm(II) dipyrrolides.

X.1: Introduction

Pyrrole-based polyanionic ligands have shown particular versatility in divalent
samarium chemistry as possible alternatives to the traditionally used cyclopentadienyl-
based systems.' This family of ligands is apparently capable of enhancing the strong one-
electron reductant behavior of Sm(II),? thus making possible the occurrence of a variety
of promising transformations. Calix-tetrapyrrole anions, for example, are able to stabilize
divalent samarium complexes,’ to promote reversible coordination of ethylene’ and

dinitrogen,’ and to enable dinitrogen reduction.®

This versatility may be attributed not
only to an intrinsic robustness of the ligand towards strongly reducing agents but also to
its polydentate nature as well as to the ability of the pyrrole moiety to adopt either the o
or the 7t coordination modes. Nonetheless, limitations arise due to the inevitable retention
of alkali metal ions in these complexes. For this reason, we are currently focussing on di-
and tripyrroles, namely substituted di- and tripyrromethanes. The diphenyl
[Ph,C(C4H4N),]? dianion has already enabled a variety of transformations in Sm(II)
chemistry including the tetrametallic reduction of dinitrogen.” By modifying the
substituents on the dipyrrolide ligand system, we have now isolated and characterized a

pentanuclear Sm(IT) complex as well as a tetranuclear, mixed-valent Sm(II)/Sm(III) oxo-

complex arising from a THF-cleavage process. Herein we describe our findings.
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X.2: Experimental Section

All operations were performed under an inert atmosphere of a nitrogen-filled
drybox or by using standard Schlenk-type glassware in combination with a nitrogen-
vacuum line. SmCly(THF);8, SmI,(THF),’ and cyclohexyl dipyrromethane were prepared
according to literature procedures.'® Diphenylmethyl dipyrromethane was prepared
according to a modification of the literature procedure.'! Infrared spectra were recorded
on a Mattson 3000 FTIR instrument from Nujol mulls or KBr pellets prepared inside the
drybox. Samples for magnetic susceptibility measurements were carried out at room
temperature using a Gouy balance (Johnson Matthey). Magnetic moments were
calculated by following standard methods'? and corrections for underlying diamagnetism
were applied to the data.'’ Elemental analyses were carried out using a Perkin-Elmer

Series I CHN/O 2400-analyzer.

Preparation of [{{MePhC(C,HN).]Sm}(u-DI[K(THF)¢] (10.1)

Solid KH (0.2 g, 5.0 mmol) was added to a solution of methylphenyl dipyrromethane (0.6
g, 2.5 mmol) in 75 mL THF resulting in immediate effervescence. The suspension was
stired at room temperature for 20 minutes until an appreciable amount of
microcrystalline solid had accumulated and the gas evolution stopped. The addition of
SmI(THF), (1.3 g, 2.4 mmol) resulted in an immediate color change to dark purple-
brown. After stirring at room temperature under N> for 24 hours and removal of KI by
filtration, the solution was concentrated to about 25 ml.. Addition of toluene (25 mL)
and standing at room temperature for 2 weeks resulted in precipitation of dark brown

crystals of 10.1 (0.5 g, 0.2 mmol, 42%). El. Anal. Calcd.(Found) for C;osH)18N1006l

KSms: C 49.53(49.60), H 4.72(4.32), N 5.55(5.49). LR. (Nujol mull, cm™) v: 3084(w),
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3088(w), 1691(w), 1595(w), 1487(m), 1462(vs), 1420(w), 1377(s), 1284(w), 1259(m),
1170(m), 1151(w), 1101(m), 1052(m), 1034(s), 1024(s), 939(m), 895(w), 802(w),

746(vs), 702(s), 877(w), 834(m), 580(s). Uerr = 8.57 up per formula unit.

Preparation of {[Cy(CsH;3N):]Sm}4(u-0) (10.2)

Method A: A solution of cyclohexyl dipyrromethane (3.9 g, 18.2 mmol) in THF (100
mL) was treated with KH (1.5 g, 37.0 mmol). Stirring proceeded for 30 minutes at room
temperature until the effervescence stopped and an appreciable amount of colorless
crystalline material accumulated. Subsequent addition of SmI,(THF), (9.4 g, 17.2 mmol)
resulted in a rapid reaction with a color change to deep purple-red. Afier stirring for 16
hours at room temperature followed by filtration to remove a significant amount of light-
colored solid, the solution was concentrated to SO mL.. Layering with hexanes (25 mL)
and standing at room temperature for 2 days yielded purple-red crystals of 10.2 (1.5 g,
0.8 mmol, 20%). IR. v: 3087(w), 2729(w), 2671(w), 1626(w), 1462(s), 1427(s),
1402(w), 1377(s), 1350(w), 1298(m), 1281(m), 1261(s), 1232(w), 1213(w), 11‘92(m),
1153(vs), 1122(vs), 1095(vs), 1068(vs), 1038(vs), 960(m), 895(s), 870(m), 829(m),
802(m), 769(vs), 740(vs), 688(w), 631(m). El Anal. Calcd.(Found) for C7;HgsNgOsSmy

C 49.27(48.37), H 5.51(5.32), N 6.38(6.59). pegr = 5.15ps per formula unit.

Method B: Addition of NaH (0.8 g, 33.3 mmol) to a solution of cyclohexyl
dipyrromethane (3.7 g, 17.3 mmol) in THF (150 mL) and stirring for 1 hour at room
temperature resulted in the formation of a significant amount of microcrystalline solid.

Subsequent treatment with SmCI;(THF); (7.6 g, 16.1 mmol) yielded a yellow suspension
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which was stirred for 1 hour at room temperature. The suspension was thoroughly
degassed and metallic sodium (0.37 g, 16.2 mmol) was introduced under an Ar
atmosphere with a catalytic amount of naphthalene (0.06 g, 0.5 mmol). Stirring for an
additional 16 hours at room temperature produced a deep purple-red solution which was
filtered to remove insoluble solid. Concentration to small volume (50 mL) followed by
layering with hexanes (50 mL) and standing at room temperature for 4 days resuited in

the separation of crystals of 10.2 (1.8 g, 1.0 mmol, 26%).
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X.3: Results and Discussion

Treatment of SmI(THF), with the potassium salt of the methylphenyl
dipyrromethanyl dianion under a nitrogen atmosphere and in THF resulted in a rapid
reaction with formation of [{{MePhC(C H;N),]Sm}(u-I)][K(THF)¢] (10.1) which was
isolated as a dark brown crystalline material (Scheme 10.1). This paramagnetic complex
1s formed by a pentanuclear anion consisting of five {[PhCH3C(C;H5N),]Sm} units with
the five samarium atoms pentagonally arranged around a central iodine atom. Each
ligand bridges two samarium atoms with the pyrrole rings being in turn n-bonded to one
samarium and o- to a second. As a result, each samarium atom exhibits a structure
reminiscent of samarocene with two m-bonded rings from one ligand and two o-bonded
from another. The five ligands are arranged such that the phenyl substituents are all
oriented in the same direction thus capping the empty coordination site about each
samarium. The negative charge of the cluster is balanced by a potassium cation which is
solvated by six molecules of THF and which is unconnected to the pentameric anion.

The similarity of the methylphenyl dipyrrolide ligand to the diphenylmethyl
dipyrrolide system, which formed a tetrametallic Sm(III) dinitrogen complex under
similar reaction conditions, ® is significant. It is therefore surprising that, in view of the
tremendous sensitivity to air and moisture of 10.1, we observed no sign of reaction
towards dinitrogen. Thus, given the rarity of divalent lanthanide clusters'® and the
apparent role of the ligand substituents in favoring or disfavoring interaction with
dinitrogen, we explored the possibility of preparing other similar, related species bearing
different substituents on the dipyrrolide ligand. Reaction of SmI,(THF), with the

potassium salt of the cyclohexyl dipyrrolyl dianion afforded a dark purple-red solution
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which produced crystals of {[Cy(CsH3N).]Sm}4(u-O) (10.2) upon work-up (Scheme

10.1).

Scheme 10.1

SmIy(THF);
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Table 10.1 Selected Bond Distances (A) and Angles (deg). For 10.1 and 10.2

10.1

10.2

Sm(1)-I=3.5321(6)
Sm(2)-I=3.526(1)
Sm(3)-I=3.535(1)
Sm(4)-I=3.517(1)
Sm(5)-1=3.5566(6)
Sm(1)-N(1) = 2.799(3)
Sm(1)-N(2) = 2.820(3)
Sm(1)-C(1) = 2.928(4)
Sm(1)-N(4) = 2.627(3)
Sm(1)..Sm(2) = 4.195(1)
Sm(1)-Sm(5) = 4.169(1)
Sm(1)-I-Sm(2) = 144.467(10)
Sm(1)-I-Sm(5) = 72.048(8)

Sm(1)-N(1)-Sm(5) = 101.34(10)

Sm(1)-O(1) = 2.1844(4)
Sm(1)-N(1) =2.672(3)
Sm(1)-N(2) =2.507(4)
Sm(1)-N(3) = 2.658(3)
Sm(1)-N(4) = 2.546(4)
Sm(1)..Sm(2) = 3.730(4)
Sm(1)-C(2) = 2.850(4)
Sm(2)-O(1) = 3.028(1)
Sm(2)-0(2) = 2.609(3)
Sm(1)-O-Sm(1A) = 179.1(2)
N(1)-Sm(1)-N(3)= 172.74(10)

Sm(1)-N(3)-Sm(2)= 88.59(10)
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The connectivity of complex 10.2 as indicated by an X-ray crystal structure
determination revealed a tetramer formed by four {{Cy(C4H3:N),]Sm} units arranged to
form a tetrametallic, planar core. Also in this case, four ligands bridge the four metal
centers adopting both the ¢ and n- bonding modes. In contrast to 10.1, however, the
metallocenic-type structure of each samarium is realized with two m-bonded pyrrolyl
rings from two different ligands rather than from the same ligand. A single oxygen atom,
located in the center of the plane, bridges two of the samarium atoms in a linear fashion
thus forming a mixed-valent Sm(II)/Sm(II) cluster.

Refinement of the central atom as nitrogen yielded only slightly worse agreement
factors. Thus, given the presence of four heavy atoms in 10.2, the possibility that the
central atom might be a nitride could not be conclusively ruled out according to X-ray
and analytical data alone. Moreover, we have previously reported that reduction of an in
situ generated trivalent “{{Cy(C4H5N),]Sm}CI” precursor in the presence of metallic
sodium and under nitrogen affords the first example of a mixed-valent Sm(II)/Sm(IIT)
dinitrogen complex,”® the core of which shares strikingly similar structural parameters to
10.2 and to the diphenyl derivative [Ph,C(CsH3N)Sm]4(N;). Nonetheless, identical
reduction carried out under an argon atmosphere also yielded 10.2 thus supporting the
identification of the central atom as oxygen.

The presence of the oxygen atom in 10.2 is believed to have arisen from cleavage of
THF, a process which is well-documented in lanthanide chemistry."” Accordingly,
significant amounts of propylene and ethylene were clearly identified in the GC-MS of

the reaction mixture. The formation of propylene during a THF deoxygenation process is
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rather unusual and possibly indicates the presence of other products in the reaction
mixture.

The variety of the transformations summarized in Scheme 10.1 (cluster formation,
THF deoxygenation versus dinitrogen fixation) is purely depending upon the nature of
the organic groups attached to the carbon atoms bridging the two pyrrolyl rings. This
behavior may be related to steric factors or, more likely, to the modification of the metal
redox potential via modification of its interaction with the pyrrole rings. This striking
46

sensitivity is reminiscent of that observed with calix-tetrapyrrole samarium derivatives

except that in the dipyrrole systems the effect is considerably more enhanced.

X.S5: X-ray Crystallography

Suitable crystals were mounted with cooled viscous oil on thin glass fibers. Data were
collected on a Bruker AX SMART 1k CCD diffractometer using 0.3° w-scans at 0, 90,
and 180° in ¢. Unit-cell parameters were determined from 60 data frames collected at
different sections of the Ewald sphere. Hydrogen atoms were introduced at their idealized
positions and refined with a riding mode. Absorption corrections (SADABS) were
applied to the data.

Semi-empirical absorption corrections based on equivalent reflections were applied.
Crystallographic details are presented in the Appendix, Table 9. One molecule of THF

was located in the unit cell of 10.2.
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CHAPTER 11

Conclusions

A new series of well-defined, low-valent compounds of samarium have been prepared
and characterized. Whereas the calix-tetrapyrrole ligand system was found to be suitable
for the stabilizaion of Sm(II), the chelating salophen ligand resulted in the formation of a
Sm(III) species through imine reduction and C-C bond formation in the assembly of a
dinuclear structure with a short intermetallic distance. Formally a Sm(IIT) compound, this
species was observed to behave as a source of divalent samarium in the presence of
strong reducing agents and nucleophiles. The reactivity of the in situ generated Sm(I)
was observed to be uncontrollable, however, to the extent that activation of solvent
molecules was repeatedly observed.

The chemistry of divalent samarium supported by the calix-tetrapyrrole ligand was
observed to parallel the chemistry of samarocene in several cases. Nevertheless,
important differences were also developed. For example, whereas decamethylsamarocene
is an established ethylene polymerization catalyst, the calix-tetrapyrrole system reversibly
binds ethylene. As well, the degree of reversibility of ethylene coordination is
surprisingly sensitive to the nature of the ligand substituent. The effect in terms of
kinetics is even more pronounced in the case of reactivity with acetylene in which
interesting patterns dictated by the nature of the substituent present on the macrocycle
were revealed. When R = Cy, metallation occurred according to a clean reaction which
yielded a carbide complex analogous to that observed upon reaction of

decamethylsamarocene with the same substrate. In contrast to the dinitrogen complex of
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the same macrocycle, however, the C,Li4 fragment in the carbide was coordinated end-on.
When R = Et, either reductive coupling and dehydrogenation occurred when the reaction
involved Sm(II), or a mixture of coupled product and carbide were obtained in the case of
a metathesis route. We attribute this difference in reactivity to kinetic factors and propose
that both pathways involve a similar intermediate, namely a hydride species. However,
when the monomeric Sm-hydride (R = Et) was exposed to acetylene, a complicated
reaction ensued from which a third product resulting from calix-tetrapyrrole ring
isomerization was isolated. The mechanism of this reaction remains unclear.

Similarly, reactivity with dinitrogen revealed very different results depending upon the
nature of the substituent on the macrocycle. Rather than the expected irreversible
reduction, reversible coordination analogous to that observed in the case of decamethyl
samarocene was found when the macrocycle was substituted with a cyclohexyl group.
This observation may be rationalized by considering a mechanism involving either
cooperative interaction of two Sm centers (R = Cy) or of four Sm centers on the same
dinitrogen molecule (R = Et), a phenomenon which was clearly demonstrated during the
course of this work.

In order to eliminate the problems of alkali-metal retention and solvent molecule
activation routinely observed in the calix-tetrapyrrole chemistry of divalent and trivalent
samarium, the dipyrromethanyl ligand system was investigated as a possible alternative to
the bridged cyclopentadienyl systems. As a result, a rich and interesting cluster chemistry
was developed based on derivatives of dipyrromethane which functioned as both a o- and
a - donors in all of the complexes which were isolated. This is a consequence of the

tendency of lanthanides to extemd their coordination numbers, when coordinatively
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unsaturated, through the formation of ligand bridges. As in the case of calix-tetrapyrrole,
the reactivity observed was dependent upon the nature of the bridging substituent. For
example, cooperative action of four Sm centers on one N> molecule resulted in the
assembly of an tetranuclear dinitrogen complex precedented only in the chemistry of the
naturally-occurring nitrogenase. When one of the phenyl substituents on the ligand
bridge was replaced with a methyl group, however, only a pentanuclear Sm(II) complex
was isolated. As well, no reactivity with dinitrogen was observed when a cyclohexyl
substituent was present and instead a tetranuclear oxo complex resulted according to a
THEF cleavage process. Also mirrored in the chemistry of calix-tetrapyrrole Sm(I) was a
sensitivity in terms of reactivity to the nature of the alkali cation present. Whereas
reduction of a trivalent precursor with metallic potassium yielded a stable divalent
complex, reduction with metallic sodium resulted in a tetranuclear Sm(II) hydride
species. The origin of the hydride in this complex, however, remains unclear. In
substituting the diphenyl substituents for a cyclohexyl group, dinitrogen activation again
results. Also in this case a tetranuclear complex is assembled. However, the presence of
two sodium cations coupled with a N-N distance consistent with a four electron reduction
suggests, at first glance, an improbable precursor featuring two Sm(I) centers. As an
alternative, and consistent with the reactivity of the diphenyl Sm(IIl) complex with
metallic sodium, we tentatively propose a transient hydride precursor.
Thus the conclusions of this work may be summarized as follows:

(i) Reactivity of divalent samarium species with dinitrogen is dependent upon the

enforcement of steric unsaturation about the metal center which may be effected through

the employment of rigid, pyrrole-based systems. However, competitive activation of
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solvent molecules often hampers dinitrogen activation. In order to eliminate this
difficulty, a THF-free environment may be favourable.

(ii) A pronounced substituent effect influences the reactivity of calix-tetrapyrrolyl
and dipyrromethanyl Sm(I) with unsaturated substrates such as ethylene, acetylene, and
dinitrogen. Subtle changes in steric and electronic features of the ligand result in vastly
different reaction outcomes as kinetics often dictate different reaction pathways.

(iii) The dipyrromethanyl ligand system has been used to effectively illustrate the
cooperative effect of alkali cation and halide anion in promoting or disfavouring
dinitrogen reduction. Although cooperative, 4-electron reduction of dinitrogen has been
demonstrated in the chemistry of Sm(Il), we are unable at this stage to absolutely
rationalize this reactivity and only observe that the system is extremely sensitive to minor
variations. In this regard, solvent effects must also be investigated. As well, the exact
nature of the precursor to the tetranuclear dinitrogen system has yet to be determined.

This precursor may potentially serve as an ideal host to a variety of small molecules.
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APPENDIX

Table ? Crystal Data and Structure Analysis Results for 2.2, 2.3 and 2.4

22 23 2.4
Formula CosH;32N407Sm, CogH14sN4O10LisSmy  Cy72H220Ng012Smy
formula weight 1778.78 1884.54 3192.96
space group P2(1)/n P2(1)/m I4(1)/a
a(A) 18.0333(2) 18.0906(6) 31.4914(5)
b (A) 17.2026(2) 17.1075(6) 31.4914(5)
c(A) 29.3537(2) 19.5591(6) 16.203(3)
B (deg) 100.529(1) 114.073(1)
V (A% 8952.77(6) 5526.8(3) 16068(3)
z 4 2 4
Radiation (Ko A)  0.71073 0.71073 0.71073
T (°C) -100 -100 -100
Deatcd (g cm™) 1.320 1.132 1.320
Heatea (cm™) 1.354 1.101 1.500
R, wR?, GoF 0.0654,0.156,1.013 0.0555,0.162,1.074  0.0501,0.104,1.016

R=Z[Fo|-|Fc] /Z|Fo

Rw =[(Z(|Fo|-|Fc|)*/ zw Fod)]%
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Table 2 Crystal Data and Structure Analysis Results for 3.2a, 3.2b, 3.3 and 3.4b

3.2a 3.2b 33 3.4b

Formula C53H33Li3N4O4SmC1 C54H33Li3N404SmC1 C50H97Li2N4OsSm SmLi3C1C60H38N405

Form. weight

Space group
a (A)

b (A)

c(A)

o (deg)

B (deg)

Y (deg)
V(&%)

z

Radiation (Ko

A)

T (°C)

Dcalcd (g Cm.3)

Hecaled (cm-l)

R, wR?, GoF

1046.95
P-1
12.771(8)
21.395(9)
22.818(9)
112.85(4)
100.51(5)
91.85(5)
5612(5)
4

0.71073

-70
1.253

1.140

1058.86
P-1
12.6505(12)
21.515(2)
22.788(2)
112.769(2)
99.908(2)
91.522(2)
5604.0(9)

4

0.71073

-70
1.255

1.141

1134.65
Pnma
22.7546(9)
13.8541(7)
18.9224(9)
90

90

90
5965.2(5)
4

0.71073

-70
1.263

1.035

1151.96
P2(1)/n
11.617(2)
26.453(3)
18.812(2)
90
95.390(3)
90
5756(1)
4

0.71073

-70
1.329

1.117

0.0503, 0.0981, 1.076 0.0510, 0.1471, 1.008 0.0533, 0.1408, 1.091 0.0641, 0.1340, 1.060

R=%|Fo|-|F] /Z|Fo]

Rw =[(Z(|Fo|-|F:|)?/ Ew FH)1%
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Table 3 Crystal Data and Structure Analysis Results for 4.1, 4.2, 4.3, 4.4 and 4.5

4.1 4.2 4.3 4.4 4.5
Formula CoeoHosNsOeSm,L1,Cly C32H 12LiaNgOgSmsy  CspHypgLigN4OsSm CsoHggNyO4;LiSm CgH10sNO5Sm;
Formula 142594 1344.27 1020.32 1203.74 1342.21
weight
Space group C2/c Pbcn C2/c P-1 I4(1)/a
a(l) 22.2398(S) 14.2174(7) 14.686(3) 11.661(1) 14.564(2)
b (A) 14.9113(3) 21.748(2) 19.930(3) 11.770(1) 14.564(2)
c(A) 20.5018(4) 22.209(2) 18.362(3) 22.869(3) 31.130(7) -
o (deg) 90 90 90 76.997(2) 90
B (deg) 101.968(1) 90 97.805(3) 88.379(2) 90
Y (deg) 90 90 90 61.691(2) 90
Vv (A%) 6651.1(2) 6866.7(9) 5325¢2) 2681.2(5) 6603(2)
z 4 8 4 2 4
Radiation (Ka 0.71073 0.71073 0.71073 0.71073 0.71073
A)
T (°C) -100 -70 -70 -70 -70
Detea (g cm) 1.420 1.304 1.273 1.491 1.350
Ueatea (cm™') 1.957 1.741 1.149 2.313 1.812
R, wR?, GoF 0.0234, 0.0591, 1.020  0.0423,0.0977, 0.0575, 0.1367, 0.0378, 0.0852, 0.0320, 0.0807,
1.073 1.041 1.002 1.137

R==[Fol-|F.] /= |Fo|

R, = [(Z(|Fo|-|Fc|)*/ 2w Fo)]%
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Table 4 Crystal Data and Structure Analysis Results for 5.1a, 5.2b and 5.3a

formula
formula weight
space group
a(A)

b (A)

c ()

B (deg)

V(&%)

Z

Radiation (Ko A)
T (°K)

Deatca (g cm™)
Healea (cm™)

Fooo

R, R.%, G.o.F

R =ZF3-*F° / Z3F°

S.1a
CssH106L1sNgOSm;
1596.25
P2(1)/c
12.645(3)
30.089(7)
20.604(5)
106.372(4)
7522(3)

4
0.71073
203
1.410

1.598

3288

0.0451,0.1148,1.004

5.2b
Co6H136L16NgOsSm>
1840.47
P2(1)/c
20.351(3)
22.207(3)
20.972(3)
97.927(3)
9387(2)
4
0.71073
203
1.302
1.293
3832

0.0413,0.0981,1.048

Ry = [(ECF*-F3)? / =w Fd)l%

S.3a
CasHi24L1;NgO4Sm;,
1672.53
P2(1)/n
14.070(4)
14.752(4)
21.220(6)
106.298(5)
4228(2)

2
0.71073
203
1.314
1.428
1740

0.0544,0.887,1.007
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Table 5 Crystal Data and Structure Analysis Results for 6.3a and 6.4a

6.3a 6.4a
Formula CioaHi661i6NgOoSmy  CoqH,38LigNgOsLisSm2
Formula weight 2014.79 1818.46
Space group P-1 Pbca
A (A) 13.6634(2) 20.926(2)
B (A) 15.7346(2) 20.614(2)
CA) 27.7960(5) 21.577(2)
a (deg) 100.779(1) 90
B (deg) 91.537(1) 90
v (deg) 91.893(1) 90
VvV (A 5863.9(2) 9308(1)
z 2 4
Radiation (Koo A)  0.71073 0.71073
T (°C) -100 -100
Deaica (g cm™) 1.141 1.298
Healed (cm™) 1.354 1.101
R, wR?, GoF 0.0715,0.1560,1.011 0.0318,0.0869,1.024

R=Z[Fo|-|Fc] / Z|Fo|

Rw = [(Z(|Fo|-|Fc|)*/ Zw Fo))1%
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Table 6 Crystal Data and Structure Analysis Results for 7.2, 7.3 and 7.4

7.2 7.3 7.4
Formula C112Hi60LigN1g0gSm,  CspHe7LizN4O3;Sm CeoHosLisN4OsSm
Formula weight 2187.74 943.25 1158.01
space group P2(1)/n P2(1)/c P-1
a(A) 15.594(4) 20.780(3) 12.957(2)
b (A) 16.407(4) 18.755(3) 13.273(2)
c(A) 21.718(5) 12.126(2) 18.715(3)
a (deg) 90 90 85.417(3)
B (deg) 96.970(6) 99.509(2) 78.577(3)
v (deg) 90 90 72.577(3)
Vv (A% 5516(2) 4661(1) 3009.2(8)
Z 2 4 2
Radiation (Ko A) 0.71073 0.71073 0.71073
T (°K) 203 203 203
Deaica (g cm™) 1.317 1.344 1.278
Bcaled (cm™) 1.598 1.293 1.068
Fooo 2284 1220
R,R.% G.o.F 0.0923,0.2264,1.035 0.0703,0.1643,1.006

R =2X°F*-*F.° / Z3F¢*

Ry = [(ECFe*-*F3)? / =w Fob)]vs
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Table 7 Crystal Data and Structure Analysis Results for 8.1, 8.2 and 8.3

Formula
Formula weight
space group

a(A)

b (A)

c (A)

a (deg)

B (deg)

Y (deg)

V(A

z

Radiation (Kot A)
T (°K)

Deated (g cm™)
Meatea (cm™)

Fooo

R, R.%, G.oF

R =Z°F@?-*F° / 2°F¢?

8.1
Co2HgoN10028m4
1059.32
C2/m
21.542(6)
19.232(6)
12.437(3)

90
116.96(3)
90
4593(2)
2
0.71073
203
1.405
2.567
1900

0.0546,0.1696,1.007

8.2
C206.sH205.5N1407Smg
4451.95
P2(1)/c
18.186(2)
23.349(2)
43.492(4)
90
90.169(2)
90
18467(3)

4
0.71073
203
1.601
2.895

8802

0.0553,0.1086,1.018

Ry, = [(ECF*-*F3)? / Tw Fod)l%

8.3
C104H104NgOsKCISmy
2221.90
P-1
13.462(1)

17.534(2)
20.970(2)

110.006(1)
100.343(2)
90.421(1)
4562.8(7)
2

0.71073
203

1.617
2.670
2216

0.0385,0.1010,1.047
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Table 8 Crystal Data and Structure Analysis Results for 9.1 and 9.2

9.1 9.2
Formula Ci116H128NgNaOgSms  CgoH;12N1oNa;OsSmy
Formula weight  2386.65 1957.18
Space group C2/c P2(1)/c
A(A) 21.464(4) 13.495(4)
B (A) 26.796(5) 25.092(7)
C@A) 24.835(5) 12.698(4)
a (deg) 90 90
B (deg) 102.345(3) 117.602(5)
Y (deg) 90 90
Vv (AY) 13954(5) 3810(2)
z 4 2
Radiation (Ko A)  0.71073 0.71073
T (°C) -100 -100
Deaica (g cm™) 1.136 1.706
Heatcd (cm™) 1.707 3.108
R, wR?, GoF 0.1068,0.2819,1.024  0.0581,0.1460,1.010

R=Z[[Fo|-|Fc| /Z|Fo|

Rw =[(|Fo|-|F:|)*/ =w F))]%s
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Table 9 Crystal Data and Structure Analysis Results for 10.1 and 10.2

10.1 10.2
Formula C10aH11sN10IKNaOsSms CrHosNgOsSmy
Formula weight 2521.83 1754.97
Space group P2(1)/n C2/c
A Q) 13.949(2) 23.116(4)
B (A) 22.679(4) 11.836(2)
C(A) 31.193(3) 24.932(4)
a (deg) 90 90
B (deg) 94.22(1) 96.820(2)
Y (deg) 90 90
VvV (A% 9841(2) 6773(2)
z 4 4
Radiation (Ko A)  0.71073 0.71073
T (°C) -100 -100
Dealea (g cm™) 1.702 1.721
Healed (cm™) 3.351 3.473
R, wR?, GoF 0.0315,0.0519,1.004 0.0364,0.0899,1.005

R=Z|Fo|-|F] /Z|Fol

Ry =[(Z(|Fo|-|Fc|)*/ Zw Fo))}%4





