[So]

888-£4/ ‘zr0e ‘way) *biouj *f un3g

Eur|IC

European Journal of
Inorganic Chemistry

Phosphane Adduct

K = Bulky Ligand
Cover Picture

Koh Sugamata, Takahiro Sasamori, and Norihiro Tokitoh
Generation of an Organotellurium(11) Cation

Microreview

Ines dos Santos Vieira and Sonja Herres-Pawlis
Lactide Polymerisation with Complexes of Neutral N-Donors

%)WILEY-VCH WWWw.eurjic.org ChemPubSoc

EJICFK (5) 753-888 (2012) - ISSN 1434-1948 - No. 5/2012




IC

European Journal
of Inorganic Chemistry

Eur|

AN

GDCh

EurdIC is a journal of

HUNéARY ITALY GERMANY
E S « [l H< g Q
s el
CzECH REPUBLIC ** * FRANCE
*
2 7 ChemPubSoc
rgonsS Europe
SWEDEN BELGIUM
o U @
Qo & *Q Knev
%ﬁg’%‘g SxiedndEwaﬂuIade imi
AUSTRIA POEGAL SPAIN NETHERLANDS

ChemPubSoc Europe, a union
of 16 European chemical
societies formed for the pur-
pose of publishing high-quality
science. All owners merged their
national journals to form two
leading chemistry journals, the
European Journal of Inorganic
Chemistry and the European
Journal of Organic Chemistry.

Other ChemPubSoc Europe journals are Chemistry — A European Journal, ChemBioChem,
ChemPhysChem, ChemMedChem, ChemSusChem, ChemCatChem, ChemPlusChem and

ChemistryOpen.

COVER PICTURE

The cover picture shows the generation of the
tellurium(IT) cationic species bearing a sterically
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a bulky aryl group were generated by de-
halogenation from the corresponding
tellurium(II) halides with silver salts or tri-
methylsilyl cations. In the presence of a di-
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A new divalent ytterbium complex, [{(LF?)
YbU(ELO)(th) ! H(u-KI)] {LPh = Ph,Si-
(NAr),, Ar = 2,6-iPr,C¢Hs} (3), was syn-
thesized by the reaction of [(LP")YbI-
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hydrothermal formation process of these
solid solutions was monitored by comp-
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lementary in situ X-ray absorption spec-
troscopy/energy-dispersive X-ray diffrac-
tion. Their different morphology types cor-
relate with the observed reaction kinetics.
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pyrimidine) chelates to antimony in
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Triguanidinate lanthanide complex
[{iPrNHC(NiPr)(NC4H,p-Cl)} ;Yb(THF)]
was treated with #nBuLi and then
iPrN=C=NiPr to afford heterometallic
Yb—Li complex [{{PrNHC(NiPr)N(CsHp-
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The facile synthesis of a new 6-chloro-
aminobenzothiazole-functionalised phos-
phane and its O, S and Se analogues is de-
scribed. This anionic phosphorus(V) ligand
coordinates to a potassium metal centre in
two unusual modes: a k>-N,E tridentate
(E = O) or k¥>-N, bridging (E = S) mode
leading to unique 1D polymeric chain mo-
tifs. In contrast, the deprotonated phos-
phane sulfide or selenide k>-NE chelates to
a range of late transition metal fragments.

M =1 RR Ry Pt
E=S, Se
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Salts of the [MeNH,—NH,Me]** cation
with energetic anions form extensive hydro-
gen bonds in the solid state, which stabilize
the materials. The low sensitivity of the
compounds in combination with moderate
to high performances and low vapor press-
ures make these materials interesting candi-
dates for future energetic applications.
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We present an easily obtainable silver-
based precursor suitable for printing appli-
cations. The simple reaction of silver ni-
trate and 2-pyrrolidone (Pyl) yields a stable
[Ag(Pyl),]NO; complex, the crystal struc-
ture of which was solved. Highly concen-
trated solutions can be obtained in ethanol/
water, thereby allowing for manufacture of
thin films through coating or printing tech-
niques.
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Bridging inhibition: A series of 12- to 22-membered bicyclic
bridged [-lactams were synthesized with the aim of developing
new inhibitors of penicillin-binding proteins and feature a planar
amide function and no carboxy group (see picture; Boc = fert-bu-
tyloxycarbonyl).
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Topoisomerase inhibition: Nogalamycin is an anthracycline anti-
biotic with an unusual structure and significant cytotoxicity. In

this work the nogalamycin biosynthetic gene cluster has been ex-
pressed in a heterologous host, late-stage tailoring steps of noga-
lamycin biosynthesis have been investigated and new compounds

have been isolated. ChemBioChem
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Lactide Polymerisation with Complexes of Neutral N-Donors — New Strategies
for Robust Catalysts
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Dedicated to Professor Bernhard Lippert on the occasion of his retirement

Keywords: Biodegradable polymers / N-donor ligands / Zinc / Ring-opening polymerization / Density functional

calculations / Substainable chemistry

Ring-opening polymerisation of cyclic esters represents a
growing field of research, because the resulting polymers are
biodegradable and mostly based on renewable raw materi-
als, which ensures increasing interest in this process within
the context of green chemistry. Up to now, neutral N-donor
ligands have been overlooked in their potential to stabilise
catalytically active systems. This contribution summarises re-
cent developments in this area as well as their applicability

in lactide polymerisation with special regard to the reaction
conditions. When a use on the industrial scale is targeted,
tolerance towards moisture, air, lactide impurities and high
temperatures is an important issue to be considered during
catalyst design. A multitude of sodium, calcium and zinc
complexes with amines, carbenes, guanidines, phosphin-
imines, pyridines and tris(pyrazolyl)methanes is discussed
and their activity in lactide polymerisation is highlighted.

Introduction

In the new century, two severe problems have to be
solved: the society’s dependence on petrochemical resources
and the growing amounts of non-compostable and some-

[a] Fakultit Chemie, Anorganische Chemie, Technische
Universitdt Dortmund,
44221 Dortmund, Germany
Fax: +49-231-7555048
E-mail: sonja.herres-pawlis@tu-dortmund.de

[£] Present address: Fakultit fiir Chemie und Pharmazie,
Department Chemie, Ludwig-Maximilians-Universitdt Miinchen,
Butenandtstr. 5-13, 81377 Miinchen, Germany
Fax: +49-89-218077867
E-mail: sonja.herres-pawlis@cup.uni-muenchen.de

times poisonous waste spread in the environment. Due to
the growing ecological awareness, sustainable development
leads to an increasing demand for biodegradable plastics
based on renewable raw materials.!! In an effort to solve
these problems, numerous studies have been undertaken on
the synthesis of biodegradable polymers. Over the last 30
years, great advances in the synthesis, manufacture and pro-
cessing of these materials have enabled a broad range of
practical applications from short-term packaging to highly
sophisticated biomedical devices.

Among the variety of biodegradable plastics, aliphatic
polyesters have conquered the bioplastics market, because
hydrolytic and/or enzymatic chain cleavage yields -hy-
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droxyacids, which in most cases are completely metabo-
lised.!>3! Within the intensive research in the field of ali-
phatic polyesters, polylactide or poly(lactic acid) (PLA) has
gained the greatest attention due to its favourable chemical
and mechanical properties. PLA shows mechanical similari-
ties to poly(ethylene terephthalate) (PET) but also to poly-
(propylene) (PP). It can be processed in most polymer pro-
cessing equipment, which is a critical factor for industrial
use. But even more important: It appears to be the polymer
with the broadest range of applications, because of its abil-
ity to be stressed or thermally crystallised, filled and copol-
ymerised.! Until now, PLA has found many fields of appli-
cation, for example in biomedical implants and sutures
(owing to its biocompatibility) or for packaging, films and
fibres.[

As it is biodegradable, it makes a contribution to mini-
mise the problem of waste disposal.l’l With regard to rising
oil prices and emerging ecoplastics markets, PLA will be-
come a viable alternative to PET with a better cost/per-
formance balance. Moreover, this material offers trans-
parency and a refractive index similar to that of poly-
(methyl methacrylate) (PMMA), a polymer widely used for
optical applications. The feasibility of using PLA as an eco-
sustainable PMMA alternative in luminescent solar concen-
trators has been recently reported.!

PLA can be produced from inexpensive, annually renew-
able raw materials. Corn or sugar beets are the most signifi-
cant source of lactic acid, but agricultural waste and non-
food-quality carbohydrates may be used as well. After
bacterial fermentation of the carbohydrate feed, lactic acid
is readily available and converted to lactide. PLA can be
produced by ring-opening polymerisation (ROP) of lactide
(LA), the cyclic diester of lactic acid, or by direct polycon-
densation of lactic acid. The polylactide can be either recy-
cled or composted after use, and therefore its CO, emission
is neutral. Hence, PLA is less environmentally costly than
common recyclable polymers, which can only be recycled a
limited number of times before losing the desired material
properties. Among the numerous polyesters studied to date,
PLAs have proven to be the most attractive and useful class
of biodegradable polyesters.>!

Coordination—Insertion Polymerisation

In comparison to polyesterification, the ROP of lactide
uses mild reaction conditions and avoids the formation of
small molecule byproducts.l) Within the last decade, several
ROP processes have been developed, including anionic, cat-
ionic, organocatalytic and coordination—insertion meth-
0ds.Bl The coordination—insertion process is now com-
monly regarded as the most efficient method for the well-
controlled synthesis of polyesters with regard to composi-
tion, molecular weight and microstructure.®* The coordi-
nation—insertion mechanism of lactide polymerisation
(Scheme 1) involves the coordination of the monomer to
the metal centre, followed by a nucleophilic attack of the
alkoxide on the acyl carbon atom and the insertion of lact-
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ide into the metal-alkoxide species with retention of con-
figuration.!) A new metal-alkoxide species is formed, which
is capable of further insertion reactions.

L,
ro5

L

o} ML,

fo) O

M 5 S/
Lactide RO)J\(O“)\o’ML"
o

Scheme 1. Coordination—insertion mechanism for lactide ROP.

Under industrial conditions, mostly homoleptic catalysts
are used, such as tin(Il) ethylhexanoate, zinc(II) lactate and
aluminium isopropoxide, in combination with alcohols as
initiators.[”! Already in 1971, Dittrich and Schulz defined a
three-step coordination—insertion mechanism for the ROP
of cyclic esters.[®! Later, Kricheldorf et al. and Teyssié et al.
showed that such a mechanism was involved in the ROP of
different lactones initiated by Al(OiPr);.[1%

These catalyst systems can be conveniently synthesised
and utilised in the polymerisation of cyclic esters, but com-
plicated equilibrium phenomena and multiple nuclearities
of the active species result in limited polymerisation control.
Detrimental side reactions like transesterifications and epi-
merisations may occur, which lead to a broadening of the
molar mass distribution.

Consequently, the development of new single-site metal
catalysts for the ring-opening polymerisation of lactide has
seen tremendous growth over the past decade.'+% As an
amelioration, these catalysts shall enable a better control,
activity and selectivity during the polymerisation by opti-
mal adaptation of the coordinating ligands. The ideal cata-
lyst is tolerant towards the lactide melt and acidic impuri-
ties in the monomer, low-priced, odourless, colourless and
nontoxic.!

A vast multitude of well-defined Lewis acid catalysts fol-
lowing a coordination—insertion mechanism has been devel-
oped for this reaction mainly based on tin,['"} zinc,['>~!3!
aluminiumt® 18! and rare earth metals.[' 23] Moreover, or-
ganocatalysts have been successfully used in ROP.[?4-2¢
However, PLA is still more expensive than petrochemical-
based plastics, and therefore it is merely used in biomedical
applications and packaging of organic products. To change
this polymer from a specialty material to a large-volume
commodity plastic, the development of new polymerisation
catalysts is required. Most large-scale processes are based
on the use of stannous compounds as initiators.l! 3 For use
in food packaging or similar applications, heavy metals are
undesirable because of accumulation effects.>3¢!
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Despite the enormous efforts, the new single-site catalysts
have not become accepted in industrial context.[*l To date,
the design of new single-site catalysts mostly follows the
paradigm that an efficient lactide ROP initiating system
needs an anionic ligand, for example, alkoxides, amides, ket-
iminates or an alcohol as co-initiator that forms the truly
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active species as alkoxide. The high polymerisation activity
of all these systems is often combined with high sensitivity
towards air and moisture. For industrial purposes and espe-
cially the breakthrough of PLA in the competition with pet-
rochemical based plastics, there is an exigent need for active
catalysts that tolerate air, moisture and small impurities in
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Scheme 2. ROP-active systems stabilised by neutral donor ligands.
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the monomer.'3l The disadvantageous sensitivity can be
ascribed to the anionic nature of the ligand systems stabilis-
ing almost all of these complexes.

In this contribution, the role of neutral donor ligands for
the stabilisation of ROP-active systems will be highlighted,
because this niche has been overlooked for years.

Neutral Donor Systems

Up to now, only few ROP-active systems using neutral
ligands in single-site metal catalysts have been described
(Scheme 2). They make use of strong donors such as carb-
enes?’-28 and phosphinimines?*-?! but also moderate do-
nors like amines*3-381 and pyridines®*”! for the ROP of lact-
ide and e-caprolactone (Scheme 2). In case of carbenes, Tol-
man et al. have reported that the activity of the pure carb-
ene as organocatalyst is higher than that in its zinc com-
plexes 1-4.27-281 However, Tolman’s carbene zinc complexes
1 and 2 polymerise lactide under glove-box conditions at
room temperature within minutes in high yields and with
low polydispersity (PD = M, /M,, Table 1).271 Pyridine—

carbene systems 3 and 4 polymerise lactide at 140 °C within
minutes but with higher PDs.[?8]

Tris(pyrazolyl)methanes have been introduced into ROP
chemistry as tripodal N-donor ligand systems by Mount-
ford et al.* In the cationic calcium complex 5, the tetra-
hydroborate serves as initiator and lactide is polymerised in
a few hours at 25 °C in THF with high agreement between
calculated and measured molecular weights and a low poly-
dispersity.

Phosphinimine ligands represent a versatile ligand class
that stabilises magnesium and zinc complexes with high
ROP activity, as exemplified in Scheme 2 with complexes 6—
10.12°-321 The bis(phosphinimine) pincer ligand within cat-
ionic lactate complex 7 enables living lactide polymerisa-
tion.’% Hayes and Wheaton report controlled reaction ki-
netics between 37 and -7 °C with slight deviation from
theoretical molar weights at higher conversion. The good
reactivity is very remarkable for these low temperatures.
The polydispersities range between 1.1 and 1.3, which is
indicative for a controlled coordination—insertion polymeri-
sation process.?% In further studies, this group synthesised

Table 1. Summary of lactide ROP activity of complex systems with neutral ligands.

Catalyst Solvent MY T [°C] t Conversion [%] M, [gmol!]  PD P, Ref.
1 CH,Cl, 130 25 20 min 96 17000 1.25 0.60 271
1 CH,Cl, 260 25 20 min 97 17000 1.25 0.60 28]
2 CH,Cl, 130 25 4 min 99 20000 1.52 0.60 28]
3 bl 100 140 5 min 96 12000 2.45 0.60 28]
3 bl 200 140 5 min 86 20000 2.04 0.60 [28]
4 bl 50 140 5 min 91 6000 2.51 0.60 28]
4 bl 200 140 5 min 73 12000 1.78 0.60 28]
5 THF 250 25 2h 99 43000 1.2-1.4 0.50 [40]
6 C¢HsBr 200 100 9h 74 17000 1.98 0.49 129]
6 Ce¢H;sBr 300 100 9h 69 21000 1.89 n.d. [29]
6 C¢H;sBr 400 100 9h 69 27000 1.81 n.d. 129]
7 CD,Cl, 200 25 50 min 90 29000 1.05 0.63 [30]
8 C¢H;sBr 50 60 3.5h 90 18000 1.2-1.3 n.d. B31]
9 C¢Dy/CcDsBr 100 100 6h 90 2500-5000  n.a. nd. B2
10 C¢D¢/CcDsBr 100 100 6h 85 2500-5000  n.a. nd. B2
11 bl 500 150 48 h 29 11000 1.93 0.50 1331
12 bl 500 150 48 h 57 76000 1.90 0.59 1391
13 bl 500 150 24 h 94 33000 1.70 0.50 [39]
13 bl 500 150 48 h 89 24000 1.90 n.d. [39]
14 bl 500 150 48 h 21 44000 2.00 0.61 139]
15 CH,Cl, 67 25 lh 90 14000 1.35 n.d. [34]
15 CH,Cl, 122 25 lh 99 26000 1.64 n.d. [34]
15 THF 100 25 l1h 95 34000 1.34 n.d. [34]
15 Toluene 100 25 7h 99 47000 2.40 n.d. [34]
16 CH,CI,/THF 110 25 12h 97 15000 1.23 0.71 1331
16 CH,CI,/THF 110 -25 12h 96 15000 1.21 0.75 1331
17 THF/toluene 200 25 2h 84 16000 1.52 0.56 1371
17 THF/toluene 200 -20 12h 36 8000 1.16 0.58 1371
18 THF 100 25 2h 67 13000 1.05 n.d. [36]
18 THF 200 25 2h 61 23000 1.18 n.d. [36]
19 CH,Cl, 100 25 5 min 99 37000 1.54 0.47 [38]
19 CH,Cl, 300 25 5 min 82 14000 1.59 0.47 [38]
20 CH,Cl, 100 25 5 min 57 7000 1.30 0.47 [38]
21 CH,Cl, 100 25 30 min 97 28000 2.61 0.47 [38]
22 CH,Cl, 100 25 30 min 99 26000 1.69 0.43 [38]
23 CH,Cl, 100 25 30 min 90 106000 1.51 0.45 [38]

[a] P,: probability of racemic enchainment calculated by analysis of the homonuclear decoupled 'H NMR spectra.*!! [b] Bulk polymerisa-

tion of lactide.
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a variety of mono- and bis(phosphinimine) zinc complexes
7-10 with high to excellent ROP activity.?!-3? In all cases,
the phosphinimine ligand serves as stabilising ligand and
does not participate in the initiation. This function is
adopted by the lactate or alkyl groups incorporated in the
complex. It has to be noted that all these studies were per-
formed under strict inert gas conditions in the NMR tube.

When an industrial large-scale applicability is targeted,
more robust initiators are needed. In this context, the ro-
bust zinc acetate complex 11, which comprises an elaborate
chiral tricyclic 9-oxabispidine, has been reported as ROP-
active system in the lactide melt.[33!

As rather simple neutral ligand systems, the classic N-
donor ligands 2,2'-bipyridine and 1,10-phenanthroline were
proven to stabilise zinc complexes (12-14) with surprising
ROP activity under challenging conditions in melt.?*] The
polydispersities of approximately 2 account for the presence
of transesterification reactions. The tolerance of the cata-
lysts towards air and moisture is a key issue for general
applicability. With regard to industrial usefulness, most sin-
gle-site catalysts are restricted by their sensitivity towards
moisture and air. In many cases, the monomer has to be
recrystallised or sublimated in order to remove residual lac-
tic acid, water and other impurities which affect the catalyst
or even start new chains. Additionally, the role of polymeri-
sation temperature has to be regarded as a critical factor:
On the one hand, good ROP behaviour at low temperatures
testifies the high catalyst reactivity, but on the other hand,
industrial application requires the catalyst’s survival at tem-
peratures up to 200 °C. Hence, the activity of complexes 3,
4, 6 and 9-14 in ROP at temperatures higher than 100 °C
approves their potential as catalysts for large-scale pro-
duction.

More sophisticated amine systems have also been used:
for example, Novak et al. introduced N-ethyl-N-phenyl-2-
pyrrolidinemethanamine in lactide chemistry, but a lactide
ROP activity is only reported for the corresponding sensi-
tive diethylzinc complex 15.3% Here, the ethyl group is the
true initiator. Jeong et al. reported a related pyrrolidine—
amine zinc complex, which initiates, as ZnMe, species 16,
the ROP of lactide with high yields.[33] In this case, a signifi-
cant enrichment of heterotactic enchainments has been ob-
served. With bis(pyrazol)amine diethylzinc complex 17, Lee
et al. observed good ROP activity even at —20 °C.1371 The
use of diethylzinc is essential for the ROP of lactide. With
the pyridylamine zinc benzylate complex 18, polylactides
with very small polydispersities could be obtained.[3¢!

With simpler peralkylated diamines, Davidson et al. have
shown that polyamine-stabilised sodium aryloxides 19-23
exhibit good activity in room-temperature lactide ROP with
moderate control.’¥l Dinuclear complexes 21 and 22 give
polylactide with broader molecular weight distributions,
whereas Megtren derivatives 19 and 20 lead to material with
a PD of 1.3-1.6. When benzyl alcohol is added as co-initia-
tor, the reaction proceeds faster and with higher control,
although transesterifications can still be observed.’®! It has
to be remarked that for polyamine-stabilised sodium arylox-
ides 19-23, the probability of heterotactic enchainment in-
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dicates an isotactic bias with values smaller than 0.5. This
is ascribed to stereorandom transesterification processes, as
epimerisation was excluded in stereopure polymerisations.
When using lower catalyst loadings (300:1), the authors ob-
served polymer yields of 80%, whereas the residual mono-
mer was converted into cyclic oligomers by an intrachain
esterification process.

Guanidine Systems

In order to overcome the limitations of anionic and other
sensitive ligand systems, the potential of a neutral but
highly Lewis-basic ligand system was evaluated. Guanidines
seem very suitable because of their good donor properties
and strong nucleophilicity.[*>#31 Within the last decade, they
have been used for numerous applications in transition
metal chemistry.* In 2007, the first cationic complex,
[Zn(DMEG:-e),][OTf], (24), has been reported as active
ROP catalyst for lactide polymerisation in melt (Table 2,
Scheme 3).41 At 150°C, molecular weights of
24000 gmol~! could be obtained within 24 h. Besides bis-
(chelate) complex 24, mono(chelate) complexes 25 and 26
and their lactide ROP activity were reported.[*] At that
point in time, the active mechanism was not clear. In follow-
ing studies of complexes 27 and 28 with the closely related
but more basic imino-imidazoline ligand 8MeBL,*#444¢l it

Table 2. Polymerisation results with zinc guanidine complexes.[®!

Catalyst [h] Conversion M, PD P Ref
%] [2mol ]
24 24 83 24000 1.6 n.d. (431
25 24 79 22000 1.7 0.50 (431
26 24 69 15000 1.6 0.50 431
27 24 85 25000 2.0 0.53 (461
28 24 88 12000 2.0 0.50 (461
29 48 0 - . [47)
30 48 0 - - [47)
31 48 0 - - 48]
32 48 17 16000 2.0 0.55 (48]
33 24 51 30000 1.6 0.57 (48]
34 24 72 31000 1.8 0.56 (48]
35 48 41 9000 2.1 nd (471
36 48 58 9000 20 nd. (471
37 48 60 19000 1.8 n.d. (48]
38 48 51 15000 1.7 0.49 (48]
39 48 29 13000 1.7 0.49 (48]
40 48 0 - - - (491
41 48 33 18000 1.6 n.d. (491
42 24 93 70000 22  nd. [47.52]
43 24 92 77000 2.1 n.d. [47.52]
44 24 81 19000 1.9 054 (50a]
45 24 71 12000 1.9 0.52 (50a]
46 24 72 12000 1.8 0353 (50a]

[a] Conditions for rac-LA polymerisation with zinc guanidine com-
plexes 24-46: solvent-free melt polymerisation at 150 °C, monomer/
initiator ratio 500:1. [b] P,: probability of racemic enchainment cal-
culated by analysis of the homonuclear decoupled "H NMR spec-
tra.[41
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appeared that the partial charge on the zinc atom, as well as
that on the donating Nj,;n. atom, is crucial for the lactide
activity.*®l Using mono(chelate) zinc imino-imidazoline
complexes 27 and 28, similar molecular weights (25000 and
12000 gmol ™!, respectively) and conversions (85 and 88 %,
respectively) were observed. With the use of the sterically
less demanding guanidine—pyridine ligands, a multitude of
zinc complexes 29-43 could be isolated, and trends for their
ROP activity were derived.*”-*8] In case of the quinoline—
guanidine complexes, mono(chelate) chlorido complexes
29-32 exhibit a lower activity than mono(chelate) acetato
complexes 35-39.147-48] Especially quinoline-guanidine bis-
(chelate) triflato complexes 42 and 43 exhibited very high
activity and robustness towards monomer impurities at the
same time. By using 42 and 43 for the ROP of technical
quality lactide, molecular weights of 70000 and
77000 gmol~! could be obtained with conversions of
> 90%. These molecular weights are highly desired for in-
dustrial use.

72+20Tf
E% = .

[Zn(DMEG,e),][OTf], (24) [Zn(DMEG,e)X,]

Comparative studies with mono(chelate) mesylato com-
plex 40 and bis(chelate) mesylato complex 4149 revealed
that — within bis(chelate) complexes 42 and 43 — the zinc
atom possesses a high positive partial charge and the guan-
idine a pronounced negative charge. The corresponding
mono(chelate) chlorido (29, 30) and acetato complexes (35,
36) with a smaller positive charge on the zinc displayed
lower activity. Besides this correlation of partial charges
and activity, the zinc-oxygen distance in the solid-state
structures correlated with the ROP activity as well: short
Zn-O distances [2.103(1) A] in mesylato complex 41 re-
sulted in lower ROP activity due to strong anion binding.
In the triflato complexes with Zn—O distances of 2.684(3) A
in 42 and 2.452(7) A in 43, the anionic component can be
regarded as placeholder for the lactide molecules, whereas
in the mesylato complexes, the zinc-oxygen bond is
stronger. In further studies, the influence of denticity and
ligand bite has been evaluated. As example for poly(guanid-
ines), dinuclear tetra(guanidine) zinc complex 44 and the
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Scheme 3. Zinc guanidine complexes for the ROP of lactide.
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tris(guanidine) complexes 45 and 46 were tested with mod-
est activities.[>%]

In all these polymerisation experiments with commercial
grade PLA, no external initiator had been added. The lact-
ide impurities might act as chain starter, but it could be
shown that the polymerisation proceeds with sublimated
lactide as well.”°®) The donor strength of guanidines is
comparable to that of ketiminates, such that guanidines
might act as ring-opening nucleophiles. This idea served as
working hypothesis for the subsequent spectroscopic and
kinetic studies.

The fluorescence activity of the guanidine—quinoline li-
gandsP!! gave the next mechanistic hint because the quin-
oline-related emission can be traced in the zinc complexes
and the resulting polylactide. Moreover, the UV absorption
of the guanidine-quinoline ligands was found in the corre-
sponding lactide as well.’?l Together with polymerisation
kinetics and computational studies, the active mechanism
for zinc guanidine complexes 42 and 43 was investigated.
Up to 165 °C, the polymerisation follows first-order kinetics
with activation parameters of AH? = 79(4) kJmol ' and

*
oy’
o
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AS? = -33(4) JK-! mol!. These values are in good accord-
ance with those of other single-site catalysts,>’] but they
indicate that the polymerisation is energetically too difficult
to run at room temperature with these complexes. The poly-
dispersities of 2 show that transesterification reactions oc-
cur at these high temperatures in melt. However, the molec-
ular weights increase proportionally with the conversion,
which indicates, once more, a controlled reaction pro-
gress.?2l As all polymerisations were carried out without
additional initiator, the question for the actual mechanism
arose. As guanidines are strong neutral donors, their nu-
cleophilicity was proposed to help the ring-opening reac-
tion. Hence, the working hypothesis implied the coordina-
tion of the lactide to the zinc centre followed by a nucleo-
philic attack of the guanidine on the carbonyl C atom of
the lactide molecule. Guided by this idea, extensive density
functional studies were accomplished for ROP with 42,
which yielded the reaction coordinate presented in Fig-
ure 1.0% In fact, this computational study is the first DFT
study for ROP with neutral ligands without additional co-
initiators. The pre-coordination of the lactide molecule is

AH
(kJ mol")

0 - :,' ..:

@ -21 o
el &
o‘éﬁi}}

%’
bl

Figure 1. Complete reaction coordinate diagram for the insertion of the first lactide molecule (R: reactants, C: zinc coordinated lactide,
TS: transition state, INT: tetrahedral intermediate, O: opened species, P: propagating species).
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AH
(kJ mol-")

Figure 2. Complete reaction coordinate diagram for the insertion of the second lactide molecule as model for the propagation step (C’:
zinc coordinated lactide, TS: transition state, INT: tetrahedral intermediate, O": opened species, P: propagating species).

slightly exothermic, but the coordination sphere around the
zinc atom undergoes rearrangement via transition state
TS0, which results in a stronger lactide binding (2.05 vs.
3.74 A prior to TS0). With this close substrate coordina-
tion, the guanidine attacks the carbonyl C atom nucleophil-
ically (TS1) with formation of a tetrahedral intermediate
(INT1). Going from INT1 to INT2, the coordination sphere
of the zinc rearranges once more such that both oxygen
atoms of the lactide bind to the zinc. This enables the subse-
quent C-O bond breaking in TS2 with an energy cost of
102 kJmol!. After this crucial step, the ring-opened lactide
unfolds, going from O to P1. This reaction coordinate is in
good accordance with those reported for other single-site
coordination—insertion mechanisms.l>¥ The typical two-step
procedure consisting of nucleophilic attack and ring-open-
ing is reproduced very well here. The complete analysis
shows that the guanidine Nj,;,. donor function is nucleo-
philic enough to conduct the ring-opening of the lactide as
the first step of the polymerisation. Hence, the ROP of lact-
ide is possible with cationic complexes in the absence of
anionic ligands or co-ligands if the incorporated neutral li-
gands are nucleophilic enough.

In fact, this step represents the ring-opening of the first
lactide and is not representative for the majority of poly-
merisation steps, because the coordination sphere changes
after the first step. After ring-opening of the first lactide, a
lactate group is bound to the zinc atom, which now per-
forms the nucleophilic attack and thus the ring-opening
step of the second lactide. This complete reaction sequence
is a representative step for all following polymerisation
steps. The reaction coordinate diagram for the ring-opening
of the second lactide is detailed in Figure 2. The DFT
analysis reveals a similar reaction progression with the
characteristic transition states for nucleophilic attack (TS1")
and ring-opening event (TS2’) but without the pre-transi-
tion state (TS0, coordination rearrangement of guanidine).
More importantly, the TS2' is lower in energy with
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65 kJmol!. This compares very well with the experimen-
tally observed value of 79 kJmol .52 With regard to the
whole combined study, the special variant of the coordina-
tion—insertion mechanism that is active for zinc guanidine
complexes could be clarified.

The great advantage of guanidine systems is their ex-
traordinary robustness towards moisture and monomer im-
purities. Until now, comparable robust systems have only
been reported by Davidson et al.,’> who used tris(phenol-
ate) titanium complexes. However, zinc guanidine systems
combine in a unique manner many crucial features for ef-
ficient large-scale lactide ROP. In detail, the robustness of
zinc guanidine complexes in lactide ROP supersedes mono-
mer recrystallisation or sublimation and saves cost-exten-
sive processing steps. Moreover, the polymerisation can be
accomplished under melt conditions at high temperatures
up to 200 °C without racemisation effects."! This is impor-
tant for further applications in reactive polymer extrusion.

With regard to the biodegradability and sustainability of
PLA and its final fate in landfill or composting, the use of
zinc is especially advantageous, when the metal toxicity is
considered, because the catalyst can remain in the polymer,
and time-consuming purification procedures can be omit-
ted. Hence, the studies on zinc guanidine complexes repre-
sent an important step towards the ultimate breakthrough
of PLA in competition with petrochemical-based plastics.
Together with the complete study on the active mechanism,
the efficient use of these neutral donors in the development
of ROP-active systems has shed more light on a hitherto
overlooked ligand category.

Conclusions and Outlook

In this review, the utility of the overlooked category of
neutral donors for the stabilisation of complex systems for
the ring-opening polymerisation of cyclic esters has been
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highlighted. Until 2004, only anionic ligands had been
used, but with regard to the industrial demand novel sys-
tems that support the use of commercial lactide and ele-
vated reaction temperatures were urgently needed. Within
the last years, the introduction of neutral donor ligands to
ROP led to numerous studies with calcium, sodium and
zinc complexes with remarkable ROP activities. Many li-
gand classes like amines, carbenes, guanidines, phosphin-
imines, pyridines and tris(pyrazolyl)methanes have been in-
vestigated in this young but flourishing field. In some cases,
the neutral ligands are accompanied by anionic co-ligands
such as alkoxide, phenoxide or alkyl. Here, the anionic co-
ligands perform the nucleophilic attack that initiates the
ring-opening reaction. Concomitantly, the anionic nature of
these co-ligands does not enable increased robustness
towards air, moisture and lactide impurities, as was origi-
nally targeted. The pyridine- and guanidine-stabilised com-
plexes are active in the absence of anionic co-ligands.
Chloride, acetate and triflate serve here as charge-compen-
sating unit. Screening of a multitude of these zinc guanidine
complexes allowed to evaluate a structure-reactivity rela-
tionship. The variety within this ligand class encompasses
aliphatic and aromatic frameworks as well as polydentate
systems and combinations with other donors. In fact, quin-
oline—guanidine zinc triflate complexes show the best per-
formance with high molecular weights and controlled poly-
merisation behaviour. A combined spectroscopic, kinetic
and theoretical study revealed that the coordination—inser-
tion mechanism is valid for these complexes.

The comprehensive concept of robust zinc guanidine sys-
tems has been proven to yield efficient and versatile ROP-
active catalysts. The great impact of the guanidine ligand is
expressed in two central traits: its excellent donor capacity
stabilises very robust zinc complexes and its high nucleophi-
licity enables the ring-opening of cyclic esters by the Niine
donor functionality.

In general, the importance of neutral ligands for the ring-
opening polymerisation of lactide cannot be underesti-
mated. With regard to the major breakthrough of bio-
plastics for the substitution of petrochemical plastics in the
commodity market, every robust catalyst system represents
a huge step towards greater sustainability of our society. In
the near future, this will improve the economic situation
for biodegradable polymers from renewable resources and
establish polylactide in many fields of polymer applications.
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We expected that the chemical trapping products of low-
coordinated tellurenyl cation species can also be kinetically
stabilized by the Tbt or Bbt group. Recently, we have re-
ported the halogenation reactions of Bbt-substituted ditellur-
ide, BbtTeTeBbt, leading to the formation of the Te!'-Te!V
mixed-valent tellurenyl fluoride, BbtTeTe(F),Bbt, and tellur-
enyl halides, BbtTeX (X = Cl, Br, I). During the dehalogen-

ation reactions of these tellurium halides, it is rational to pos-
tulate the formation of a tellurenyl cation species as an inter-
mediate. In this paper, we report the successful trapping of
tellurenyl cation species with butadienes or triphenylphos-
phane, and the regeneration of the tellurenyl cation species
by thermal retro [1+4] cycloaddition of the diene adducts.

Introduction

A number of studies on sulfur(Il) cations, RS*, have
been reported, and they have raised interest in many re-
search fields.[! Although analogous species of selenium(1I)
and tellurium(Il) cations have also attracted much atten-
tion, only a few examples are known, because they are diffi-
cult to isolate as a result of their intrinsic high reactivity.””!
Thus, only a few chalcogen(II) cationic species have been
structurally characterized to date.l}! The tellurium(II) cat-
ion, [2,6-(Me,NCH,),CcHsTe]* PF4~, was stabilized by in-
tramolecular coordination of the N atom, though no struc-
tural details were disclosed. Recently, by applying the
(N,C,N) “pincer” ligand, Silvestru and co-workers have suc-
ceeded in the first isolation of tellurium(Il) cation species
as stable crystals.[”!

On the other hand, methyl or 4-fluorophenyl-substituted
ditelluride was reported to be oxidized by nitrosonium salts,
giving the corresponding transient tellurium(II) cation spe-
cies.) The generation of the tellurium(II) cationic species
was confirmed only by the isolation of the corresponding
phosphane adduct. In recent studies, there are two remark-
able reports on the trapping reaction of tellurium(II) cation
species, where synthesis of aryltellurium(II) cations stabi-
lized by the coordination of NHC (Scheme 4)1 and the
[1+2] adducts of tellurium(II) cations with alkynes!® were
reported by the Beckmann and Seppelt groups, respectively.
Meanwhile, we have succeeded in the first chemical trap-
ping of a stibinidene (R—Sb:), which exhibits a structure
that is isoelectronic to that of a tellurium(II) cation, by tak-

[a] Institute for Chemical Research, Kyoto University
Gokasho, Uji, Kyoto 611-0011, Japan
Fax: +81-774-38-3209
E-mail: sasamori@boc.kuicr.kyoto-u.ac.jp
tokitoh@boc.kuicr.kyoto-u.ac.jp
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201101313.
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ing advantage of a bulky aryl substituent, Tbt, or Bbt
group.>1% Accordingly, we expected that the chemical trap-
ping products of low-coordinated tellurium(II) cation spe-
cies can be kinetically stabilized by the Tbt or Bbt group.
Recently, we have reported the halogenation reactions of
Bbt-substituted ditelluride, BbtTeTeBbt, leading to the for-
mation of the mixed-valent ditelluride difluoride, BbtTe-
Te(F),Bbt (2) and tellurium(II) halides, BbtTeX (3, X = Br,
4, X = .U It is rational to postulate the formation of
tellurium(IT) cation species 1 as an intermediate during the
dehalogenation reactions of 2-4. In this paper, we present
the successful trapping of tellurium(II) cation species 1*
with butadienes or triphenylphosphane and the regenera-
tion of 1* by thermal retro [1+4] cycloaddition of the diene
adducts.

Results and Discussion

BbtTeTe(F),Bbt (2) was treated with 2 equiv. of TMSOTf
or TMSNTT, in the presence of isoprene or 2,3-dimethyl-
1,3-butadiene in hexane at —40°C for 1h. The color
changed from dark-red to colorless, and then a colorless
solid precipitated. The crude product was recrystallized
from CH,Cl,/hexane. As a result, the corresponding diene
adducts 5, 6, and 8 were obtained in yields of 70, 88, and
77%, respectively. On the other hand, the reaction of
BbtTel (4) with AgBF, in the presence of 2,3-dimethyl-1,3-
butadiene afforded diene adduct 7 (71%, Scheme 1). The
debromination reaction of 3 with AgOTf in the presence of
2,3-dimethyl-1,3-butadiene (Scheme 2) also afforded cyclo-
adduct 6 (66%), which is identical with the product ob-
tained from 2. Thus, the formation of [1+4] adducts 5-8
is most likely to have proceeded through an intermediate
tellurium(IT) cation species generated by the dehalogenation
reactions of 2 and 3.
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Bbt R
R
X ™sx, 7
Bbt—_ /. \
Te—Te ———————> Te
/ | \ n-hexane, —78 °C :
F X' = OTf, NTf, )
) Bbt  R=H, Me .
5:X = OTf,R=H
AgBF,, 6: X' = OTf, R = Me
BbtTeX ———————=> 7:X'=BF,, R = Me
Sx—pr CoeRmEnGtG 8: X' = NTf,, R = Me
4x=1

Scheme 1. Synthesis of diene adducts 5-8.

TMSOTf
BbtTeTe(F),Bbt ——————
PB —yisr RV e
2 L»| [BbtTe]'TFO™ | h
BbtTeX AOTE o
A +: -
il e — AgX 1*TfO &
4:X=1
Scheme 2.

On the other hand, the reaction of 2 with TMSOTT or
TMSNTTY, in the presence of triphenylphosphane gave the
corresponding phosphane adducts 9 and 11 as yellow solids
in yields of 67% and 54%, respectively. The reaction of
BbtTeBr (3) with AgBF, in the presence of triphenylphos-
phane afforded phosphane adduct 10 (67%, Scheme 3).
Since the blank experiments of the treatment of tel-
lurium(II) halides 2 and 3 with dienes and phosphanes in
the absence of TMSOTT or Ag* salt resulted in no reac-
tions, the formation of phosphane adducts 9, 10, and 11
from 2 mentioned above strongly suggest the generation of
1* species.

Bbt
TMSX', PPh;
. /Tle—Te\ n-hexane, =78 °C
Bbt X' = OTf, NTf, Bbt\ /PPhg
2 [y Te*

AgBF,, PPh; X~

BbtTeX Sy =
benzene, 0 °C 9: X' = OTf

3:X=Br 10: X' = BF,

4: X =1 11: X' = NTf,

Scheme 3. Synthesis of phosphane adducts 9-11.

The molecular structures of 5-11 were unambiguously
determined by X-ray crystallographic analysis.'?! The mo-
lecular structures of 6 and 9 are shown in Figures 1 and 2.
All cycloadducts exhibit pseudo-trigonal-bipyramidal ge-
ometry as hypervalent species.'3! The phosphane adducts
9-11 exhibit T-shaped structures, slightly distorted for steric
reasons [as can be seen in compound 9; C-Te-P 103.25(8)°,
Te-P-O 76.91(5)°]. The P-Te-O angle in 9 is almost linear
[174.95(9)°]. These remarkable structural parameters are

similar to those of PPh;Te(Ph)L.!'Y There are weak interac-
tions between Te* and counterion. It was found that the
interactions increase in the order TfO~ > BF, > NTf, on
the basis of the observed Te*--counterion distances
(Table 1), and there seems to be almost negligible interac-
tion between NTf and Te* in 11. The Te*---anion distances
of carbene adducts 12 and 13 (Scheme 4) are 3.270(4)
(Te++Cl) and 3.651(6) A (Te-I), which are shorter than the
sums of the van der Waals radii, 3.81 and 4.04 A, respec-
tively. In contrast, the Te-O distance in 11 is 3.605(3) A,
which is longer than the sum of the van der Waals radii
(3.60 A). However, the phosphane adduct PhTe(PPhs)I con-
tains a rather covalent Te—I bond [3.0930(9) A].

Figure 1. Molecular structure of 6 with thermal ellipsoids set at
50% probability. Hydrogen atoms are omitted for clarity.

Figure 2. Molecular structure of 9 with thermal ellipsoids set at
50% probability. Hydrogen atoms are omitted for clarity.

The '»Te NMR chemical shifts of telluronium com-
pounds 5-11 in CDCl; are shown in Table 1. The signals
for the diene adducts, excluding compound 5, appeared at
around 600 ppm, while those of the phosphane adducts
were observed at around 465 ppm.['3] No reason can be of-
fered for the observed signal of compound 5 at 713 ppm.
These results indicate that the central Te!Y moieties of diene
adducts 6-8 would be slightly affected by the counteranion
depending on the distance, and the electronic effects of the

Table 1. Some structural parameters and '>Te NMR chemical shifts for compounds 5-11.

5 6 7 8 9 10 11
Te-anion distance [A] Q 2916(9)  2.894(5)  29558) 29885  3.072(2)  3.1893)  3.605(3)
Sum of the van der Waals radiil'® [A] Te-O:3.60 Te-O:3.60 Te-F:324 Te-0:3.60 Te-0:3.60 Te-F:3.24 Te-O:3.60
125Te NMR chemical shifts [ppm] 713 613 607 593 464 463 465
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Generation of an Organotellurium(II) Cation

Eur/IC

R\ CR';
A IR THF, rt. \
X% R N*
4 A~
X =Cl, Br — R/Te_<N |
CR’, /
Rl THE 1t 12: A = RTeX,
: 13:A=|
R= 2,6-M98206H3 X =Cl, Br

CR'; = 1,3,4,5-tetramethylimidazol-2-ylidene

Scheme 4. Reported carbene adducts of aryltellurium(II) cations 12
and 13.

counteranion toward those of phosphane adducts 9-11
would be negligible.

Thermolysis of 5 in [Dg]benzene in the presence of an
excess amount of 2,3-dimethyl-1,3-butadiene (120 °C for 1 h
in a sealed tube) afforded the corresponding diene-ex-
changed product 6 quantitatively. Moreover, 6 was heated
in the presence of 10 equiv. of triphenylphosphane in [Dg]-
benzene to give phosphane adduct 9 quantitatively. These
results can be most likely interpreted in terms of the inter-
mediacy of the tellurium(II) cations (1* [TfO]) in the ther-
mal retrocycloaddition of the diene adduct 6 (Scheme 5).
Thermolysis of 6 in the absence of a trapping reagent under
the same conditions resulted in the formation of a red solu-
tion containing a sole product, compound X. Although
compound X would be the expected species 17 [OTI], it has
not been identified yet because it was difficult to perform
detailed spectroscopic analysis of the product due to its ex-
treme instability even in an inert atmosphere, giving BbtTe-

TeBbt.

Bbt— .7 “{  Bbt~ /ji
3/3‘ . o [Bthe]*TfO‘]—» Te
orf  CeDe 50°C e OTf
5 6

Scheme 5. Thermolysis of diene adduct 5.

Further investigation on the synthesis and isolation of
tellurium(IT) cations with a new bulky ligand is currently in
progress.

Experimental Section

Compounds 5, 6, and 8: To a hexane solution (10 mL for 5, 5mL
for 6, 8) of BbtTeTe(F),Bbt (2) (100 mg, 64.8 umol for 5, 50.0 mg,
32.4 umol for 6, 8) in the presence of an excess amount of 2,3-
dimethyl-1,3-butadiene (0.5 mL) was added trimethylsilyl trifluoro-
methansulfonate (23.4 mL, 12.3 pmol for 5§ 11.7 pL, 64.8 umol for
6) or N-trimethylsilyl bis(trifluoromethanesufonyl)imide (14.9 pL,
64.8 pmol for 8), and the reaction mixture was stirred for 1h at
—78 °C. The mixture was then warmed up to room temperature.
The colorless precipitates were washed with hexane and dried in
vacuo. Analytically pure samples were obtained by crystallization
from CH,Cl,/hexane. Yields: 70% (87.7 mg, 90.5 pmol) for 5, 88%
(56.0 mg, 57.0 umol) for 6, and 77% (55.7 mg, 50.0 pmol) for 8.

Compound 7: To a benzene (10 mL) solution of BbtTel (100 mg,
11.4 pmol) in the presence of an excess amount of 2,3-dimethyl-
1,3-buadiene (0.5 mL) was added AgBF, (22.1 mg, 11.4 umol) in
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benzene (5 mL), and the mixture was stirred for 1 h at 0 °C. The
mixture was then warmed up to room temperature. The resulting
white precipitate was filtered and recrystallized from toluene at —40
C to afford a colorless solid. Yield: 71% (74.5 mg, 80.9 umol).

Compounds 9 and 11: To a hexane (10 mL) solution of BbtTeTe-
(F,)Bbt (2) (50 mg, 32.4 umol) in the presence of triphenylphos-
phane (15.0 mg, 48.6 pmol, 1.5 equiv.) was added trimethylsilyl tri-
fluoromethansulfonate (11.7 pL, 64.8 pmol for 9) or N-trimethyl-
silyl bis(trifluoromethanesufonyl)imide (14.9 pL, 64.8 umol for 11),
and the mixture was stirred for 1 h at —78 °C. The mixture was then
warmed up to room temperature. Filtration of the reaction mixture
followed by purification with gel permeation liquid chromatog-
raphy afforded the phosphane adducts. Analytically pure samples
were obtained by crystallization from CH,Cl,/hexane for 9, toluene
for 11. Yields: 67% (50.5 mg, 43.4 umol) for 9 and 54% (45.5 mg,
0.0351 mmol) for 11.

Compound 10: To a benzene (10 mL) solution of BbtTeBr (50 mg,
60.0 umol) in the presence of PPh; (23.6 mg, 90.0 umol) was added
AgBF, (11.7 mg, 60.0 pmol) in benzene (5 mL), and the mixture
was stirred for 1 h at 0 °C. The mixture was then warmed up to
room temperature. Filtration of the reaction mixture followed by
purification with gel permeation liquid chromatography afforded
the crude product. An analytically pure sample of 10 was obtained
by crystallization from CH,Cly/hexane. Yield: 67% (44.2 mg,
40.1 pmol).

Supporting Information (sce footnote on the first page of this arti-
cle): General procedures, analytical data, and X-ray diffraction
studies for compounds 5-11.
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A New Type of Lanthanide Complex — Two Divalent Ytterbium Species
Assembled from Cation—= Interactions

Cheng-Ling Pan,*!*? Shao-Ding Sheng,'?! Chang-Min Hou,” Yu-Song Pan,'?! Jing Wang,?!
and Yong Fan*"!
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A new divalent ytterbium complex, [{(LP?)Yb"(Et,O)(thf)},(u-
KI)] {LP" = Ph,Si(NAT),, Ar = 2,6-iPr,CsHs) (3), was synthe-
sized by the reaction of [(LP*)Yb™I(thf),] (2) and an excess
of potassium. The bimetallic ytterbium(Il) species with bulky

diamido ligands are bridged by a KI molecule with cation-n
interactions. These two complexes have been fully charac-
terized, particularly by X-ray crystallography.

Introduction

Ever since Kagan’s report on Sml,, the chemistry of lan-
thanide complexes has been increasingly attractive. How-
ever, the chemistry of divalent lanthanide complexes is
largely limited, because of destabilizing factors.[' For a long
time, the coordination chemistry of divalent lanthanide ions
has been limited to that of the classical three elements Eu3*,
Yb?*, and Sm?*.”I These Ln?* ions have the configuration
of 6s°5d%f", with n = 6 (Sm), 7 (Eu), and 14 (Yb). The
reduction potentials for the trivalent ions Ln3* + ¢~ = Ln?*
are Eu’*/Eu* (-0.35 V), Yb3*/Yb?* (-1.15 V), and Sm3*/
Sm?* (~1.55 V), similar to those of one-electron reducing
agents in organic and inorganic synthesis.’ In contrast, the
reduction potential for potassium is much more negative
[K/K* (-2.92 V). Therefore, with a properly useful li-
gand, we should be able to stabilize these ions with oxi-
dation state +2 in solution by alkali metal reduction of their
trivalent precursors. However, the synthesis of a wide
variety of low-valent lanthanide complexes with N,N’-
ligands remains sparsely studied.l

The accessibility and applications of divalent lanthanide
complexes can potentially be significantly broadened if they
can be readily prepared.®! In addition to the success in
their synthesis, it is still important to explore alternative
ligands that are able to satisfy the coordination require-
ments of relatively large lanthanide cations.['%!!] In contrast
to the popular cyclopentadienyl (Cp) ligands,
relatively little effort has been devoted to Cp-free ligands.['?!
The lanthanide chemistry of complexes with simple amido
ligands is limited primarily to an amido ligand, namely

[a] School of Materials Science and Engineering, Anhui University
of Science and Technology,
Huainan 232001, Anhui, P. R. China
E-mail: chengling_pan@]126.com

[b] State Key Laboratory of Inorganic Synthesis and Preparative
Chemistry, College of Chemistry, Jilin University,
Changchun 130012, P. R. China
E-mail: mrfy@jlu.edu.cn
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N(SiMe;),.['314 In this respect, it is noteworthy that the
stabilizing properties of LP? [LP" = Ph,Si(NAr),, Ar = 2,6-
iPr,C¢Hs] appear to be similar to those of bulky, N,N'-
chelating B-diketiminates [{(RHNC(R?)},CRH
(nacnac)I'>'91  and guanidinate ligands [(ArN),CN-
(CeH11)o] (Giso),['] which have been utilized in the prepa-
ration and characterization of homoleptic four-coordinate
Ln?* complexes.

In our previous work, we obtained planar four-coordi-
nate Ln" diamido complexes [(L""),Ln{K(solv.),},] (Ln =
Sm, Yb, and Eu), which represent the first example of lan-
thanides bearing heteroleptic sandwich structures.['8-1]
These results inspired us to extend the coordination chemis-
try of bulky diamido ligands to ytterbium(II) by taking ad-
vantage of related synthetic routes and cation—m interac-
tions. We have explored the coordination of amido ligand
H,(LPRT [LPh = Ph,Si(NAr),, Ar = 2,6-iPr,CsH;] (1) to
stabilize the ytterbium(II) complex, [{(LP")Yb! (thf)-
(Et,0)},(u-K1)] (3), by the reaction of [(LPP)Yb™(thf),] (2)

Phy Ph iPr Ph Ph Py
Irtji/s'\H 1) excess HK, 2 h N/Si\N
2)Ybl 4h iPr i 1 iPr
oudl O
|
1 2 (69%)
/excessK
@‘ )
iPr
(Pr
=l E+tzo Et,d iPr
N __N
Ph/ /Yb\l/Ybl &i«Ph
7N + + /SI;
PH N thf ‘ thf Ny Ph
iPr i
_--K<__iPr
iPr % ‘\@ﬂpr
3 (39%)
Scheme 1.
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and an excess of potassium, as illustrated in Scheme 1.
Herein, we report the synthesis and structural studies of
these complexes. To the best of our knowledge, ytter-
bium(IT) dimer complexes of amido ligands assembled from
cation—r interactions are rare in lanthanide chemistry.

Results and Discussion

The use of a dry-box and access to single crystals for X-
ray diffraction techniques made it possible to safely handle
and characterize these complexes. The crystal structure of
2 shows that the five-coordinate ytterbium center is coordi-
nated by a chelating diamido ligand, two thf molecules, and
an iodine atom, forming a distorted square-pyramidal ge-
ometry. The N1, N2, Ol, and O2 atoms form the basal
plane, whilst the I1 occupies the apical position, as shown
in Figure 1. The YbI-NI1, YbI-N2, Yb1-Ol1, and Yb1-O2
bond lengths are 2.165(2), 2.179(2), 2.319(2), and
2.339(2) A, respectively. The Ybl-Il bond length is
29151 A. However, the Yb"-N bond lengths of similar
complex [(LP")Yb'(thf);] in our previous work fall within
the range 2.346(4)-2.394(4) A.'8) The observed Yb™-N
bond lengths of 2 are obviously shorter than the corre-
sponding bond lengths of the ytterbium(II) complex, prob-
ably because of the smaller ionic radius of Yb™ as com-
pared to Yb!l. As a result of the paramagnetic nature of 2,
well-resolved NMR spectra could not be obtained for the
trivalent ytterbium(III) complex.

Figure 1. Molecular structure of 2. POV-RAY illustration, 30%
thermal ellipsoids, all hydrogen atoms omitted for clarity. Selected
bond lengths [A] and angles [°]: YbI-N1 2.165(2), Ybl-N2
2.179(2), Ybl-Ol1 2.319(2), Yb1-O2 2.339(2), Ybl-I1 2.915(1),
Sil-N1 1.722(2), Sil-N2 1.738(2); N1-Yb1-N2 72.65(8).

Bis(cyclopentadienyl) complexes of type “Cp,L.nX”, sim-
ilar to complex 2, have attracted increased attention, and
derivatives of the latter are meanwhile established homo-
geneous catalysts.?'] Heteroligands X (e.g., H, X") and the
presence of neutral donor ligands (e.g., thf, OEt,) remarka-
780
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bly influence the structure of the usually formed mononu-
clear or X-bridged dinuclear complexes “[Cp,Ln-
(u-X)],”.22l However, there is a growing interest in synthetic
applications of o-bonded organolanthanide complexes of
composition R,LnX (Ln = Sm, Eu, Yb; X = Cl, Br, 1).?3

X-ray crystallographic results indicated that complex 3
contains two ytterbium(II) units bridged by a KI molecule,
as shown in Figure 2. The LP" ligands coordinate in a che-
lating fashion [YbI-N1 2.322(6) A, Ybl-N2 2.345(5) A,
Yb2-N3 2.346(6) A, and Yb2-N4 2.323(6) A], these Yb-N
distances are apparently longer than those observed in re-
lated trivalent ytterbium species {e.g., five-coordinate
[Yb(NHC¢H;iPr,-2,6)5(thf),]  2.17(2)-2.20(2) A2 and
complex 2}. The Yb-O (Et,O or thf) bond lengths are
Ybl-O1 2411(7)A, Ybl-02 2375(7)A, Yb2-0O3
2.373(8) A, and Yb2-04 2.450(9) A. The KI is just at the
center of two ytterbium(II) groups with bond lengths Ybl-
I1 3.235(1) A, Yb2-I1 3.156(1) A, and K1-I1 3.329(2) A,
and K+C bond lengths range from 2.957(7) to 3.484(10) A.
To the best of our knowledge, there are no previously re-
ported examples of complexes containing a ytterbium(II)
dimer assembled from cation—n interactions.

Figure 2. Molecular structure of 3, hydrogen atoms, Et,O, and thf
molecules, omitted for clarity. Selected bond lengths [A] and angles
[°]: YBI-NI 2.322(6), YbI-N2 2.345(5), Yb2-N3 2.346(6), Yb2—
N4 2.323(6), Ybl-Ol 2.411(7), Ybl-O2 2.375(7), Yb2-O3
2.373(8), Yb2-04 2.450(9), Yb1-Sil 2.997(2), Yb2-Si2 2.972(2),
Ybl-I1 3.235(1), Yb2-I1 3.156(1), T1-K1 3.329(2); N1-Yb1-N2
68.36(19); N4-Yb2-N3 69.2(2).

The ligand [Ph,Si(2,6-iPr,CcH;N),]>~ (L") seems an ex-
cellent candidate for the stabilization of divalent lanthanide

complexes by means of cation-r interactions.'®1°1 Most
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Cp-free divalent ytterbium complexes are mononuclear.
Gambarotta et al. discovered an octameric macrocyclic
structure consisting of eight [Ph,C(C4H;N),Yb"] units with
o and m bonds and a flat tetrametallic unit with mixed-
valent ytterbium.?*! A few years ago, a binuclear ytter-
bium(II) hydrido complex of a bulky hydrotris(pyrazolyl)-
borate ligand was reported.”>! Monoamide and guanidinate
ligands with ytterbium(II) atoms were bridged by halogen
atoms to form bimetallic complexes.['”-?%] Therefore, the use
of divalent lanthanide ions for the construction of oligo-
mers is more difficult than the use of d-block metal ana-
logues.?>2”1 In complex 3, the interaction between the alkali
metal cation and the m-face of neutral aromatic system is
an important binding force, which helps to stabilize the di-
valent ytterbium metal center. The construction of
lanthanide—alkali chains,?®! layers,[*! and wheels?®*”! with
interactions has been a field of rapid growth, because of
the formation of fascinating structures and their potential
applications.3!]

Conclusions

We have successfully synthesized the diamido complex of
Yb' by the potassium reduction of a new Yb' starting
material. This method proved to be efficient in the synthesis
of some divalent ytterbium complexes in lanthanide chemis-
try. Our studies revealed that diamido ligand can be used
as a ditopic linker to generate polymetallic complexes by
taking advantage of the cation—r interaction. The structural
versatility and the novelty of these ytterbium complexes are
a starting point for further investigations. The method
might be extended to the synthesis of other lanthanide ele-
ments. The work is in progress in our laboratory.
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Experimental Section

General Procedures: All operations were performed under an inert
atmosphere (<5 ppm oxygen or water) in a nitrogen-filled dry-box
or by using standard Schlenk techniques. Solvents thf and n-hexane
were freshly distilled from sodium benzophenone ketyl prior to use.
All other chemicals were purchased from either Aldrich or Acros
Chemical Co. and were used as received unless otherwise indicated.
'H and '*C NMR spectra were recorded with a Bruker DPX300
spectrometer at 300.13 and 75.47 MHz, respectively.

Syntheses

[(LP"Yb™I(thf),] (2): A solution of [Ph,Si(2,6-iPr,CsH3NH),]2"!
(0.77 g, 1.5 mmol) in thf (15 mL) was slowly added to a stirred
suspension of KH (0.16 g, 4 mmol), and the resulting mixture was
stirred for 2 h at room temperature. The yellow solution was then
filtered to remove the excess of KH, and then a yellow solution of
the potassium amido compound (1.5 mmol) in thf (15 mL) was
treated with Ybls (0.83 g, 1.5 mmol) at room temperature for 4 h.
The solvent was removed under reduced pressure, followed by ad-
dition of Et,O (40 mL). The Et,O extract of the solid was filtered,
reduced to approximately 5 mL, and kept for several days at room
temperature, after which single crystals of 2 suitable for X-ray crys-
tallographic studies were obtained to give the title compound 2 as
red crystals (69%). C44HgoIN,O,SiYb (977.00): caled. C 54.09, H
6.19, N 2.87; found C 53.78, H 5.94, N 2.49.

[{(L"MYDb"(thf)(Et;0)},(n-KI)] (3). A thf solution of complex 2
[(LPM)YbI(thf),] (1.01 g, 1.0 mmol) was stirred with an excess of K
(0.06 g, 1.5 mmol) for 6 h at room temperature. The solvent was
removed under reduced pressure, followed by addition of Et,O
(40 mL). The Et,0O extract of the solid was filtered, reduced to ap-
proximately 3 mL, and kept for several days at room temperature,
after which single crystals of 3 suitable for X-ray crystallographic
studies were obtained to give the title compound 3 as deep red
crystals (39%). "H NMR (C4Dg, 300 MHz): 6 = 7.82 (d, J = 4.8 Hz,
4 H, ArH), 7.24-7.05 (m, 10 H, ArH), 6.99 (t, J = 7.2 Hz, 2 H,
ArH), 3.26-3.54 (m, 8 H, thf), 4.33 (sept., J = 6.9Hz, 4 H,

Table 1. Crystal data and structure refinements for complexes 2 and 3.

Empirical formula C44H601Nzozsin C88H124IKN404Si2Yb2

Formula weight 976.97 1870.17

Temperature [K] 173(2) 173(2)

Crystal system orthorhombic orthorhombic

Space group Pbca Pbca

a[A] 19.9934(6) 23.6218(9)

b [A] 18.4582(5) 21.3970(7)

c[A] 23.4780(7) 34.5017(12)
olume [A3] 8664.4(4) 17438.4(11)

zZ 8 8

Density (calculated) [Mgm 3] 1.498 1.425

Absorption coefficient [mm™!] 2.935 2.610

F(000) 3928 7616

Crystal size [mm)]

6 range for data collection
Reflection collected
Independent reflections
Completeness to ¢

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [/>2o([)]

R indices (all data)

Largest diff. peak and hole [ e A 3]

0.30 X 0.20 X 0.20

1.73 to 26.07°

46356

8572 [R(int) = 0.0304]

0 = 26.07°, 100.0%

0.5914 and 0.4730
Full-matrix least-squares on F>
8572/0/460

1.044

RI1 =0.0235, wR2 = 0.0565
RI1 =0.0330, wR2 = 0.0616
0.733 and -0.496

0.28 X 0.23x0.19

1.18 to 26.04°

94252

17202 [R(int) = 0.0619]

6 = 26.04°, 100.0%

0.6369 and 0.5285
Full-matrix least-squares on 2
17202/47/827

1.037

RI =0.0582, wR2 = 0.1341
RI =0.0995, wR2 = 0.1869
2.360 and -2.307
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CHMe,), 1.25-1.44 (br., 8 H, thf), 1.11 (d, J = 6.9 Hz, 24 H,
CHMe,) ppm. '*C NMR (C¢Dg, 75.47 MHz): 6 = 161.3, 158.2,
149.4, 143.4, 135.8, 126.8, 124.9, 116.4, 69.1, 28.2 [OCH,CH, (thf)],
25.7, 23.9 (CHMe,) ppm. CgoH 0 lKN,O,Si,Yb, (1722.0) (3 —
20Et,): caled. C 55.80, H 6.09, N 3.25; found C 55.59, H 6.14, N
2.99.

X-ray Structure Determination: All single crystals were immersed
in Paratone-N oil and sealed under N, in thin-walled glass capillar-
ies. Data were collected at 173 K with a Bruker SMART II CCD
diffractometer by using Mo-K,, radiation. An empirical absorption
correction was applied with the SADABS program.32 All struc-
tures were solved by direct methods and subsequent Fourier differ-
ence techniques and refined anisotropically for all non-hydrogen
atoms by full-matrix least-squares calculations on F? by using the
SHELXTL program package.>) Most of the carbon hydrogen
atoms were located from difference Fourier syntheses. All other
hydrogen atoms were geometrically fixed by using the riding model.
Crystal data and details of data collection and structure refine-
ments are given in Table 1.

CCDC-722477 and -722478 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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Bi,WOg has attracted considerable interest as a visible-light-
driven photocatalyst with a layered Aurivillius structure. The
catalytic performance of bismuth tungstate is notably en-
hanced through the partial substitution of tungsten with mo-
lybdenum. Whereas hydrothermally obtained Bi,W;_Mo0,0Og
solid solutions maintain the Bi,WOyg structure, their morpho-
logies vary with the molybdenum content. Lower Mo con-
tents (x < 0.5) favor the formation of hierarchically nano-
structured microspheres that consist of sheet-like building
blocks. Their disintegration is observed for greater extents of
W/Mo substitution, hand in hand with a decrease in the sur-
face area. Raman spectra furthermore indicate changes in

the local structure of the octahedral W/Mo moieties upon
variation of the Mo content. As little is known about the
growth kinetics and hydrothermal formation processes of
nanostructured Bi,W;_,Mo,Og catalysts, in situ XAS investi-
gations were performed to determine the onset of their hy-
drothermal formation from Bi(NO3)3:5H,0, K,WO, and
Na,MoOQy. In situ energy-dispersive X-ray diffraction (EDXRD)
experiments revealed a correlation between particle shape,
Mo content and formation pathway of the Bi,W; ,Mo,Og
nanomaterials. The results are compared to related in situ
studies on hierarchically structured W/Mo oxides.

Introduction

Functional nanostructured oxides are essential building
blocks for tomorrow’s technological challenges, such as sus-
tainable energy sources and constant access to clean water
resources.[!l Photocatalytic nano-oxides play a major role
in these developments, and their morphology is a crucial
parameter for catalytic efficiency. Therefore, tunable solu-
tion syntheses of oxide materials, such as hydro- and solvo-
thermal techniques, attract increasing research interest.l?!
Despite constant progress in shaping nanoscale oxides for
tailor-made applications, only a small fraction of these sys-
tems are understood and accessible on a sound mechanistic
basis. The lack of direct insight into hydrothermal and
related formation processes renders morphology control in
oxide synthesis an ongoing challenge that hinders informed
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design. Although an increasing repertoire of combined in
situ techniques for monitoring growth processes in solution
or various catalytic reactions has been established,’™ only a
few of these studies have been devoted to the important
materials class of visible-light-driven oxide photocatalysts
as alternatives to TiO,.[®! Bismuth oxide based materials are
currently a focus of worldwide photocatalyst research with
special emphasis on BiVO,"! and Aurivillius-type Bi,WO4
with a layered structure.®! Over the past years, we have de-
veloped a new way to access hierarchically nanostructured
Bi, WOy spheres, and we have monitored their formation
pathway with in situ energy-dispersive X-ray diffraction
(EDXRD) techniques for the first time.l'®) Hierarchical
morphologies have been found to be favorable for other bis-
muth-containing photocatalysts as well, such as for
Bi,O5,1'!! bismuth titanatel'?l or BIOCOOH,!"?! but their
growth mechanisms have all been proposed on the basis of
ex situ data and quenched intermediates. Due to the lack
of in situ studies, the particle shaping of oxide materials
often remains an empirical question of trial and error.
Given that doping of binary oxides with additional metal
ions is a frequently used performance optimization strategy,
achieving morphology control in multi-component systems
has become a considerable challenge that needs to be re-
solved.

Although Bi,M0Og4 and Bi,WOg¢ have the same Aurivil-
lius structure in common, we have discovered notable differ-
ences in the humidity-sensing behaviors of both com-
pounds that are linked to their surface properties.'Y Mo
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incorporation into nanostructured bismuth tungstate hosts
has furthermore been identified as a new strategy to en-
hance their photocatalytic activity by means of the emerg-
ing Bi,W,_.Mo,Og4 phases.['>] However, not only electronic
and structural effects play a role in photocatalyst design,
but crystallinity, specific surface area and morphology are
equally important parameters.'® As outlined above, they
can only be efficiently steered through detailed knowledge
about the underlying materials formation processes.
Whereas advanced in situ studies have been performed on
the solution growth of Bi,MoQg catalystst®17-181 and
Bi,WO4 has been investigated in our previous recent
work,['% no such information is available for the growth
kinetics and processes of the catalytically more efficient
mixed Bir(W,M0)Og¢ phases.

The present study now closes this gap, given that our
extensive studies on the formation mechanisms of molybde-
num!! and tungsten oxide nanomaterialsi*”! and their com-
bination into hierarchically structured (W/Mo) oxides*!]
have encouraged us to transfer this knowledge to the
exploration of morphology—mechanism relationships to
Bi,W; Mo0,04 materials. Therefore, we present the first
complementary in situ X-ray absorption spectroscopy
(XAS) and EDXRD studies on the hydrothermal incorpo-
ration of Mo into hierarchical Bi,WOg architectures.
Whereas in situ XAS can both monitor the liquid and the
solid phase, in situ EDXRD techniques were used to cover
the entire Bi,W;_.Mo0,0O¢ (x = 0, 0.25, 0.50, 0.75 and 1.0)
series. The results are correlated to our in situ investigations
on the formation of related hierarchical particle arrange-
ments in tungstate and (W/Mo) oxide based hydrothermal
systems.[20-21]

Results and Discussion

Hydrothermal Synthesis of Bi,W;_.Mo,0O¢ Nanostructures

XRD patterns of Bi,W; Mo,0g4 products are shown in
Figure S1 in the Supporting Information. All of the samples
exhibit a single Aurivillius phase. The Mo-free product (x
= 0) can be indexed to orthorhombic Bi, WO, with lattice
parameters of a = 5.4314(6) A, b = 16.418(1) A and ¢ =
5.4505(5) A (space group Pca2,, JCPDS no. 73-1126). For
x = 1.0, the y-Bi,Mo0Og¢ phase with lattice parameters a =
5.4809(1) A, b = 16.2239(5) A and ¢ = 5.4999(1) A (space
group Pca2,, JCPDS No. 77-1246) was obtained. The lat-
tice parameters for mixed compounds with x = 0.25, 0.50
and 0.75 fall within the range of the pristine phases: the

lengths of the @ and ¢ axes increase for higher Mo contents,
whereas the b-axis lengths significantly decrease (cf.
Table 1). This agrees well with previous reports by Zhang
et al.'%8 and demonstrates that Bi,WO4 and Bi,MoQOg form
a continuous Bi,W;_ Mo, solid solution from the facile
one-step hydrothermal reaction of Bi(NOj3);-5H-0, K, WO,
and Na,MoOy as readily available precursors.

Typical SEM images of the Bi,W;_Mo,O4 samples are
shown in Figure 1. Bi,W 75sMo0g 504 bears a strong resem-
blance to the morphology of hierarchical Bi,WOg4 micro-
spheres that consist of individual nanosheet building
blocks. These hierarchical microspheres start to disintegrate
upon higher Mo contents in the Bi,W; Mo, ,Os materials
(cf. Figure Ic), and this process continues until the in-
dividual nanosheet building blocks appear (cf. Figure 1d).
The morphology of Bi,MoOg is similar to that of
Bi,W(,5sMog 7504, but the overall particle sizes are larger.
The crystallite sizes of the Bi,W;_Mo,0O4 samples were de-
termined from the (131) reflection by using the Scherrer
equation as shown in Table 1. In line with the continuously
sharpened peak profile, the crystallite size decreases signifi-
cantly from about 38.2 nm for Bi,MoOg to approximately
10.4 nm for Bi,WQOy. This trend is also reflected in the Bru-
nauer—Emmett-Teller (BET) surface areas (cf. Table 1). The
surface area for Bi,MoQOyg is only 9.8 m?>g~!, and it increases
to 18.4m?g ! for Bi,WO,. Moreover, the surface area of
Bi,W, \Mo0,Og decreases from 22.6 to 16.9m?g!
with increasing Mo content. These results indicate that
Bi,W, Mo,O¢ samples have the same structural motif in
common but can be divided into two morphological types:
hierarchical nanostructures (x = 0 and 0.25) and nanosheets
(x = 0.50, 0.75 and 1.0).

Moreover, all solid products were collected after in situ
EDXRD experiments and were analyzed by ex situ XRD
and SEM. The XRD patterns of these samples agree well
with those of the phases grown under ex situ experimental
conditions. SEM images shown in Figure S2 in the Sup-
porting Information demonstrate that the products isolated
after the in situ EDXRD experiments already bear con-
siderable resemblance to the fully developed materials ob-
tained after 24 h of hydrothermal reaction (cf. Figure 1).

To understand the local structural characteristics of the
Bi,W, Mo,0O¢ solid solutions, Raman spectroscopy was
employed, because it can detect structural variations in the
coordination polyhedra of a given material through differ-
ences in the observed modes.l??! Figure 2 shows the Raman
spectra recorded for the Bi,W; Mo,0O4 solid solution
series. Generally, the resonances of Bi,WO¢ and Bi,Mo0Ogq

Table 1. Unit-cell parameters and surface areas of Bi,W; Mo,0g4 products.

Sample a[A] b[A] c[A] D3y [nm]® Sper [m?g ]
Bi, WOy 5.4314(6) 16.418 (1) 5.4505(5) 10.4 18.4
Bi,Wy.7sMog 2505 5.4553(4) 16.367(1) 5.4679(3) 11.6 22.6
Bi, Wy 5oMog 5005 5.4568(4) 16.314(1) 5.4703(2) 17.9 18.8
Bi,Wy»sMog 7505 5.4762(2) 16.2584(6) 5.4898(1) 234 16.9
Bi,MoOj 5.4809(1) 16.2239(5) 5.4999(1) 38.2 9.8

[a] Crystallite size estimated from the (131) reflection with the Scherrer equation.
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Figure 1.

Representative SEM
Bi;W(.75M0g 2506, (¢) Bi;W(.50M0g 5006 and (d) Bi Wy 25sM0g 750s.

images of (a) Bi;WOg, (b)

in the range of 600-1000 cm™! can be assigned to the
stretching of W-O and Mo-O bonds, and those below
400 cm™! arise from bending, wagging and external
modes.”3! More detailed investigations show that Bi,WOq
and Bi, W, 7sMo0g 504 exhibit very similar Raman spectra.
The band at 303cm™' can be assigned to translational
modes that involve simultaneous motions of Bi** and (W/
Mo0)O¢.?*! The strong band at 790 cm™!, along with two
shoulder bands at 817 and 712cm™' of Bi,WO4 and
Bi,W(.75sMo0g 5504, corresponds to (W/Mo)-O stretching
modes of the distorted (W/Mo)Og4 octahedra.
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Figure 2. Raman spectra of as-prepared Bi,W;_Mo.Oq: (a) lower
wavenumber range; (b) higher wavenumber range.

Interestingly, the resonance at 817 cm™' is shifted to a
higher wavenumber at 842 cm~' with further increasing Mo
content in Bi,W;_.Mo0,O¢ (x = 0.50, 0.75 and 1.0). It has
been demonstrated in previous studies that lower fre-
quencies of the Raman stretching bands correspond to the
longer metal-oxyen bonds.??' Therefore, Bi,WO, and
Bi,W(.7sMog 2504 display longer apical (W/Mo)-O bonds
than Bi,W;_Mo,O¢ (x = 0.50, 0.75 and 1.0). However, the
band at 712 cm™! observed for all samples displays no sig-
nificant shift, thus indicating that the equatorial oxygen
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atoms of the (W/Mo)Og octahedra are not affected by in-
creasing Mo content.['>3 It can be concluded that the
amount of Mo in Bi,W; Mo,0O¢ does not only influence
the final morphology (cf. Figure 1), but also the local struc-
tures of the obtained solid solutions. With increasing Mo
content up to x = 0.5, the apical (W/Mo)-O bond length
within the (W/Mo)Og octahedra decreases.

In our previous work, we studied the hydrothermal
crystallization of Bi,WO¢ with in situ EDXRD monitoring
techniques.'”) We found the reaction kinetics of this hydro-
thermal system to be pH-dependent, accompanied by the
disintegration of hierarchical nanostructures into their
nanosheet building blocks. Therefore, it is to be expected
that the addition of Mo precursor to the reaction medium
influences the nucleation and growth of Bi,WO¢ par-
ticle architectures. This can be a reason why hierarchical
Bi,W; Mo,O¢ (x = 0.50, 0.75 and 1.0) materials with
higher Mo content have not yet been accessed. In
the following, in situ XAS and EDXRD techniques were
combined to elucidate the hydrothermal formation of
Bi,W;_Mo,Og solid solutions.

In Situ XAS Investigation of Bi,W,;_.Mo,0O¢ Formation

In our previous work, we constructed a special in situ
cell that allowed us to monitor both the liquid phase and
the solid-liquid interface during hydrothermal processes.*”]
This provides essential insight into the formation of oxide
nanomaterials and thereby indispensable information for
their controlled large-scale production.

X-ray absorption near edge spectroscopy (XANES) spec-
tra at the Mo-K edge were recorded both at the middle (li-
quid part in Figure 3a) and at the bottom (mainly solid part
in Figure 3b) of the cell during the hydrothermal reaction.
Na,MoO, as the molybdenum source dissolved at a tem-
perature as low as 50 °C under acidic reaction conditions
(Figure 3a). The decrease in Mo-containing species up to
80 °C furthermore indicates the formation of solid products
[i.e., the reaction onset at relatively low temperatures (Fig-
ure 3b)]. As the Bi and W species showed strong X-ray ab-
sorption at realistic concentrations needed for the experi-
ments, high-quality in situ extended X-ray absorption fine
structure (EXAFS) data were extremely difficult to obtain.
In the following, we thus concentrated solely on the absorp-
tion edge with higher photon energy (Mo-K edge) rather
than on the lower-energy Bi L; and W L5 edges. Figure 3b
shows a comparison of the in situ Mo-K edge XAS data
collected in the course of the reaction with the starting ma-
terial Na,MoO, and the product Bi, W, 75sMo0( 504 as ref-
erences. Firstly, it is obvious that Mo displays completely
different coordination environments in precursor and prod-
uct. The Mo-K edge XAS of Na,MoO, exhibits very dis-
tinctive pre-edge features close to 19995 eV, and the absorp-
tion sharply rises at 20000 eV. The pre-edge feature is due
to the forbidden transition from the 1s to the 4d level,
which can only be observed due to a mixing of d and p
orbitals in the final state (e.g., in the case of tetrahedral
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symmetry). The intensity of that feature depends on the
amount of p character in the resulting state.['8! In compari-
son, the pre-edge intensity of the Bi,Wq 7,sMo0g »504 product
decreases sharply due to the transition from Mo in a tetra-
hedral environment to octahedrally coordinated Mo, even
in solution. Whereas previous in situ studies on the forma-
tion of Bi,Mo0Og had started from (NH,)sMo0,0,4-4H,0 as
polyoxometalate precursor with octahedrally coordinated
Mo centers,['®] tetrahedral Mo coordination in the starting
material is equally suitable to bring forward mixed Auri-
villius-type compounds. As intermediate non-centrosym-
metric tetrahedral [MoQy,] species have been observed prior
to the formation of Bi,MoOg from (NHy4)sMo0,0,44H,0
and Bi,O5,l'1 we here demonstrate that the isostructural
Bi,W; Mo,Og target compounds can also be accessed di-
rectly from a precursor material with tetrahedrally coordi-
nated molybdenum atoms. The pH influence is another key
parameter, because acidic media in combination with heat-
ing obviously promote the conversion of tetrahedrally to
octahedrally coordinated Mo.
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Figure 3. (a) Mo-K edge XAS spectra of the hydrothermal conver-
sion of Bi(NO3)3'5H20/K2WO4/N&2MOO4 to Bi2W0A75M00A2506 (ll-
quid phase); (b) solid-phase Mo-K edge XAS spectra of the corre-
sponding hydrothermal Bi,W 75sMo, 50, formation with reference
spectra (Mo-K edge XAS of the Na,MoQO, precursor and of the
Bi,W(.75sMo0g 2506 product).
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In Situ EDXRD Studies

The time-dependent crystallization of Bi,W; Mo,Og
nanomaterials was studied with in situ EDXRD, and the
typical evolution of the diffraction patterns of
Bi,Wg 75sMo0y 2504 is shown in Figure 4.

20 30 40 50 60
Energy / keV

Figure 4. Time-resolved in situ EDXRD patterns recorded during
the hydrothermal crystallization of Bi,W(75M0( 1506 at 160 °C.
The indices of intense lines of the product phase as well as the Mo-
K, and W-K,, fluorescence lines are marked.

The W and Mo fluorescence lines were present from the
beginning of the reaction process, and several diffraction
peaks of orthorhombic Bi,W 75Mog 504 appeared after a
very short induction time. Their intensity increased over
the course of the reaction, and no intermediates were de-
tected. In situ EDXRD monitoring of the formation of
Bi,W; Mo, O¢ (x = 0, 0.50, 0.75 and 1.0) closely resembles
the results for Bi,Wq75Mo0g,50¢ as shown in Figure 4, but
the individual induction times f,q and half-life times
tos strongly depend on the Mo content among the
Bi,W,_Mo,O¢ series (cf. Figure 5 and Table 2). The #;,q.
and 745 values for Bi,WOg¢ are 8 and 16 min, respectively,
whereas the formation of Bi,MoOg sets in immediately:
within the time resolution of the experimental setup no in-
duction time could be observed, and ¢, 5 is only 6 min for
Bi,Mo0Oyg. The formation processes of Bi,W; Mo,O¢ (x =
0.25, 0.50 and 0.75) display intermediate kinetics. In ad-
dition, different growth curves observed (cf. Figure 5) for
(a) Bi,W,_Mo0,0O¢ with x = 0, 0.25 and (b) Bi,W,_.Mo,Oq
with x = 0.50, 0.75 and 1.0 suggest that the crystallization
processes vary with the Mo content.

As the reaction kinetics of Bi,W; Mo,O4 materials ap-
pear to depend strongly on the degree of W/Mo substitu-
tion, kinetic analyses were performed by fitting the experi-
mental data to a theoretical expression that related the ex-
tent of reaction a (cf. Figure 5) to time. A more detailed
description of kinetic data evaluation can be found in the
literature.[*®! The speed of Bi,W;_.Mo,0O4 formation (x =
0.50, 0.75 and 1) was too fast to permit detailed kinetic
evaluations, so Sharp—Hancock plots based on the (260) re-
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Figure 5. Extent of reaction a versus time for the growth of the
Bi,W, .Mo,Og series at 160 °C.

Table 2. Kinetic data for the formation of Bi,W; .Mo,O4 solid
solutions.

Samples ting. [min] fo.s [min] mtal

Bi,WO, 8 16 0.52
Bi2W0_75M00_2506 4 14 0.63
Bi2W0_50M00_5006 2 8 b]
Bi2W0_25M00_7506 2 8 [b]

BizMOO() 0 6 [b]

[a] Avrami exponent. [b] The reaction was too fast to generate suf-
ficient data points for analysis.

flection were only obtained for Bi,WOs and
Bi,W(.75sMo0g 250, respectively (Figure S3 in the Support-
ing Information). The linear shape of both graphs in the
0.2 < a < 0.85 range points to a common crystallization
mechanism of both Bi,WOg¢ and the Bi, W 7,sMo, 504 solid
solution with respective m values of 0.52 and 0.63 (cf.
Table 2).

Given that m values around 1.0 were reported for the
hydrothermal formation of Bi,MoQOg nanoplates,!'® the for-
mation of Bi,Wj 75Mo0( 1506 already exhibits a clear trend
towards the upper limit of m ranges for diffusion-controlled
growth that were determined to be 0.54-0.62 in previous
works.”?”l On the basis of an Avrami exponent m close to
0.5, we had assigned a diffusion-controlled reaction mecha-
nism to the hydrothermal formation of Bi,WO4 nano-
structures, because m should adopt values of 1 or above for
other reaction mechanisms.'7 As a consequence,
Bi,W(.75sMo0g 5504 is formed by means of an intermediate
reaction mechanism on the diffusion-controlled side, which
can be explained in terms of the partial substitution of W
by Mo that speeds up the reaction kinetics. An increase of
the reaction exponent m from 0.5 to 1 goes hand in hand
with the disintegration of Bi,WOyg spheres into their plate-
let-shaped building blocks. Therefore, the fast formation ki-
netics of Bi,MoOg may be the reason that the organization
of nanoplates into hierarchical nanostructures has not been
observed. Further investigations are required to elucidate
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whether the particles are formed by self-assembly or other
routes, such as growth from a polycrystalline core.

Comparison with Hierarchical W/Mo Oxide Growth
Mechanisms

As outlined in the Introduction, the majority of the
growth mechanisms for the self-organization of oxide nano-
particles into hierarchical arrangements have been proposed
on the basis of ex situ observations. Only few examples of
the systematic in situ monitoring of oxide formation pro-
cesses in hydrothermal systems that contain two or more
cations have been reported. One of the few comprehensive
studies in this field is our combined in situ EDXRD/XAS
investigation on the influence of molybdenum on the
growth process of hexagonal W/Mo oxide nanoarchitec-
tures®'! in comparison with pristine hexagonal tung-
states.’%] In close analogy to the stepwise W/Mo substitu-
tion strategy towards the present Bi,W; Mo,Og solid solu-
tions, we first established hydrothermal access to hierarchi-
cally nanostructured hexagonal alkali tungstates that were
obtained in the presence of Rb* and Cs*.?! In situ
EDXRD studies showed that they were formed by means
of a nucleation-controlled mechanism with .4 values of
11 min for Rb* and 9 min for Cs*. This scenario changed
upon addition of Mo to the hydrothermal system: hexago-
nal Rb—-W/Mo tungstates and Cs—W/Mo tungstates with
more pronounced and better organized spherical growth
patterns emerged from a diffusion-controlled mechanism
after shorter induction times (Rb: t,q = 2 min; Cs: f;,q =
6 min) and drastically reduced ¢, 5 values.l*! The introduc-
tion of Mo into the hexagonal tungstates did not alter their
channel-structure motif and promoted their transformation
into nanoscale hierarchical morphologies in comparison
with the hydrothermal formation of hexagonal tungstates in
the absence of Mo. Furthermore, the accelerated formation
kinetics of the alkali W/Mo oxides with respect to the corre-
sponding alkali tungstates can be explained by our observa-
tion that pristine MoO;5 nanorods are formed very rapidly
under hydrothermal conditions (i.e., on a minute scale that
does not permit further kinetic evaluations).['” The above-
described Bi, WO¢/Bi>(W,M0)O4/Bi,M0QOg series shows the
same kinetic trend for the 7,4 values: whereas bismuth mo-
lybdate formation proceeds too fast to assign a mechanistic
model, tungsten-rich phases grow more slowly and under
diffusion control. Therefore, the morphological difference
between platelet-shaped Bi,MoOg and hierarchical Bi,WOgq
and Biy(W,Mo0)Og is linked to the change of hydrothermal
reaction kinetics (i.e., to the crystal growth mechanism).
Given that hierarchical nanostructuring among W/Mo hex-
agonal tungstates is connected to diffusion-controlled
growth as well, there are strong indications that hierarchical
nanostructures are preferably formed in a “kinetic window”
for the organized diffusion of the components to the grow-
ing crystals. Interestingly, the combination of a slow-grow-
ing W-oxide with a fast-growing Mo-oxide component gen-
erated optimum conditions for the hierarchical self-organi-
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zation process among two structurally different systems,
namely, Aurivillius-type Bi-MOg compounds and hexago-
nal tungsten bronzes. Consequently, not only crystallo-
graphic features but also crystallization kinetics are a key
steering parameter for hydrothermally obtained particle
shapes. This renders kinetic monitoring a promising strat-
egy to achieve morphology control over a wider product
range, thereby covering a variety of structural motifs.

Conclusion

A series  of  nanostructured  Aurivillius-type
Bi,W,_Mo,Og solid solutions was obtained from the one-
step hydrothermal reaction of Bi(NO3);:5H,0, K,WO, and
Na,MoO,. The extent of hierarchical organization de-
creases with the Mo content among the series. Whereas
Bi,WO4 and Bi,W, 75Mog »50¢ display hierarchical self-or-
ganization of individual nanoplatelets into microspheres,
W/Mo ratios of 0.5 and above induce the segregation of
the individual building blocks into sheet-like morphologies.
Raman spectra of the Bi,W;_Mo,Oq series show that the
Mo content also influences the local structure of the (W/
Mo)Og octahedra through a decrease in their apical bond
length. In situ XAS investigations revealed that the forma-
tion of the Bi,W,_.Mo,0O¢ compounds sets in at as low as
80 °C, and they illustrate the conversion of the [MoQ,] tet-
rahedra in the Na,MoO, precursor into the octahedral
moieties of the mixed oxide products, even in solution.
Their crystal-growth kinetics were furthermore studied with
in situ EDXRD monitoring experiments. Interestingly, the
different product-morphology types correlate with the ob-
served reaction kinetics. Whereas the Mo-rich nanosheet
structures among the Bi,W, .Mo,Og series emerge from a
rapid growth process that does not permit further kinetic
evaluations, the self-organization of nanoparticles into hier-
archical Bi,WOg4 and Bi, W, 75Mo0g,506 microspheres pro-
ceeds by means of slower and diffusion-controlled growth.
The results are in line with our previously observed kinetic
and mechanistic trends for the hydrothermal formation of
hierarchically nanostructured hexagonal W/Mo oxides: in
analogy to the present study, the introduction of Mo into
this hydrothermal W/Mo system accelerates the growth ki-
netics and changes the formation mechanism of the prod-
ucts as well. As a consequence, diffusion-controlled path-
ways appear to generally favor the formation of hierarchical
nanoarchitectures that offer superior materials properties
(e.g., sensor development and photocatalysis). The present
study demonstrates how optimal morphologies of a multi-
component material can be obtained through systematic in
situ monitoring of the formation of solids under hydrother-
mal conditions and exploiting the accompanying mechan-
istic changes. Further investigations on bismuth-containing
sensor and catalyst materials are under way.

Experimental Section

Synthesis: In a typical procedure, Bi(NO;);-5H,O (97 mg,
0.2 mmol), K,WO, (x mmol; x = 0, 0.025, 0.050, 0.075 and 0.1)
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and Na,MoOy, (0.1-x mmol) were placed into acetic acid (10 mL,
20 vol.-%) at room temperature and stirred magnetically for 20 min
to disperse all reagents homogeneously. The resulting precursor
suspension was transferred into a Teflon-lined stainless steel auto-
clave with a capacity of 23 mL, maintained at 160 °C for 24 h and
subsequently cooled to room temperature. The precipitate was col-
lected after filtration, washed with distilled water and dried in air.

Characterization: PXRD was conducted with a STOE STADI P
diffractometer in transmission mode (flat sample holders, Ge mon-
ochromator, Cu-K,; radiation) operated at 40 kV and 40 mA. The
unit cells were refined with the ReflexPlus Package of Materials
Studio (Accelrys Inc.). For SEM, which was performed with a Zeiss
SUPRA 50VP microscope, samples were dispersed in ethanol and
subsequently deposited on a silicon wafer. The specimen was inves-
tigated without conductive coating at a rather low voltage (2 kV)
to minimize charging effects. BET surface area measurements were
performed with a Quadrasorb SI in N,-adsorption mode. The sam-
ples were degassed under vacuum at 150 °C for 5 h. The BET spe-
cific surface area was determined by a multipoint BET method
using the adsorption data in the equilibrium relative pressure (p/pg)
range of 0.05-0.30.

In Situ XAS: In situ XAS experiments were performed at the su-
perXAS beamline at the Swiss Light Source (SLS, Villigen, Switzer-
land). Bi(NO3);'5SH,O (30 mg), Na,MoO, (6 mg) and K,WO,
(6 mg) were embedded between two glass wool plugs to fix the solid
phase, and they were loaded together with acetic acid (3 mL,
20 vol.-%) into a homemade spectroscopic cell.>>) XAS scans
around the Mo-K edge were recorded between 19850 and 20240 eV
under stationary conditions (liquid solution and solid phase) and
were calibrated with an Mo reference foil. The following procedure
was applied: heating to 160 °C at a rate of 1.5 °Cmin! from room
temp. to 50, 80, 120 and 160 °C. Background subtraction and nor-
malization were carried out by fitting a linear polynomial to the
pre-edge region and a cubic polynomial to the post-edge region of
the absorption spectra using WinXAS 3.20.281

In Situ EDXRD Measurements: In situ EDXRD experiments were
performed at HASYLAB (Hamburg) bending magnet beamline
F3, which provides an energy range from 13.31 to 62.54 keV with
a maximum intensity of about 26 keV. The d-spacing range is given
by d = 6.199/(E-sind). With a detector angle of approximately 4.9°,
the observable d-spacing range is 1.16-5.46 A. The energy resolu-
tion Ad/d is about 102 above 26 keV. The beam was collimated to
0.2 mm to give the best results. For the in situ experiments, auto-
claves with glass liners of an internal diameter of 10 mm and a
volume of 10 mL were used. A typical experiment was performed
with Bi(NO3);-5H,0 (97 mg, 0.2 mmol), K,WO, (x mmol; x = 0,
0.025, 0.050, 0.075 and 0.1), Na,MoO, (0.1 — x mmol) and acetic
acid (2 mL, 20 vol.-%) as reactants. The in situ reactions were run
at 160 °C. Data collection was started immediately after the intro-
duction of the autoclave in the oven. The acquisition time for the
in situ EDXRD data measured for the given reactions was 120 s.
After the in situ experiments, the solid products were collected by
filtration, washed with distilled water and ethanol and dried in air
for further characterization. Note that due to sedimentation effects
of the (B/W)-containing products during the reaction, the in situ
experiments had to be performed under rapid stirring.

Supporting Information (see footnote on the first page of this arti-
cle): XRD patterns of Bi,W; Mo,Oq solid solutions (Figure S1);
SEM images of Bi,W; .Mo,O¢ solid solutions after in situ
EDXRD experiments (Figure S2); Sharp—Hancock plots derived
from the kinetic data of Bi,WOg and Bi,W 75Mo0( 506 recorded
at 160 °C over a data range of 0.2 < a < 0.85 (Figure S3).
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A novel porous coordination polymer (PCP), Zr-abdc, com-
posed of Zr-based secondary building units (SBUs),
[ZrsO4(OH),4]*?*, and 4,4'-azobenzenedicarboxylate (abdc?)
linkers, has been synthesized by a modulated synthetic ap-
proach. In accord with the twelve-fold connecting SBU, Zr—
abdc has a topology similar to the PCP series UiO-66-UiO-
68, which is proposed from single-crystal XRD and powder
(P)XRD experiments. The linkers are strongly disordered,
which made it impossible to determine the exact structure.

The compound was further characterized by thermogravime-
tric analysis, scanning electron microscopy and Ar sorption
measurements. Soxhlet extraction with ethanol instead of
simple washing was helpful to remove guest molecules pres-
ent in the pores after the synthesis. PXRD patterns measured
at elevated temperatures show that a material stable up to
400 °C in air was obtained. After activation, it showed a spe-
cific surface area of 3000 m?g' and a pore volume of
1.41 cm3g~.

Introduction

Hybrid porous materials that consist of metal-containing
nodes linked together by organic molecules are commonly
known as metal-organic frameworks (MOFs) or porous co-
ordination polymers (PCPs).[!l Aside from the rich oppor-
tunities organic chemistry offers to design linker molecules,
the concept of isoreticular chemistry is one of the most ap-
pealing characteristics of this class of materials. The idea
is that the of pore size and functionality of PCPs can be
systematically tuned by changing the length or functionality
of the linker but retaining the metal-containing nodes or
secondary building units (SBUs) and therefore the topology
of the initial structure.”” This idea was introduced with the
isoreticular MOF seriest® and has been proven to be a fruit-
ful concept by several examples.[+:32-6.7]

In particular, PCPs based on zirconium-containing SBUs
show a huge potential for many applications due to their
high thermal stability and resistance towards atmospheric
moisture, which can be attributed to the highly charged,
oxophilic Zr#** cations, the resulting strong Zr—O bonds and
the high coordination number of each Zr ion.>7-81 Lillerud
and co-workers introduced the isoreticular series UiO-66—
Ui0-68.51 These compounds are constructed from the
Zrs04(OH)4(0,C);>, SBU and linear dicarboxylate linkers
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of different lengths. The SBU can be described as a Zr octa-
hedron whose faces are capped by p3;-OH and p;-O anions,
which build the inner sphere of the complex, and twelve
carboxylates, which complete the outer coordination sphere
of the Zr cations. This high coordination number of an SBU
is very unusual for PCPs and leads to a topology similar to
cubic close-packing. The most prominent member of this
series is UiO-66, which contains terephthalic acid (H,bdc)
as a linker. It has been shown that bdc?>  can be replaced by
a range of different linear dicarboxylates of the same length
or shorter, equipped with different functionalities.’®-9°-10-11]

In our hands, the syntheses of Zr-based PCPs with
longer, linear linkers such as biphenyldicarboxylate (bpdc?®")
were difficult to reproduce due to the formation of byprod-
ucts of low crystallinity.[®l We therefore applied the modula-
tor approach!!? to the synthesis of Zr-based PCPs.¥] In this
approach, monocarboxylic acids are added to the reaction
mixture as modulators. We have proposed that a competi-
tion between the linker and modulator occurs for the com-
plexation of Zr** cations in the reaction mixture, which re-
duces the rate of nucleation of the coordination polymers
and enables the formation of products with higher crystal-
linity. By using the modulator approach, it was possible to
crystallize Zr-bpdc PCP and a new Zr-tpdc-NH, (H,tpdc—
NH, = 2’-amino-1,1":4',1""-terphenyl-4,4''-dicaboxylic
acid) PCP and to tune crystal sizes from nanocrystals up to
single crystals suitable for single-crystal (S)XRD experi-
ments.®] Using even longer linkers, we have discovered a
new series of porous interpenetrated zirconium-organic
frameworks (PIZOFs) with this approach.[’l The structure
of the PIZOFs can be derived from a twofold interpen-
etrated UiO topology, which is porous. These materials
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form one and the same structure with a large variety of
dicarboxylic acids of the same length but with widely dif-
fering organic functionalities.!”!

We set out to use 4,4'-azobenzenedicarboxylic acid
(Hzabdc) in the synthesis of Zr-based PCPs. We failed to
synthesize UiO-68, the member of the UiO series with the
largest pore size, due to the fact that the unfunctionalized
terphenylenedicarboxylic acid (H,tpdc) linker was com-
pletely insoluble in N,N-dimethylformamide (DMF); only
with the amino-substituted derivative Hotpdc-NH,, which
has sufficient solubility, we were able to obtain a function-
alized UiO-68-NH, analogue.! The H,abdc molecule is
longer than bpdc?, the linker in UiO-67. A Zr-abdc PCP
would be interesting as it should exhibit large window sizes
and a high specific surface area. Unlike most of the other
linkers that have been used in the synthesis of PCPs with
the UiO-66-UiO-68 topology (which are linear), H,abdc
has a kink in its structure. The favourable synthetic accessi-
bility of functionalized derivatives of H,abdc, which start
from 4-nitrobenzoic acid derivatives,[!3! should allow the in-
sertion of different organic functionalities on the linker,
and, possibly, to the corresponding PCPs. H,abdc and other
linkers that contain azobenzene groups have already been
used for the preparation of several hybrid materials, most
of which are nonporous!'¥ and a few of which exhibit
microporosity.!3]

Like other azobenzene derivatives, H,abdc possesses the
possibility of cis/trans isomerization of the azo group.!'f]
Recently, it was pointed out by Stock and co-workers that
the successful isomerization of the azo group within a PCP
can only be accomplished if it is not integrated into the
backbone of the framework but present as a side chain.
They provide an example of a porous interpenetrated pil-
lared layer structure where the azo group is covalently at-
tached to the linker and proved its cis/trans isomerization
in the framework by UV/Vis experiments.[!”]

Our main focus is to combine a linker with staggered
coordination sites with the Zr SBU known from the UiO-
66-Ui0-68 PCPs and study the influence of its geometry
on the resulting product. Such a linker with staggered coor-
dination sites is also present in Zr-based PCPs with fumar-
ate (fum) linkers, the synthesis and characterization of
which we have recently described.['®]

Results and Discussion

For the synthesis of Zr-abdc, ZrCl,, benzoic acid and
H,abdc were dissolved in DMF in a tightly-capped flask
and heated in a preheated oven to 120 °C for 24 h. Benzoic
acid was added to obtain crystalline materials. Without any
modulating agent, powder XRD patterns only show broad
reflections, which indicate a partially ordered product of
low crystallinity (Figure S1). After this time, the reaction
mixture was allowed to cool to room temperature, and the
resulting red powders or crystals were isolated by centrifu-
gation and washed with DMF and ethanol. Products that
were washed by this standard procedure are denoted as
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Zr—-abdc (as-synt.). Some of the products were purified by
Soxhlet extraction with ethanol and are denoted as Zr-abdc
(Sox.).

Optical microscopy and scanning electron microscopy
(SEM) images of the typical products of such syntheses are
shown in Figure 1. These products show an orange-red col-
our similar to the free linker (the corresponding UV/Vis
spectra are discussed below). Crystals with micrometer di-
mensions were mostly produced. In the SEM, these mi-
crometer-sized crystals exhibited octahedral morphology
but showed rough, irregular surfaces (Figure 1a). In a batch
that was prepared with 30 equiv. of benzoic acid as modula-
tor, larger crystals were produced (Figure 1b), which were
suitable for the measurement of SXRD data (see below).

Figure 1. (a) SEM image of Zr-abdc synthesized with 10 equiv.
benzoic acid as modulator; (b) image of single crystals of Zr—abdc
suitable for SXRD synthesized with 30 equiv. benzoic acid (with
respect to ZrCly) as modulator.

We have used the modulation approach for Zr-based
PCPs with a large variety of linkers.”-3:181 In most cases, we
obtained PCPs only when a modulator was added in the
synthesis; an exception is simple UiO-66 with the bdc?"
linker (bdc: benzenedicarboxylate). For this and other com-
pounds, such as the Zr-fum PCP, we were able to show
that an increasing modulator concentration in the reaction
mixture led to increasing sizes of the product particles.[®!]
This, however, was not the case for UiO-67 with the bpdc?
linker. Although it was possible to obtain highly crystalline,
individual particles of micrometer dimension by using ben-
zoic acid as a modulator, it was not possible to regulate
the size of the crystallites by varying the amount of the
modulator.!® The case of the Zr-abdc PCP presented here
is similar. After examination of the SEM images and the
line widths in PXRD patterns carried out on products from
several experiments with varying modulator concentrations,
we can say that the concentration of modulator does not
control the size of the product particles.

The possibility of size control by modulation may be
linked to the solubility of the linker. Whereas H,bdc and
H,fum are highly soluble in DMF, the solubility of H,bpdc
and H,abdc is much lower. In a typical Zr PCP synthetic
system, various equilibria decide the outcome of a reaction,
which possibly involves the formation of highly stable
[Zrs04(OH),]'?* SBUs to which either carboxylate groups
from the modulator or linker molecules coordinate. When
the linker and the modulator both have a high solubility,
they will effectively participate in these equilibria, so that
the concentration of the modulator can influence the final
result. When the solubility of the linker is small, however,
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it should also have a strong tendency to stay coordinated
to the growing crystallites. Then, the modulator molecules
cannot exert any influence on the size of these particles.

PXRD patterns, such as that in Figure 2a, show a gene-
ral similarity to the patterns of other compounds with the
Ui0-66 topology with regard to the sequence of the reflec-
tions and their approximate intensity distribution. The re-
flections can be indexed within a face-centred cubic cell,
and the lattice constant was refined to a = 29.4227(4) A. A
comparison with cell parameters of other PCPs with UiO-
66 topology shows that the size of the unit cell lies between
that of Zr-bpdc and of Zr-tpde-NH,, as expected
(Table 1).

Ll iios b oo AnAnnhah

I/a.u
L
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-
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5 10 15 20 25 30 35 40 45 50
201/°

Figure 2. (a) Experimental PXRD pattern of Zr—abdc; (b) theoreti-
cal PXRD pattern simulated on the basis of the partial structure
derived from SXRD data, i.e. a face-centered cubic arrangement of
SBUs.

Table 1. Cell parameters ¢ and V' [A] of different Zr-based PCPs in
the space group Fm3m. Data were obtained from SXRD or refined
from PXRD patterns.

PCP alA VIA? Method Ref.
Zr-bde 20.7551(5) 8870.32) PXRD [sal
Zr-muconic dicarboxylate  20.9550(23) 9201.6(30) PXRD [l
Zr-bpde 26.8499(15) 19356.6(18) PXRD I8!
Zr-abde 29.4227(4) 25471.1(10) SXRD this work
Zr-tpde-NH, 32.7767(5) 35212409) SXRD I

Although we successfully synthesized single crystals of
Zr-abdc and carried out SXRD experiments on them, it
was not possible to determine their exact structure from
these measurements. In all these experiments we found the
space group Fim3m [a = 29.4433(4) A in good agreement
with PXRD results]. In the analysis of the data, the atoms
of the SBUs (Figure 3b) were readily found (atomic posi-
tions are given in Table S1). As expected, and similar to the
arrangement found in UiO-66, their centres lie at the lattice
points of a face-centred cubic lattice (Figure 3c and d).
However, all attempts to further refine the structure gave
unsatisfactory results. A possible reason for this is the stag-
gered shape of the linker (Figure 3a).

792
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Figure 3. (a) Structural formula and schematic representation of
H,abdc; (b) SBU of Zr-abdc (blue: coordination polyhedral
around zirconium; black: carbon; red: oxygen); (c) schematic repre-
sentation of cubic close-packed spheres, which shows the arrange-
ment of the SBUs in a PCP with UiO-66 topology (the octahedral
cavity is emphasized by connections between the SBUs); (d) sche-
matic representation of an octahedral cavity of a PCP with UiO-
66 topology and with linear linkers in space group Fm3m; (e) sche-
matic representation of an octahedral cavity of Zr-abdc with an
ordered arrangement of the linkers that possess staggered shapes;
the specific order pattern shown here would result in a lowering of
the symmetry to space group 14/m.

Based on the high symmetry of the space group, it was
not possible to locate the atoms of the linker. Either their
positions are highly disordered so that the effective electron
density at certain atomic positions is too small to be de-
tected or the linkers with their specific nonlinear shape are
ordered, which breaks the high symmetry of Fm3m. With
regard to the former case, we can state that a comparison
of the experimental PXRD data with a simulated PXRD
pattern based on the partial structure derived from the
SXRD data shows a very good agreement (Figure 2). For
the latter case we tried to derive ordered arrangements of
the linkers, one of which is shown in Figure 3e. This order-
ing of the linkers with their staggered structure resulted in
a structure with a space group of lower symmetry (/4/m; a
=20.6533 A, ¢ = 29.7535 A, atomic positions in Table S2),
which allows the representation of the positions of the
atoms of the linkers in a coherent fashion, i.e. without the
need for disorder models (Figure 3¢). We are aware that

Eur. J. Inorg. Chem. 2012, 790-796



Zr-Based Coordination Polymer with Azobenzenedicarboxylate

Eur/IC

lowering the symmetry during such a procedure strongly
depends on the forcefield used for the modelling. The devia-
tions between the simulated PXRD pattern of such a struc-
ture and an experimental PXRD pattern of Zr-abdc
showed that a structure in which the linkers are ordered in
this way cannot be justified (Figure S2). Altogether these
are strong indications that the structure of the new Zr—abdc
PCP has an analogous topology to the UiO-66-UiO-68 Zr-
based PCPs, however, with disordered linkers. Accordingly,
the new compound should have the empirical formula
Zr604(OH)4(ade)6.

To further substantiate this composition, we performed
thermogravimetric analysis (TGA) on the obtained Zr—abdc
materials. TGA of Zr-abdc (as-synt.) in a flow of air (Fig-
ure 4) revealed that the mass loss of the material occurs in
two steps. The mass loss that occurred up to 300 °C is as-
signed to guest molecules that are released from the cavities.
Above 400 °C, the curve shows a strong drop, which may
tentatively be assigned to the combustion of the linker mo-
lecules. The final product is monoclinic ZrO,, as identified
by PXRD. As the guest contents of PCPs can differ de-
pending on the drying procedure and guest-exchange his-
tory, the measured mass losses were corrected for the re-
moval of guest molecules and were compared to the theo-

100
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m/ %

Zr—abdc (Sox.)

Zr—abdc (as—synt.)

100 200 300 400 500 600 700 800 900 1000
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Figure 4. TGA in air of Zr-abdc (as-synt.) and Zr-abdc (Sox.).
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retical mass losses calculated from the empirical formula of
Zr-abdc (Table 2). The comparison shows a discrepancy of
about 4% between the corrected and calculated mass losses
for Zr-abdc (as-synt.), i.e. the mass loss of the step tenta-
tively ascribed to the linker decomposition is too high. We
assumed that the as-synthesized compound still contained
guest molecules that can only leave when the framework is
destroyed (which, in turn, lowers the decomposition tem-
perature of the compound, see the discussion below).

Table 2. Comparison of measured and calculated TGA mass loss
data [%] obtained in a flow of air for Zr—abdc (as-synt.) and Zr—
abdc (Sox.).

Step Calculated Zr—abdc (as-synt.) Zr—abdc (Sox.)
Measured Guest-freel Measured Guest-freel®

Guests - 19.7 - 9.8 -

Linker  67.7 57.5 71.6 61.1 67.7

Residue 32.3 22.8 28.4 29.2 323

[a] Mass loss after correction for removal of guest molecules.

We previously found!® that the activation of PCP materi-
als obtained from modulated syntheses can be difficult due
to the partial occlusion of modulator molecules in the cavi-
ties of the porous materials. When the activation of the ma-
terial is carried out simply by heating, trapped modulator
molecules can destroy the PCP, which happens in Zr-bdc
prepared with benzoic acid as the modulator.!® The reason
for this is the small window size of this PCP, which cannot
let the modulator molecules pass through. With larger win-
dows, as in Zr-bpdc, this problem disappears, because en-
closed benzoic acid molecules can leave the material with-
out hindrance. Zr—abdc should have larger windows than
Zr-bpdc judging from the lattice dimensions. However, the
thermal activation of Zr-abdc in the as-synthesized state
appears to be difficult, which can be judged from variable-
temperature PXRD patterns (Figure 5a). Zr-abdc (as-synt.)
appears stable up to about 280 °C. Beyond this, the reflec-
tions of the material are broadened but do not completely
disappear until 440 °C. This is an indication of partial de-
gradation of the material above 280 °C. The reason for this
could be that not all of the guest molecules were removed
from Zr-abdc (as-synt.) by the standard washing procedure
with DMF and ethanol. Higher than 280 °C, these remain-

b)

I/ a.u.

10 11 12 13 14
20/°

Figure 5. Variable-temperature PXRD patterns of (a) Zr—abdc (as-synt.) and (b) a Zr-abdc (Sox.).
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ing guests could then destroy the framework as they leave
the material and would be responsible for the increased
mass loss in the TGA step that was assigned to the degrada-
tion of the linker.

We therefore chose to apply a more efficient washing pro-
cedure to remove guest molecules from Zr—abdc (as-synt.),
which consisted of a Soxhlet extraction with ethanol for
24 h. The TGA of Zr-abdc (Sox.) again proceeded in two
steps (Figure 4). The first step of Zr—abdc (Sox.) is assigned
to the loss of guests up to 300 °C, which is considerably
smaller than that of Zr—abdc (as-synt.). This shows that ex-
traction with ethanol reduced the guest content effectively.
We also found that Soxhlet extraction saves time compared
to other guest removal or exchange procedures that have
been applied to purify Zr PCPs.®®l The second step that
corresponds to the oxidation of the linkers again starts at
ca. 400 °C. For Zr—abdc (Sox.), the corrected mass loss is
in perfect accordance with the calculated mass loss of Zr—
abdc (Table 2). Variable-temperature PXRD patterns of Zr—
abdc (Sox.) (Figure 5b) show that the material withstands
the conditions of the Soxhlet extraction. The intensities and
line widths of the reflections do not change significantly up
to about 400 °C, which shows that the Soxhlet extraction
has led to higher thermal stability of Zr-abdc. Although
Zr—abdc is stable to ambient air and moisture in the as-
synthesized and the Soxhlet-extracted state, it is not stable
in aqueous solution, which can be judged from a PXRD
pattern measured on a sample after immersion in water for
24 h (Figure S3).

The UV/Vis spectra of Hyabdc and Zr-abdc (Figure S4)
are similar. Both can be attributed to azobenzene chromo-
phores with a trans configuration. Under irradiation at
355 nm, the frans isomer of free H,abdc, in an aqueous
solution at pH = 11, can be switched to the cis isomer,
which results in a drastic change in the absorption proper-
ties of Hoabdc.l' The cis isomer can relax back to the trans
form by a thermally activated process or by irradiation at
430 nm. As our syntheses were carried out at elevated tem-
peratures, it is not surprising that the azo group is present
in its trans form in H,abdc. Carrying out the crystallization
of the Zr—abdc PCP under irradiation with UV light did not
result in abdc linkers with cis configuration due to thermal
relaxation at the high synthetic temperature. Attempts to
induce cis/trans isomerization of the abdc linkers incorpo-
rated into the Zr—-abdc PCP by using UV light were unsuc-
cessful, because such isomerizations are impossible when
the azobenzene chromophore is restrained in a rigid frame-
work. As Stock and co-workers have explained,!'”! isomer-
ization reactions of azobenzene moieties in PCPs can only
occur when the switching unit is present as a side chain to
the linker (or as part of an unrestrained guest molecule).

Ar sorption experiments were carried out on Zr-abdc
(Sox.) to prove the microporosity of the purified product.
The Ar sorption curve shows a typical type-I isotherm with
a steep increase of the curve at low P/P, values (Figure 6a).
The specific surface area is 3000 m?>g!, which was deter-
mined by applying the Brunauer-Emmett-Teller equation
to the data. As expected, this value is similar to the specific
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surface area of Zr-bpdc.®l The pore size distribution, evalu-
ated by nonlocal (NL) DFT fitting of the data (Figure S5),
shows a maximum at 13 A (Figure 6b). From the modelled
Zr—abdc structure, the largest spheres that would fit into
the voids that correspond to the octahedral and tetrahedral
sites of a cubic close-packing have diameters of 15 and
11 A, respectively. The pore size distribution gives a reason-
able average of these pore sizes, and the total pore volume
is 1.41 cm3g !,
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Figure 6. (a) Argon gas sorption isotherms of Zr—abdc (Sox.) (acti-
vated at 120 °C prior to sorption experiment) at —186.15 °C as lin-
ear scale plot; inset: logarithmic scale plot; red: adsorption, blue:
desorption. (b) Pore size distribution of Zr-abdc (Sox.) calculated
from the data given in Figure 6a.

Conclusions

We have presented the synthesis and characterization of
a new Zr PCP with abdc dianions as linkers. The new
compound was obtained from a synthesis modulated with
benzoic acid. Evaluation of powder and single-crystal XRD
data suggests that the Zr-abdc PCP has the same topology
as the PCPs from the UiO-66-UiO-68 series, but the stag-
gered structure of the linker seems to lead to high disorder
and makes it impossible to determine the exact structure
from SXRD experiments. TGA data and the results from
sorption measurements support the proposal of the struc-
ture. For activation, it is crucial to purify Zr-abdc exten-
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sively prior to thermal activation. For this purpose, Soxhlet
extraction with ethanol proved to be a helpful and conve-
nient tool, which also increased the thermal stability of the
compound. As the synthesis of H,abdc derivatives is modu-
lar with regard to the introduction of different organic
functionalities, this compound could be the first of an iso-
structural series of Zr-based azo-PCPs with tuneable prop-
erties.

Experimental Section

General: All chemicals and solvents were purchased from commer-
cial sources and were used without further purification. PXRD was
carried out with a Stoe StadiP diffractometer operated with
Ge(111)-monochromatized Cu-K, radiation (1 = 1.54060 A) in
transmission mode. Field-emission (FE) SEM images were re-
corded with a JEOL JESM-6700F with a semi-in-lens detector
(working distance 3 mm; acceleration voltage 2 kV). Samples were
prepared by dispersing in ethanol, dropping onto a carbon block
and drying under reduced pressure. TGA measurements were per-
formed with a Netzsch STA 429 thermoanalyzer. For this purpose,
alumina crucibles were filled with the samples and heated under a
flow of air at a rate of 5 °C/min up to 1000 °C. UV/Vis measure-
ments of powder samples were carried out with a Varian Cary 4000
UV/Vis spectrometer in diffuse reflectance with Teflon powder as
the white standard. Ar sorption isotherms were measured with a
Quantachrome Autosorb-1 instrument. The sample was purified by
Soxhlet extraction and activated in vacuo at 120 °C for 54 h prior
to the sorption measurement. The specific surface area was deter-
mined by applying the Brunauer—Emmett-Teller equation to the P/
P, range from 0.04 to 0.08. The measured data were fitted with the
calculation model Ar at 87 K zeolites/silica (cylinder pores,
NLDFT ads.) of the AS 1 Win software from Quantachrome to
obtain the pore size distribution and the total pore volume. SXRD
studies were carried out with a Bruker KAPPA APEX II CCD
diffractometer equipped with a graphite crystal monochromator
situated in the incident beam, which produces Cu-K, radiation (4
= 1.54178 A). Data collection was carried out at —100 °C. The
SAINT program was used for integration of the diffraction pro-
files,'”! and adsorption corrections were applied by using the SAD-
ABS routine.”’l The structure was solved by direct methods and
refined by full-matrix least squares on F> with anisotropic displace-
ment using the SHELXTL software package.”!! The modelling of
Zr—abdc to a structure that shows the kink in abdc?>  was done
as follows: the partial structure obtained from SXRD experiments
(which contained the atoms of the SBUs) was used as a starting
point. The space group was set to Pl and the disordered linkers
were substituted by complete abdc>  molecules. The constructed
model was submitted to a full energy minimization, which included
optimization of the unit cell dimensions and metric, with param-
eters from the Universal Force Field as implemented in Materials
Studio 5.5. The geometry optimization converged to result in a
plausible tetragonal structure with the space group /4m, No. 87
(a=b=2006533,¢=29.7535A, a=f=yp=90° V=12692 A%

Preparation of 4,4-Azobenzenedicarboxylic Acid (H,abdc): H,abdc
was prepared according to a literature procedure.l??!

Preparation of Zr-abdc: All reactions were performed in 100 mL
Teflon-capped glass flasks. In a typical synthesis, zirconium(IV)
chloride (0.120 g, 0.51 mmol) and different amounts of benzoic
acid (e.g. 1.884 g, 15.43 mmol) were dissolved in DMF (20 mL) by
using ultrasound for ca. 1 min. To the clear solution, H,abdc
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(0.139 g, 0.51 mmol) was added and dispersed by ultrasound for
ca. 5 min. Water (0.037 mL, 2.06 mmol) was added to the suspen-
sion, and the flask was tightly capped. The orange suspension was
kept in an oven at 120 °C under static conditions. After 30 min, the
linker was completely dissolved, and the solution was bright red.
After 24 h, the solution was cooled to room temperature, and the
precipitate was isolated by centrifugation. The solid was suspended
in DMF (20 mL). After standing at room temperature for 2-6 h,
the suspension was centrifuged, and the solvent was decanted. The
particles were washed with ethanol (20 mL) in the same way as
described for washing with DMF. Afterwards, the solids were dried
in an oven at 120 °C for 2 h. Zr—abdc (as-synt.) refers to products
that were produced in this way. Further purification of the PCPs
was carried out by Soxhlet extraction with ethanol for 24 h and
subsequent drying in an oven at 120 °C for 2 h. Zr-abdc (Sox.)
refers to products that were purified in this way.

Supporting Information (see footnote on the first page of this arti-
cle): Additional PXRD patterns, tables with atomic coordinates of
the structural model, UV/Vis spectra of H,abdc and Zr-abdc and
the NLDFT fitting plot for the sorption data.
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A theoretical study on the basis of DFT calculations for com-
plexes with the general formula [{MCp,},N,] (M = Ti, Zr, or
Hf; Cp = cyclopentadienyl ligand) is presented. The relative
stability of side-on and end-on isomers is determined for
each metal atom. A survey of the electronic structure and
molecular orbitals provides a simple interpretation of the
chemical bonding within the M,N, unit and reveals the fac-

tors that determine the choice of the coordination mode of
dinitrogen to metallocenes. These results have been con-
firmed by vibrational calculations and topological analysis of
the electron density together with a structural database
study. The influence of the conformational changes on some
molecular properties and their implications for the N-N
bonding character will be discussed.

Introduction

Ammonia is a molecule that has changed our world in
the past century.l'l However, the industrial production of
ammonia generated by the well-known Haber—Bosch pro-
cess from its constituent elements has high energy costs.[>3
Clearly, the best source for N, is atmospheric nitrogen, but
an alternative method of N=N triple-bond cleavage could
provide a new energy-efficient synthesis. As an example of
this successful result, one must take note of the biologic
analogue nitrogenase, which can transform dinitrogen into
ammonia under mild conditions such as room temperature
and atmospheric pressure. Experimental and computational
studies on homogeneous catalysis with transition-metal
complexes have been made in an attempt to search for low-
cost alternative mechanisms.™

One could consider two steps in the transformation of
dinitrogen into ammonia. Initially, the molecule would be
fixed to an active center; subsequently, it should be hydroge-
nated, and then a cleavage of the N-N bond should occur.
The process of fixation can be associated with the coordina-
tion of dinitrogen to a transition metal, although its bind-
ing mode is an open question.>” In a dinuclear complex,
two main possibilities can be contemplated (Scheme 1):
end-on coordination (1a) in which each nitrogen atom is
coordinated to one metal atom, and side-on mode (1b) in
which four atoms form a diamond with standard N-N
bond lengths.®! We notice that group 4 elements present
either structure, without any clear preference, and display a
wide range of N-N distances.

[a] Departament de Quimica Inorganica and
Institut de Quimica Teorica i Computacional (IQTCUB),
Universitat de Barcelona,
Avda. Diagonal 647, 08028 Barcelona, Spain
[b] Institucio Catalana de Recerca i Estudis Avangats (ICREA),
Passeig Lluis Companys, 23, 08010 Barcelona, Spain
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201100788.
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Scheme 1. Coordination modes of dinitrogen in binuclear com-
plexes.

Some zirconium complexes have been able to coordinate
N,, which is subsequently hydrogenated at 1 atm of H,
pressure and room temperature.’-!%) On the other hand,
several group 4 metallocenes have a strong propensity to
coordinate the dinitrogen molecule.''! Hydrogenation and
cleavage of dinitrogen by metallocenes have been reported
recently in which the catalytic species is [Zr(n>-Cs-
Me,H),].1"?! In general, the chemistry of group 4 elements
is dominated by the MV state, which is a d° ion, although
low-valent M and M complexes promote unusual reac-
tions. Electron-rich [MCp,] (Cp = cyclopentadienyl ligand)
complexes can be applied in activation reactions of small
molecules such as dinitrogen.['3! However, only experimen-
tal infrared and theoretical studies for the coordination of
dinitrogen to naked group 4 elements in an argon matrix
have been reported up to this moment.['*!

In this paper, we apply computational methods on the
basis of density functional theory to study the bonding on
[M»(p-N),Cpy4] compounds (Cp denotes a general cyclopen-
tadienyl ring). We present a theoretical study to analyze the
influence of the metal in the relative stability of isomers, an
analysis of molecular geometry, a description of the elec-
tronic structure, and stretching frequencies for the nitro-
gen—nitrogen bond. This study has also been completed
with a structural analysis from the available experimental
data. At present, only a theoretical study of the electronic
structure and vibrational characterization of an end-on tita-
nium complex has been published by Tuczek et al.l'! Con-
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sequently, the goal of this article is to systematically investi-
gate the coordination mode of dinitrogen to metallocene
fragments in [M,CpsN,] (M = Ti, Zr, and Hf) complexes.

Results and Discussion

Relative Stability of Isomers

A comparison of the relative energies between end-on
and side-on isomers in [M»(CsHs)4N»>] complexes shows a
dramatic influence of the metals on the stability of these
isomers (Table 1). Whereas in the Ti compound an end-on
arrangement is observed for the most stable isomer, the Zr
and Hf complexes prefer the side-on form. However, the
replacement of CsHs ligands by bulkier CsMes ones pro-
duces an extra stabilization of the end-on isomer in all
cases, and even leads to a change in the order for Zr spe-
cies.['® This effect can be related to the repulsion between
the two metallocene units in the side-on isomer that favors
a lengthening of the metal-metal distance (about 1 A).

Our results show the following preferential trends: (a) the
side-on isomer is more stable for the heavier metals (Ti <
Zr < Hf), and (b) bulky substituents in the cyclopendienyl
ring destabilize the side-on isomer. These conclusions are
corroborated by experimental data that show that the dini-
trogen fragment adopts an end-on coordination in most ti-
tanium complexes (6 of 7 structures), whereas the side-on
isomer is always observed for zirconium and hafnium spe-
cies.

Table 1. Energy [kcalmol '] of the side-on isomer of [M,CpsN,]
complexes relative to that of the end-on form (1a).[4l

Cp, M Ti Zr Hf
CsHs +11.4 -6.7 -13.7
CsMes +36.2 +9.6 +0.3

[a] Positive and negative values correspond to the most stable end-
on and side-on isomer, respectively.

Molecular Geometry

The first analyzed isomer of compounds [M»(CsHjs),N>]
is the end-on one in which each nitrogen atom is coordi-
nated to one metal atom (la). The main structural param-
eters for the calculated geometries are shown in Table 2 to-
gether with the available experimental data. In this case, the
geometries with the three studied metals are very similar.

The N-N distance of the end-on form has values of
about 1.20 A in all cases, thereby confirming a persistence
of the multiple-bond character. These values are in agree-
ment with the experimental data (1.15-1.18 A). On the
other hand, M—N distances are relatively shorter than the
sum of atomic radii,*!! and the angles around the nitrogen
atoms are perfectly lineal. The coordination of each metal
is completed by two cyclopentadienyl ligands from the
centroid of the Cp rings. The Cp ligands have a n° mode
and Cp—-M-Cp angles calculated to be about 143°. These
parameters remain invariable when CsHs rings are substi-
tuted by CsMes ones. However, an important change is
found in the relative orientation of the cyclopentadienyl
rings from different metal atoms, described by angle w in
Scheme 2. All molecular models with CsHs present values
equal to 0° by corresponding to an eclipsed conformation
of the two MCp, fragments. However, a staggered confor-
mation is observed when using CsMes (from 82 to §9°). In
relation to the available experimental data retrieved from

2

Scheme 2. Definition of the relative orientation of the two metallo-
cenes.

Table 2. Main geometric parameters/® for experimental and optimized structures in the singlet state of [M>Cp4N,] complexes of group 4

with end-on coordination of dinitrogen (see 1a).

Cp M N-N M-N M-XI®! MM M-N-N X-M-XPl gl Ref. code  Ref.
CsMes Ti 1.155 2.023 2.067 5.198 177 146 87 NPMCTI (7
Ti 1.166 2.010 2.067 5.182 177 146 85
CsHMe, Ti 1.170 1.987 2.035 5.143 179 141 7 RARMAY 18
CsH;(SiMes), Ti 1.163 1.993 2.039 5.147 176 145 8 NACKAE [
Ti 1.165 1.994 2.035 5.152 177 145 2
CsH,Me,iPr Ti 1.168 1.971 2.023 5.109 177 144 4 SIGJAU (201
CsH3/Bu-RM Ti 1.165 1.990 2.014 5.118 172 136 40 SIGJIC (201
CsH,Bu(SiMes)-RI4 Ti 1.174 2.010 2.051 5.192 179 135 43 SIGJEY (201
CsHs Ti 1.195 1.944 2.075 5.082 180 143 0 calcd.
CsMes Ti 1.196 2.004 2.127 5.203 180 143 82 calcd.
CsHs Zr 1.201 2.093 2.245 5.387 180 143 0 calcd.
CsMes Zr 1.211 2.117 2.281 5.446 180 143 82 calcd.
CsHs Hf 1.181 2.094 2.210 5.370 180 143 0 calcd.
CsMes Hf 1.238 1.983 2.269 5.204 180 142 89 caled.

[a] Distances [A] and angles [°]. [b] X is defined as the centroid of the cyclopentadienyl ring. [c] The e value is defined as the dihedral
angle X-M-+M-X that shows the relative orientation of the two metallocene units. [d] A bridging SiMe, group between both rings of

the same metallocene unit.
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the Cambridge Structural Database, staggered, eclipsed,
and intermediate conformations have been observed in tita-
nium complexes depending on the substituents at the cyclo-
pentadienyl rings. According to our theoretical results, the
partial substitutions of the cyclopentadienyl ring
(CsHs_R,) lead to a nearly eclipsed conformation (v <
10°), whereas fully substituted rings prefer a staggered one
(w = 86-87°). Some exceptions are observed in two cases
due to the presence of the linking chain between cyclopend-
ienyl rings (o = 40-43°).

The main structural parameters for the calculated and
experimental geometries for the side-on isomer are shown
in Table 3. The M,N, unit makes a regular ring (1b), which
in all complexes has a planar diamond core (6 = 180° in
Scheme 3). However, dramatic differences are found de-
pending on the transition metal. The calculated N-N dis-
tances in [M,(CsHs)4N,] (M = Ti, Zr, and Hf) complexes
are 1.25, 1.55, and 1.42 A, respectively. These distances can
be classified as intermediate between double- and single-
bond characters, and a detailed study of the electronic
structure of complexes will be presented to interpret them
(see below). Even a good correlation is not easy to find
from the theoretical results; we can expect the staggered
nature of the geometry to increase from CsHs to CsMes
groups (w = 77°). This structural change reflects the impor-
tance of the repulsion between cyclopentadienyl rings be-
cause the metal---metal distances are now shorter than the
end-on isomer due to the coordination mode adopted by
the dinitrogen fragment. Whereas a quasi-eclipsed confor-
mation is predicted for the titanium model, large w values
are expected for zirconium and hafnium. In this way, theo-
retical calculations on titanium models show the largest
bending around metal (Cp-M-Cp angle). These conclu-
sions could also be envisaged with the experimental data if
some exceptions were considered due to the presence of ste-
ric requirements in the cyclopentadienyl rings.
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Scheme 3. Definition of the degree of planarity for the M,N, core.
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Vibrational Analysis

We have found optimized molecular geometries for the
end-on and side-on isomers in all studied models. Thereby,
the synthesis of each isomer is feasible a priori. In fact,
depending on substituent groups, both isomers could be
structurally characterized. Along these lines, we analyzed
the vibrational frequency that corresponds to the nitrogen—
nitrogen stretching mode and its relation with those dis-
tances.!® These values are shown together with available ex-
perimental data in Table 4. As an example of the relation
between stretching frequency and bond order, we have also
included simple molecules that are perfectly defined such
as dinitrogen, diazene, and hydrazine, as they can provide

Table 4. Values [cm ']l for the calculated stretching mode vy for
the two isomers of [M,Cp4N,] complexes in the singlet state. Avail-
able experimental data are also shown.["]

M End-on (1a) Side-on (1b) Exptl.lI
Ti 1785 1524 1755 (1a)
Zr 1817 696 775 (1b)
Hf 1676 863 n.a.
[a] Calculated values for reference: N,: 2372cm™'; N,H,:

1614 cm™!; NoHy: 1122 cm™! (experimental values at 2331, 1529,
and 1087 cm™!, respectively).?”-2°1 [b] Coordination mode of the ex-
perimental structure is in parentheses.

Table 3. Main geometric parameters/®l for experimental and optimized structures in the singlet state of [M>Cp4N,] complexes of group 4

with side-on coordination of dinitrogen (see 1b).

Cp M N-N M-N M-XP MM N-M-N X-M-X o ol Ref. code  Ref.
CsH,Me; Ti 1.216 2.151 2.052 4.126 32.8 136 11 180 SIGHUM (201
CsHMe, Zr 1.377 2.125 2.262 4.020 37.8 128 65 180 ERIJAQ (12l
CsH;(SiMes), Zr 1.466 2.114 2.231 3.966 40.6 133 3 180 IJIHUE (221
CsH,;Me,Ph, CsMes Zr 1.379 2.095 2.263 3.956 38.4 131 73 177 QAWBEW 123
CsH3Bu-R, CsMey,RE Zr 1.407 2.089 2.246 3.911 39.3 125 58 167 WEZVED (241
CsH,Bu(SiMes;)-R[ Zr 1.241 2.281 2.250 4.373 31.5 125 46 180 QIDYOR (23]
CsHMe, Hf 1.423 2.081 2.237 3.910 40.0 127 65 180 REBREW (261

CsHs Ti 1.249 2.138 2.101 4.090 34.0 136 2 180 caled.

CsMes Ti 1.251 2.182 2.207 4.180 333 131 76 180 caled.

CsHs Zr 1.555 2.080 2.312 3.858 43.9 128 49 180 caled.

CsM.;s Zr 1.506 2.110 2.382 3.940 41.8 128 77 180 caled.

CsHs Hf 1.421 2.079 2.272 3.908 40.0 129 52 180 caled.

CsMes Hf 1.404 2.102 2.352 3.965 39.0 128 78 180 caled.

[a] Distances [A] and angles [°]. [b] X is defined as the centroid of the cyclopentadienyl ring. [¢] The e value is defined as the dihedral
angle X-M-+M-X that shows the relative orientation of the two metallocene units. [d] The # value is defined as the bent angle between
both MN, planes to measure the bending degree of the M,N, diamond. [e] A bridging SiMe, group between both rings of the same

metallocene unit.
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interesting information when analyzing our theoretical re-
sults.

For titanium complexes, the calculated stretching fre-
quencies show the existence of an N-N multiple bond close
to a double bond in the side-on isomer and strongest in the
end-on mode. It can be seen that the experimental fre-
quencies agree with an end-on arrangement, as previously
reported by Tuczek et al.l'3 Similar results were obtained
for zirconium models with an end-on form that display the
highest frequency and the greatest multiple-bond character
for the dinitrogen fragment. However, the zirconium side-
on complex clearly shows an N-N bond that is weaker than
the Ti one, which is reflected in the larger bond length and
lower vibrational frequency than the hydrazine molecule.
Analogous values, but closer to the hydrazine, have been
predicted for the hafnium complexes.

Orbital Analysis

In an attempt to understand the different behavior of
end-on and side-on isomers, we present here an analysis of
the molecular-orbital diagram. From the molecular-orbital
interaction, we will propose a description of the bond be-
tween metallocenes and dinitrogen. Finally, we contrast the
results of population analysis to verify our interpretation of
the bonding in the {M,N,!** unit. Since the s orbital of
nitrogen atoms is very low in energy, the interactions be-
tween dinitrogen and metallocene fragments were analyzed
by using the p orbitals.*”) The combinations of these orbit-
als are classified according to their ¢ and 7 character. The
latter are degenerate in a free molecule, but they can be
differentiated in the complex as m (parallel) and n, (per-
pendicular) depending on their relative orientation with re-
spect to the arene ligands.

Since similar results were found for the end-on isomer
with the three metal atoms, we only discuss here the results
of the [Ti,(CsHs)4N,] complex. However, comments for the
other two transition metals are added when significant vari-
ations appear. The molecular orbitals of the Ti,N, core for
the interaction between dinitrogen and metallocene frag-
ments are represented in Figure 1.3 Among the six orbit-
als of dinitrogen unit, three bonding (¢ + 2n) and only one
antibonding (7*) orbitals can be considered to be fully oc-
cupied in the model complex. As a result of this electron
configuration, one can formally suggest a value equal to
two for the bond order of the dinitrogen fragment, which
acquires a diazenide character, N,>.[13]

A complete population analysis for all complexes is
shown in Table 5, including atomic charges, spin densities,
and orbital occupations of metal and nitrogen atoms. These
data are complemented by analogous information for mo-
nonuclear complexes of the type [M(CsHs),] in the Sup-
porting Information. In the end-on [Ti,(CsHs)4N,] com-
plex, the population analysis shows that atomic charges of
Ti and N are +0.9 and 0.2, respectively, and thus only 0.4
is transferred from the metals to dinitrogen molecule (from
free dinitrogen). However, this low electron transfer is re-
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Figure 1. Diagram of the interaction between the d orbitals of two
MCp, fragments and the dinitrogen molecule for the end-on isomer
(1a). The number in each box indicates the quantity of molecular
orbitals.

lated to a decrease in spin density on each metal of 0.7,
whereas a null value is found for the nitrogen atoms. This
result would be interpreted as a double-bond character of
nitrogen—nitrogen, although a high degree of delocalization
in the Ti=N=N=Ti unit was found when the molecular or-
bitals were analyzed. This formulation implies that one elec-
tron remains in a d orbital of each metal, which is assigned
as Ti"" (d') in agreement with the paramagnetic nature of
available experimental compounds,'7-1%2% and related
ones.’1 However, our model complex has a singlet as
ground state, and the optimized triplet and quintuplet ex-
cited states are placed at 9.9 and 6.9 kcalmol™ (3462 and
2427 cm™'), respectively. Although our calculations incor-
rectly predicted a strong antiferromagnetic coupling be-
tween the two metal ions, we notice that their geometries
have minimal structural changes without affecting their
chemical significance. Similar results were obtained for
analogous compounds of Zr and Hf, and an equivalent
electronic description should apply (the triplet state was
only at 0.24 kcalmol !, 84 cm !, in the Zr derivative), al-
though neither experimental compound was available to
corroborate our result.

We have continued with the side-on arrangement of the
[Ti»(CsHs)4N,] model complex. The molecular-orbital
analysis of the Ti,N, fragment in Figure 2 (left) shows an
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Table 5. Population analysis (from natural population analysis) for
the optimized structures of [M,Cp4N,] complexes in the singlet
state.

End-on isomer (1a) Side-on isomer (1b)

Ti Zr Hf Ti Zr Hf

Charges
M +0.87 +1.10 +1.31 +0.97 +1.56 +1.76
N -0.19 -0.28 -0.31 -0.29 -0.74 -0.78
Spin densities(®!
M 1.21 1.00 095 097 0.00 0.00
N 0.00 005 0.04 0.00 0.00 0.00
Orbital occupa-
tions
s(M) 0.17 021 029 0.17 0.18 0.22
p(M) 0.01 001 0.01 0.0l 0.01 0.01
d(M) 291 264 235 277 221 1.95
s(N) 142 144 142 154 1.63 1.57
p(N) 374 381 385 373 410 419

[a] Absolute values for each metal and nitrogen atom: antiferro-
magnetism or diamagnetism (see text).

electron configuration of o?n*n*?2 for the dinitrogen ligand.
Despite the different orientation of the dinitrogen, the re-
sults are similar to those obtained in end-on forms that have
nearly identical populations (see Table 5). Consequently, a
Ti'M/N,>~ electron configuration should be assigned in ac-
cordance with the experimental distances.’! These results
are in agreement with those previously reported by the pres-
ence of bond lengths between bridging atoms in M, X, rings
and the description of the bonding in the diamond for binu-
clear complexes.?2:33!

However, significant changes were found in the electronic
structure of zirconium and hafnium derivatives with a side-
on form. Figure 2 (right) shows the molecular diagram for
the zirconium complex, and an identical picture can be dis-
played for the hafnium one. The molecular-orbital diagram
reveals that the two m orbitals are now fully occupied,
thereby suggesting a o’n*n** electron configuration for the
dinitrogen fragment. This result implies the presence of a
single bond, perfectly supported by the large optimized N—
N bond length (1.56 A). Spin densities of Zr and N atoms
take null values, and the metal has lost all the d electrons
to formally become a Zr'V ion, in contrast to 1.9 in the
mononuclear Zr''"Cp, complex. Consequently, we propose
that the dinitrogen group displays a hydrazinide character,
N,* .81 A closed-shell configuration is obtained as the
ground state with an optimized triplet one 6.1 kcalmol™!
higher in energy (2120 cm™!, in which one electron remains
in each metal center like the titanium complex), which is in
agreement with its diamagnetic behavior. Similar conclu-
sions were reached for the hafnium model complex. Experi-
mental data based on line broadening in the 'H, '3C, and
ISN NMR spectra for Zrt'2-23-251 and Hf?®! complexes con-
firm their diamagnetism. Finally, the different electron con-
figuration in the heavy metals must be related as shown by
the smaller fourth ionization potential of Zr (34.3) and Hf
(33.3) than Ti (43.3eV).34

In an attempt to evaluate the factors that govern the acti-
vation of dinitrogen by transition metals, we have compared
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Figure 2. Diagram of the interaction between the d orbitals of two
MCp, fragments and the dinitrogen molecule for the side-on iso-
mer (1b): M = Ti (left) and M = Zr (right). The number in each
box indicates the quantity of molecular orbitals.

the molecular orbitals involved in the {M,N,}** unit de-
pending on the metal atom. A detailed analysis of Figure 2
shows that the electronic configuration can be associated to
the relative energy of m, *(N,) or d(M) molecular orbitals
in a given system (see Figure 3). Despite the wide range of
experimental data for the N-N distance (i.e., 1.24-1.47 A
for Zr complexes), the correlation with the electronic struc-
ture is unclear. However, those complexes with diamagnetic
behavior have w values greater than 46°, whereas for the
eclipsed conformation with @ = 3° only a paramagnetic
compound with a Zr,N, core is observed,?” even though
it has the largest N-N distance (1.47 A). In this case, and
also for the paramagnetic side-on Ti compound, the dimin-
ished overlap between 7, *(N,) and d(M) orbitals prevents
electron transfer, thereby keeping one in each metal atom
and the increase N-N double-bond character. Previous
theoretical studies have confirmed the importance of the
conformational angle in the mechanistic study of hydrogen-
ation of the [Zr,(CsHMe,)4N»] complex,*3 or by compar-
ing hydrogenated compounds such as [Zry,(CsHMey)y-
(N,H,)].B® The different behavior found for [M,CpsN,]
complexes should be related to the conformational angle @
and its subtle influence on the orbital levels. Small geomet-
ric variations in the M,N, unit can modify the relative en-
ergy of the orbitals involved.?!
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Figure 3. Composition of two of molecular orbitals that results in mixing between 6d(M) and w, *(N,) in the side-on complexes of

[M,Cp4N>] with M = Ti and Zr.

Analysis of the Electron Density

To further characterize the electronic structure of the
studied compounds, we performed a topological analysis of
the electron charge density p(r) for the optimized geome-
tries, according to the atoms-in-molecules theory.[37-38 As
pointed out by Bader, the main properties of the electron
density can be summarized in terms of critical points and
its number of curvatures. A bond critical point, referred to
as a (3,-1) critical point, is taken as an indication of the
presence of a chemical bond. In this point, the ellipticity
parameter ¢ reflects the deviation from the circularity for
this chemical bond and its relationship with multiple-bond
character.

A complete list of critical points can be made, but only
data from those involved in the M,N, unit are shown in
Table 6 and analyzed in this work. Similar values for the
three metals were obtained for the end-on isomer. A critical
point that corresponds to the N-N interaction has an elec-
tron density about 0.5 and a negative value of V2p(r), thus
indicating covalent character. Moreover, its low ellipticity (¢
< 0.04) suggests that the triple-bond character is main-
tained in these species. In addition, two bond-critical points
between each M—N pair with positive values of V2p(r) are
in accordance with the common feature of donor-acceptor
interactions, which show great asymmetry in the electron
density due to the presence of cyclopentadienyl ligands.

The side-on isomers of [M»(CsHs)4;N»>] complexes have a
cyclic structure, in which four bond-critical points between
each side of the diamond contribute to donor—acceptor M—
N interactions, as well as an additional bond-critical point
for the N-N covalent bond across it. For the Ti compound,
the Ti-N critical point has similar values to those of the
end-on one but with a decrease in V2p(r), which should
indicate a weaker bond in this isomer because of the poor
directionality of the bonding orbitals in the ring, according
802

WWW.eurjic.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Table 6. Properties of (3,-1) bond-critical points in the optimized
structures of [M>Cp4N,] complexes in the singlet state.[?]

End-on isomer (1a) Side-on isomer (1b)

M Ti Zr Hf Ti Zr Hf
M-N bonds:

p(r) 0.10 0.09 0.09 0.07 0.10 0.10

V2p(r) 0.51 0.44 0.43 0.26 0.36 0.38

e 0.34 0.31 0.32 0.30 0.07 0.13
N-N bonds:

p(r) 0.48 0.47 0.53 0.43 0.21 0.31

V2p(r) -098 096 -1.35 -0.74 -0.03 -0.46

e 0.03 0.02 0.04  0.02 0.12 0.09

[a] Units: p in ea, 3 (= 6.748 e A3); V2p in ea, S (= 24.098 e A5).

to the longest distances found (2.14 and 1.94 A, respec-
tively). However, no significant variations in the N-N bond
can be expected for the change in coordination mode for Ti
complexes. For the Zr compound, it shows a decrease in
the ellipticity of the M—N bonds that can be related to the
lower contribution of the n orbital in the Zr,N, ring bond-
ing. On the other hand, for the N-N bond, p(r) decreases
and V2p(r) is practically zero, according to the weak inter-
action through the diamond (1.55, which is in agreement
with a larger distance for typical single bonds of 1.45 A).139
For the Hf complex, similar values to the Zr compound
were found for M—N bonds, whereas intermediates between
Ti and Zr complexes were found for the N-N one.

Mechanism for the Formation of Complexes

To analyze the formation of [M,CpsN,] complexes, we
have studied the steps described in Scheme 4. For each one,
we calculated the free-energy changes (electronic energy is
in the Supporting Information) associated with pathways
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Scheme 4. Proposed stepwise mechanism to generate [M,Cp4N,] species.

A-E for M = Ti, Zr, and Hf in an attempt to try to unravel
the factors that determine the different stabilities obtained
for each metal.

The first step prior to coordination of dinitrogen to me-
tallocene is the bending of an MCp, fragment (A). Given
the centroid of the cyclopentadienyl ring, the bending of
metallocenes is always unfavorable for triplet and singlet
states. We have estimated that the destabilization upon
bending the geometry of the MCp, fragment to the dinu-
clear complexes has values of less than 10 kcalmol™'. A
correlated diagram for molecular orbitals from lineal to
bent geometry of MCp, units can be found in the Support-
ing Information, with a similar behavior for all three metals.
The small difference in energy between the single occupied
orbitals with 8(M—-Cp) character explains that the triplet
state is more stable than the singlet one.[*]

The second step of our system involves the coordination
of dinitrogen to a bent MCp, fragment (B), thereby re-
sulting in two alternative isomers (Scheme 5). This process
is clearly favored for the two forms, with the order Ti < Zr
<< Hf in both cases, and the triplet state is always more
stable than the singlet one. The data for equilibrium D
shows the higher stability of 4a, reported previously for the
Zr compound,!'® but it decreases down the group. In con-
cordance with this trend, only one end-on structure with
titanium has been structurally characterized,*!! though
some analogous fragments with triple bonding such as
carbonyl*!l or acetylide!*>*3! have similar structural trends.
The geometric structures show that N-N distances are
slightly shorter in the end-on isomer than in the side-on
one.'® However, they clearly indicate the presence of a
strong multiple-bonding character (<1.18 A in all cases) ac-
cording to experimental data (1.12 versus 1.15 A for the
end-on titanium complex). The electronic structure presents
small changes, which reduces the electron transfer in the
order Ti > Zr = Hf (between 0.1 and 0.3). As a result of
the coordination of dinitrogen, a spin density of about 0.4
appears on the terminal nitrogen atom in the end-on form,
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whereas smaller values are obtained for these atoms in the
side-on one.

.
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.
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Scheme 5. Mononuclear complexes with dinitrogen ligands.

4a 4b

The following step in our proposed method is the ad-
dition of a second MCp, fragment to the dinitrogen com-
plex. The coordination of MCp,N, to a new bent MCp,
fragment to build M,CpsN, species (called C) is always
more favorable than the previous one (B, from MCp, to
MCp;N,). This synergic effect of the coordination of both
metal fragments to the dinitrogen molecule increases when
the metal decreases in group 4 (see Table 7) according to a
single isolated Ti compound with the geometry of 4a. A
surprising result was obtained for Hf isomers that have val-
ues larger than 120 kcalmol !; it indicates that they should
present a high affinity for the generation of Hf;N, species.
The analysis of the geometric structure of end-on coordina-
tion shows slight variations when a second MCp, is added,
which can explain a shortening in the M-N distance of
about 0.1 A due to the electron delocalization from the
Ti=N=N=Ti fragment (see above). However, the most im-
portant changes are detected in side-on complexes, espe-
cially for Zr and Hf complexes, due to the electron transfer
that occurs only when a second MCp, fragment is added.
These dramatic variations are a shortening in the M—N dis-
tance (>0.3 A) and a lengthening of N-N and M-X ones
(>0.3 and ca. 0.08 A, respectively).

To analyze the effect of the first coordination of an
MCp, fragment on the addition of a second group, we com-
pared the energetic difference between both processes in
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Table 7. Calculated free energies [kcalmol ] for the processes of formation of [M,Cp4N,] complexes from MCp, ones and N».

Reaction! Path Ti Zr Hf
Planar-[MCp,] (3) — Bent-[MCp,] (3') A +9.4 +6.0 +8.6
(+6.9) (+5.2) (+3.9)
Bent-[MCp,] (3') + N, — [MCpa(n'-N,)] (da) Bl ~14.0 22,6 ~126.0
(-20.3) (-26.4) (-131.2)
Bent-[MCps] (3') + N — [MCps(n2-N»)] (4b) B2 03 126 ~119.6
(-11.8) (-22.4) (-130.7)
[MCp>(n'-N,)] (4a) + Bent-[MCp,] (3') — [M,Cpa(n,n':n'-N,)] (1a) C1 -22.3 -35.6 -108.9
[MCp>(n?-N,)] (4b) + Bent-[MCp,] (3') — [M>Cpa(n,n*n3-N,)] (1b) C2 -22.6 -50.5 —-126.1
[MCp»(1'-N,)] (4a) — [MCps(n2-N,)] (db) D +13.7 +10.0 +6.3
(+8.5) (+4.0) (+0.5)
[MaCpy(pn'm'-Ny)] (1a) — [M,Cpa(pn*n>-Ny)] (1b) E +13.4 =5.0 -10.9

[a] Dinuclear complexes have a singlet as the ground state. Mononuclear complexes have a triplet as the ground state. Values for the

singlet state are shown in parentheses in the second entry.

each case. We concluded that the binding of the second
metal is generally more favorable than the former, especially
for side-on isomers, which explains the high value obtained
for the Zr complex (ca.40 kcalmol™). Moreover, by com-
bining the coordination of two MCp, fragments to the dini-
trogen molecule (B + C), one can conclude that Ti prefers
the end-on coordination, whereas Zr and Hf favor the side-
on one. Although both process are favorable, our results
reveal that the coordination of the second metal fragments
is the origin of the differences in behavior between the met-
als. Finally, these values are slightly modified by the bend-
ing of metallocenes (A) to obtain the relative stability of
M,N, complexes shown in E.

Ligand-Design Complexes

According to the different distances found in the isomers,
we have designed substituted cyclopentadienyl ligands to
impose a specific range of metal--*metal distances and to
modify the relative stability of two forms. In this field, we
have calculated the following molecular models with meth-
ylene bridges between cyclopentadienyl rings such as
[Tiz(C5H4{CHz},,C5H4)2N2] (Figure 4) For n = 1, the
shortest Ti-Ti distances are obtained with values of 3.48
and 4.48 A for side-on and end-on forms respectively, the
former being more stable by 6.0 kcalmol™!. Similarly, the
larger stabilization of the side-on structure by
20.4 kcalmol ™! is found for n = 2, despite the fact that
Ti---Ti bonds are similar to those obtained in an unbridged

Figure 4. Optimized side-on structures of [Tiy(CsH4—{CH,},~
CsHy),N,] for n = 1 and 2.
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model (4.03 and 5.17 A, respectively). We conclude that
geometric restrictions can favor an unexpected isomer pre-
dicted by simple models. In summary, these models could
predict the stability of a disadvantageous isomer in the pres-
ence of geometrical constraints.

Conclusion

The present theoretical studies have allowed us to under-
stand the structural choice of the dinitrogen molecule in
[M>Cp4N,] compounds depending on the transition metal.
Complexes with zirconium or hafnium prefer a side-on
structure for the M,N, unit, whereas titanium prefers an
end-on one. The relative stability of the side-on isomer over
the end-on one increases down group 4, but is not favored
by bulky substituents on the cyclopentadienyl rings. How-
ever, selected bridges between terminal ligands can stabilize
the side-on form for Ti complexes.

In the end-on isomer, the electronic structure shows a
double-bond character between both nitrogen atoms (N,%")
and paramagnetic center M (d') ions. A similar descrip-
tion is obtained for the Ti complex in a side-on form,
whereas Zr and Hf complexes show a d° center together
with a hydrazinide ligand (N,*). The effect of the metal is
clearly significant in this isomer, in which only the III state
for titanium is found. Titanium is the metal with the largest
fourth ionization potential, which leaves it in a worse posi-
tion to give a single N-N bond due to its ease in reaching
the formal oxidation state M. This different behavior can
be rationalized in terms of molecular orbitals and the rela-
tive orientation between MCp, fragments. Whereas the
staggered conformation favors the largest overlap between
orbitals and best electron transfer from metal to dinitrogen,
an eclipsed one avoids it. These formal orders for the nitro-
gen—nitrogen bond are consistent with the results obtained
by vibrational and atoms-in-molecules analysis.

Finally, we have investigated a series of steps to analyze
the factors that determine the formation mechanism of
these complexes. Although the bending of metallocenes is
slightly disfavored, the coordination of dinitrogen to metal
centers compensates this. The union of metallocenes to the
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nitrogen molecule has a synergic effect by which the first
fragment enhances the coordination of the second. These
two processes differentiate the preferential behavior be-
tween the three metals of group 4, although major changes
in geometric and electronic structures are detected when a
second fragment is bound.

Experimental Section

Computational Details: Density functional calculations were carried
out using the Gaussian 03 package.*®! Open-shell calculations were
performed in all cases with an unrestricted scheme in which the
broken-symmetry approach was used for singlet states.[*”? The hy-
brid DFT method known as B3LYP was applied, in which the
Becke three-parameters exchange functional™®! and the Lee—Yang—
Parr correlation functional were used.[*”! Relativistic effective core
potentials from Stuttgart-Dresden group were used to represent
the innermost electrons of the transition-metal atoms and their cor-
responding basis set with valence double-{ quality.l’”! The basis set
for the light elements (N, C, and H) was also double-{ split-valence
and included a polarization function in all atoms, proposed by
Abhlrichs et al.P'l Geometry optimizations were carried out on the
full potential-energy surface, without symmetry restrictions, and
they were confirmed as minima by a vibrational analysis. For the
topological analysis of the electron density, critical points were gen-
erated with the Xaim routine.[>?!

Structural Analysis: For the experimental collection, structural data
were retrieved from the Cambridge Structural Database (Version
5.31, November 2009).153]

Supporting Information (see footnote on the first page of this arti-
cle): Comparison of the main geometric and electronic data for
[MCp-] and [MCp,N,] complexes.
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New Pd-Zn coordination polymers incorporating a Pd" com-
plex were prepared in one-pot reactions from isonicotinic
acid, K,[PdCl] and Zn" ions in water. Depending on the re-
action conditions, four new types of Pd-Zn coordination poly-
mers (one-, two- and three-dimensional networks), which
consist of a Pd" complex coordinated by two or four iso-
nicotinic acids, were formed. The structures were determined
by single-crystal X-ray diffraction, X-ray powder diffraction,

TGA and CHN elemental analysis. Interestingly, for the N,
and H, gas adsorption measurements at 77 K and 760 Torr,
two of the new Pd-Zn coordination polymers show selective
H, gas adsorption performances. Therefore, these complexes
may be potentially attractive materials for heterogeneous
catalysts or for H, gas separation for hydrogenation reac-
tions.

Introduction

State-of-the-art crystal engineering involves the design
and synthesis of new crystalline materials with specific
properties that are dictated by desired applications. Re-
cently, the coordination polymers and metal-organic frame-
works (MOFs) constructed from transition metals and or-
ganic ligands, which are crystalline porous materials, have
attracted considerable attention. The control of topology
and geometry of the coordination polymers makes it pos-
sible to construct the materials with different properties.
Actually, such coordination polymers have been investi-
gated with regard to their potential applications as gas stor-
age,!'l heterogeneous catalysts,?l magnetism,™! sensing ma-
terialst and so on. Specifically, synthesis of hetero-dimet-
allic coordination polymers with selected complex ligands
in place of organic ligands is a very attractive research area
concerning applications as catalysts or sensing materials. In
homogeneous systems, decomposition and elution of these
functional complexes may occur in the presence of a large
quantity of solvent. Accordingly, selective reaction with
substances and separation of the catalyst from the solvent
and products are very difficult. From this point of view,
heterogeneous systems have claimed our attention. In prac-
tice, most coordination polymers are insoluble in common
solvents except for water. The insolubility may result in high
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stability and separation of catalysts and solvents by pre-
venting the elution and decomposition of the polymers.
Thus, in the novel highly selective and stable catalyst design,
introduction of isolated complex units into a well-defined
coordination sphere of a coordination polymer network is
an important approach. However, heterodimetallic coordi-
nation polymers are still rare compared with the extensively
studied monometallic coordination polymers and are under
development.!

As a result, we attempted to design novel heterodimetal-
lic coordination polymers containing Pd" complex—ligand
sites as potential active sites. The Pd™' complex is widely
used in catalytic reactions such as the hydrogenation reac-
tion,' Suzuki-Miyaura reaction”? and photo-hydrogen
production reaction.!®! Here, we report on the synthesis,
characterization and gas adsorption properties of four Pd—
Zn coordination polymers. Coordination polymers contain-
ing Pd" complex—ligand sites are also extremely unexplored
in heterodimetallic coordination polymers® (recently, our
group reported on the water photo-reduction reaction using
coordination polymers reported herein'”). In the coordina-
tion polymer reported herein, complex-ligands selected as
potential catalytic active sites are [PdCL,(H-INA),Jl!'! (H-
INA = isonicotinic acid) coordinated by two N atoms of
isonicotinic acid and [Pd(H-INA),(INA),]'?! coordinated
by four N atoms of H-INA and INA (Scheme 1). These
units are linked through the coordination of the carboxylate
group to Zn atoms to form extended frameworks:
[Zn{PdCI,(INA),}(H,0)4], (1), [Zn{Pd(INA)s}(H,0)g 5],
(2), [Zn{Pd(INA)4}(H20)s] (3) and [{Zny(pn,-OH)}-
{Pd(INA),}CI(H,O)3], (4). In this work, we succeeded in
synthesizing these four Zn-Pd coordination polymers under
different reaction conditions (temperature, addition of ben-
zene and molar ratio of the H-INA ligand), and they were

@WILEY g
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characterized by single-crystal X-ray analysis, XRPD, ele-
mental analysis and thermogravimetric analysis. In ad-
dition, the N, and H, gas adsorption performances of the
four Zn—Pd coordination polymers are also discussed in de-
tail.

COOH COOH
B B
% %
N N
) N\ L
Cl—Pd—ClI COO N—Pd—N COO~
| _ /1N /
N N
~ ] =
N X
COOH COOH

[PACly(H-INA),] [PA(H-INA)5(INA),]

Scheme 1. Structure of the complex-ligand.

Results and Discussion

Crystal Structure of [Zn{PdCl,(INA),}(H,0)4],, (1)

Complex 1 was prepared by a solvothermal method of a
water solution containing K,[PdCl,], H-INA and Zn-
(NOs),. The structure is a 1-D coordination polymer in
which the complex—ligand [PdCl,(H-INA),] acts as linear
bridging ligand. The crystal view around the Zn'! and Pd™!
metal centres is shown in Figure la. X-ray analysis reveals
that the Zn" atom is not bridged by the carboxylic group
but by the carboxylate O atom of [PdCI,(INA),] [C-O
1.260(7) and 1.268(8) A]. In Figure la, the Zn" atom is co-
ordinated by four H,O molecules and two carboxylate oxy-
gen atoms of the [PdCI,(INA),] units to form a 1-D chain

a)

P Zn

i/?if/
Figure 1. Structure of [Zn{PdCl,(INA),}(H,0)4], (1). (a) Crystal
structure around the Pd" and Zn'' metal centres. (b) Packing view
along the b axis. Hydrogen atoms are omitted for clarity. Pd atoms

are shown in purple, Zn in green, C in gray, N in blue, O in red
and Cl in orange.
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polymer structure. Therefore, the charge of Zn'! is balanced
by the carboxylate groups of the [PdCI,(INA),] units. The
packing structure of complex 1 is shown in Figure 1b. The
1-D chain polymers are stacked along the « axis through
hydrogen bonds between the coordinated H,O molecules
[0-O 3.007(6) A]l. Moreover, these 1-D chains are con-
nected by hydrogen bonds between the noncoordinate carb-
oxylate O atoms and H,O molecules coordinated to the
Zn" atom [O-O 2.737(7) A]. The coordination space
formed by these 1-D chain polymers is too small to be filled
with guest molecules. The interchain distance of Pd"-Pd!!
is 5.570(2) A.

Crystal Structure of [Zn{Pd(INA)4}(H,O)g5l,, (2)

Complex 2 was prepared by slow concentration of a
water solution containing K,[PdCly], H-INA and Zn-
(NO3),. Complex 2 is a 3-D polymer constructed from
[PA(INA),] units and Zn" atoms. The crystal structure
around the metal centres is shown in Figure 2a. The Zn!!
atom is coordinated by four different carboxylate O atoms
of the [PA(INA),] units [C-O 1.207(1)-1.266(1) A]. The
charge balance for the Zn"" and Pd!" atoms is maintained
by the carboxylate groups. The 3-D network is a PtS type
as shown in Figure 2b, and the open pore is almost iso-
structural with the previously reported Cu-MOF.['31 How-
ever, complex 2 has a twofold interpenetrated PtS network
structure (Figure 2¢), whereas Cu-MOFs have a non-inter-
penetrated structure. Therefore, complex 2 has smaller open
pores and 1-D channels along the ¢ axis (Figure 2d). The
neighbouring Pd"-Pd" distances are 12.576 A.

Figure 2. Structure of [Zn{Pd(INA)4}(H,O)s5], (2). (a) Crystal
structure around the Pd"" and Zn'" metal centres. (b) Packing view
along the ¢ axis. (c) Two-fold PtS network structure along the ¢
axis. (d) Space-filling model of the twofold PtS network structure.
Hydrogen atoms and guest H,O molecules are omitted for clarity.
Pd atoms are shown in purple, Zn in green, C in gray, N in blue
and O in red.

Eur. J. Inorg. Chem. 2012, 807-812
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Crystal Structure of [Zn{Pd(INA)4}(H,O0)¢] (3)

Complex 3 was synthesized by a procedure similar to
that of complex 2 except for the addition of benzene. Re-
cently, work concerning interpenetrated and non-interpen-
etrated isomeric structures by template molecules (benzene,
oxalic acid and so on) was reported.'Yl In the process of
the synthesis of non-interpenetrated complex 2, we added
benzene as a template molecule to the reaction solution.
Complex 3 has not a non-interpenetrated 3-D structure of
complex 2 as we expected but a 0-D structure, which is con-
structed from mononuclear Zn" atoms and [Pd(INA),]
complex ligands. The crystal structure around the metal
centres is shown in Figure 3a. Each Zn'' atom is tetra-
hedrally coordinated by two H,O molecules and two carb-
oxylate O atoms of the [PA(INA),] units. Two Zn'" atoms
are bridged by the two carboxylate O atoms of the four
isonicotinic acids coordinated to the Pd" atoms in cis posi-
tions [C-O 1.288(2) and 1.238(16) A], and the other two
carboxylate O atoms are noncoordinate O atoms [C-O
1.258(18) and 1.262(3) A]. The packing view in Figure 3b
shows that complex 3 forms a 2-D network through hydro-
gen bonds between H,O molecules coordinated to Zn!!
atoms and free carboxylate O atoms [O-O 2.642(2) and
2.618(2) A], and also 1-D channels along the  axis by weak
n—m interaction [3.712(3) A].

a‘) ZIn

Pd

Figure 3. Structure of [Zn{Pd(INA)4}(H,O)e] (3). (a) Crystal struc-
ture around the Pd"! and Zn'" metal centres. (b) Packing view along
b axis. (¢) Space-filling model of the hydrogen network. Hydrogen
atoms and guest H,O molecules are omitted for clarity. Pd atoms
are shown in purple, Zn in green, C in gray, N in blue and O in
red.

Crystal Structure of [{Zn,(p,-OH)} {Pd(INA)4} CI(H,0)5],,
C))

This complex is constructed from Zn(OH)Zn and
[PA(INA),4] units, a Cl counter anion and water molecules,

Eur. J. Inorg. Chem. 2012, 807-812
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and the two Zn metal centres adopt different configura-
tions. One Zn" atom is tetrahedrally coordinated by one
metal-bridging hydroxide anion, one H,O molecule and two
carboxylate O atoms. The other Zn atom is octahedrally
coordinated by one metal-bridging hydroxide anion, one
H,0 molecule and four carboxylate O atoms. The bridging
Zn-0-Zn angle is 93.3(9)° and the Zn-Zn separation is
3.283(4) A. The charge of the Zn(OH)Zn and [Pd(INA),]
units is balanced by one free Cl anion, one hydroxide anion,
two semi-chelating carboxylate anions and two mono-
dentate carboxylate anions.

The wave-like 2-D sheet layers are stacked together along
the a axis as shown in Figure 4c and are separated by
4.71(3) A from each other. The shortest Pd"-Pd" distances
are 9.561(5) A. The 2-D sheet frameworks have 1-D chan-
nels along the ¢ axis as shown in Figure 4b and d. The 1-D
pores are occupied by Cl counter anions and H,O mole-
cules. Therefore, it is possible that the pores are opened by
removing H,O molecules.

a)

0(}]

Figure 4. Structure of [Zn,(u,-OH){Pd(INA),}CI(H,O);], (4).
(a) Crystal structure around the Pd" and Zn'' metal centres.
(b) Packing view along the ¢ axis. (c) Packing view along the b axis.
(d) Space-filling model of the packing view. Hydrogen atoms and
H,0 molecules are omitted for clarity. Pd atoms are shown in pur-
ple, Zn in green, C in gray, N in blue, O in red and Cl in orange.

Characterization of the Pd—Zn Coordination Polymers

Bulk samples of the complexes 1-4 are stable in air and
insoluble in common organic solvents. The IR spectra show
no characteristic absorption bands for any protonated H-
INA, indicative of complete deprotonation of these ligands.
Moreover, XRPD patterns derived from crystal structure
data are fairly consistent with experimental XRPD patterns
of complexes 1-4, ground before measurement, although
the intensities and positions of all observed peaks were not
in complete agreement with those of simulated peaks. These
results indicate that the bulk samples of complexes 1-4 have
structures similar to those of their crystals (Figure S1-S4).
However, the number of guest H,O molecules was not accu-
809
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rately determined by single-crystal X-ray diffraction analy-
sis, because the guest H,O molecules are disordered. In or-
der to elucidate the problem, CHN elemental analysis and
TGA (see Exp. Sect.) were performed. The TGA curve
shows that H,O molecules were eliminated around 373 K,
and the number of H,O molecules determined from weight
loss and elemental analysis was 4.0 molecules per formula
unit for complex 1, 8.5 molecules for complex 2, 6.0 mole-
cules for complex 3 and 3.0 molecules for complex 4.

N, and H, Gas Adsorption Properties

The permanent porosity of these activated Pd—Zn coor-
dination polymers was confirmed by both N, and H.,.
Freshly synthesized samples were activated under high vac-
uum at room temperature overnight and at 373 K for 4 h.
Both N, and H, gas were not adsorbed by complex 1 and
complex 3. A reason for such behaviour might be that com-
plex 1 has closed pores for gas adsorption and that the 2-
D network structure of complex 3 may collapse from the
removal of H,O molecules. A small amount of N, gas was
occupied in complexes 2 and 4 (Figure 5). As shown in Fig-
ure 5, the N, gas isotherms at 77 K show typical type-I ad-
sorption behaviour with a saturated N, gas adsorption
amount of 38.1cm3g! [STP (standard temperature and
pressure)] for complex 2 and 15.0 cm3g ! (STP) for complex

a)

80
o
=
w
T
£
[
£
el
ot
£
o
4
w
2

0 200 400 600 800
Pressure / mmHg
b) 45
40

Vol absorbed /omsg-1 STP
N
(7]

o

200 400 600 800

Pressure / mmHg
Figure 5. N, and H, gas isotherms at 77 K and 760 Torr (filled

circles H, gas adsorption, filled squares N, gas adsorption) of
(a) complex 2 and (b) complex 4.
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4. The Langmuir surface area calculated from the N, gas
adsorption was 111 m?g! for complex 2 and 14.1 m?g! for
complex 4. The surface area is small, compared with those
of general coordination polymers, because both complexes
lack the open pores for N, gas (3.64 A)l'¢ adsorption.
However, complexes 2 and 4 show high H, gas (2.80 A)
adsorption compared with N, gas. At low pressure, the
amount of N, gas adsorbed is higher than that of H, gas.
As pressure increases, both complexes have a higher H, gas
than N, gas performance, and finally the adsorbed H, gas
amounts reached 0.713 cm3g ! (0.635wt.-%) for complex 2
and 0.401 cm3g! (0.357wt.-%) for complex 4. N, and H,
gas adsorption parameters are summarized in Table 1. Such
selective H, gas adsorption behaviour versus other gases
such as N,, CH4 and CO, is of interest for applications in
small molecule separation and purification.['”? Complexes 2
and 4 consist of [Pd(INA),] units as potential catalyst sites.
Therefore, these complexes may be useful as heterogeneous
catalysts in hydrogenation reactions and so on.

Table 1. Gas adsorption parameters of complexes 2 and 4.

SAlal N, uptake Pore volume® H, uptakel®
m?g']  [em’g! (STP)] [em®g ] [wt.-%]
2 111 38.1 0.0361 0.635
4 14.1 15.0 0.0047 0.357

[a] Langmuir plots were constructed for N, gas adsorption iso-
therms, and the surface area (SA) was determined by using a linear
region in the range of P/Py = 0.001-0.50. [b] The pore volume was
calculated by the Harvous-Kawazoe method.!'8! [c] The wt.-% of
H, uptake is a multiple factor of 0.0089 [cm3g!, STP].

Conclusions

Four Pd-Zn coordination polymers constructed from
[PACI,(H-INA),] or [PA(H-INA),(INA),] building units as
potential catalyst active sites have been prepared and struc-
turally characterized by single-crystal X-ray structure deter-
mination, X-ray powder diffraction and so on. For the N,
and H, gas measurements, gas adsorption performances
were not observed for both complexes 1 and 3. However,
complexes 2 and 4 exhibit selective H, over N, gas adsorp-
tion behaviour. Therefore, it is worth noting that both of
these microporous materials provide a special interest with
regard to their potential applications for separation or puri-
fication of H, gas and for heterogeneous catalysts.

Experimental Section

Material and Physical Measurements: All reagents and solvents
were used as received from commercial suppliers without further
purification. FTIR spectra were measured with a JASCO FTIR
650 in the form of KBr plates in the range 4000-400 cm . Thermo-
gravimetric analyses (TGA) were performed with a Rigaku TG-
8101D in air from 298 to 773 K with a heating rate of 5 Kmin .
X-ray powder diffraction (XRPD) patterns were measured with a
Bruker spectrometer at 35 kV, 200 mA for Cu-K, radiation (4 =
1.5418 A). The elemental analyses for C, H, N were performed with
a Perkin—Elmer 240 CHN Analyzer.
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Table 2. Crystal data of complexes 1-4.
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1 2 3 4
Empirical formula C12H18C12N208Pd2n C24H16N408szn C48H40N8022szzn2 C24H24C1N4010szn2
M, [gmol '] 558.95 694.33 1424.44 801.09
Crystal system triclinic orthorhombic monoclinic orthorhombic
Space group Pl Ccca C2/e Cmc2,
a[A] 5.570(2) 16.958(9) 18.749(5) 12.903(6)
b [A] 6.6885(18) 18.523(4) 27.465(6) 11.864(4)
c[A] 12.863(3) 25.085(12) 16.390(4) 24.7645(10)
a[] 71.5102) 9 90 90
B 79.41(3) 90 125.015(5) 90
y [‘% 83.69(3) 90 90 90
VA3 446.0(3) 7934(9) 6912(3) 3791(2)
z 1 8 4 4
Deatea. [mgm 7] 2.081 1163 1769 1.403
F(000) 278 3894 3720 1569
GOF 1.009 1.007 1.001 158611
R 0.057 0.039 0.037 0.04811]
R[> 26(D)] 0.0484 0.1007 0.0431 0.11700151
wRyP! (all data) 0.1488 0.1878 0.1317 0.31110

[a] Ry = X(|Fo| — [FVEIF,|. [b] wRy = {Z[w(Fo? ~ F2)VEw(FS) 2.

Synthesis of [Zn{PdCl,(INA),}(H,0),], (1): A mixture of K,[PdCl,]
(0.05 mmol), H-INA (0.10 mmol) and Zn(NOj3), (0.10 mmol) was
dissolved in distilled water (6 mL) at room temperature. The solu-
tion was placed into the stainless-steel container and heated at
373 K for 24 h. After cooling to room temperature, yellow, plate-
like crystals were filtered, washed with distilled water and dried
at room temperature. [Zn{PdCl,(INA),}(H,0)4] (560.0): caled. C
25.78, H 2.89, N 5.01; found C 26.13, H 2.92, N 5.07. Solvent
content calcd. from the proposed formula: H,O 12.88; found (de-
termined by TGA): 12.85.

Synthesis of [Zn{Pd(INA),(H,0)s5}], (2): A mixture of K,[PdCl,]
(0.05 mmol), H-INA (0.20 mmol) and Zn(NOs3), (0.10 mmol) was
dissolved in distilled water (6 mL) at room temperature. The solu-
tion was transferred into a 20 mL sample vial and allowed to stand
for 2 weeks. The obtained colourless, block-like crystals were fil-
tered, washed with distilled water and dried at room temperature.
[Zn{Pd(INA),} (H,0)s 5] (813.4): caled. C 35.73, H 4.09, N 6.82;
found C 35.44, H 4.39, N 6.89. Solvent content calcd. from the
proposed formula: H,O 18.81; found (determined by TGA): 21.97.

Synthesis of [Zn{Pd(INA)4}(H;0)s] (3): A mixture of K,[PdCly]
(0.05 mmol), H-INA (0.20 mmol) and Zn(NOj3), (0.10 mmol) was
dissolved in distilled water (6 mL) and benzene (1 mL) at room
temperature. The solution was transferred into a 20 mL sample vial
and allowed to stand for 1 week. The obtained colourless, block-
like crystals were filtered, washed with distilled water and dried at
room temperature. [Zn{Pd(INA)4}(H,O)e] (768.3): calcd. C 37.28,
H 4.18, N 7.25; found C 37.32, H 4.32, N 7.25. Solvent content
calcd. from the proposed formula: H>O 13.99; found (determined
by TGA): 13.65.

Synthesis of [{Zn,(1,-OH)} {Pd(INA)4} CI(H,0)3], (4): A mixture of
K,[PdCl;] (0.05 mmol), H-INA (0.20 mmol) and Zn(NO3),
(0.10 mmol) was dissolved in distilled water (6 mL) at room tem-
perature. The solution was transferred into the stainless-steel con-
tainer and heated at 373 K for 24 h. After cooling to room tem-
perature, colourless, block-like crystals were filtered, washed with
distilled water and dried at room temperature. [{Zn,(u,-
OH)} {Pd(INA),} CI(H,0);] (832.1): caled. C 35.02, H 2.69, N 6.81;
found C 35.44, H 3.34, N 6.89. Solvent content calcd. from the
proposed formula: H,O 5.41; found (determined by TGA): 5.97.
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Gas Adsorption Measurements: The gas adsorption measurements
were carried out with a Micromeritics ASAP 2010 instrument, and
from these sorption curves the specific surface area was deter-
mined. Freshly prepared samples were activated at room tempera-
ture under high vacuum for 20 h and at 373 K for 4 h prior to
measurements. The adsorption isotherms for the N, and H, gas
were recorded at liquid N, temperature (77.35 K).

Single-Crystal X-ray Structure Determination: Intensity data for the
reported Pd-Zn coordination polymers were collected at 100 K
with a Rigaku Mercury diffractometer equipped with graphite-mo-
nochromated Mo-K, radiation (4 = 0.71073 A). The structure was
solved by direct methods and subsequent difference Fourier synthe-
ses and refined on F? by full-matrix least squares using the SIR-92
program package.'”! All non-hydrogen atoms were refined aniso-
topically. Hydrogen atoms were located in the calculated positions
and refined by using a riding model. The H atoms of the noncoor-
dinated H,O molecules could not be located but are included in
the formula. The detailed crystal data of complexes 1-4 are shown
in Table2. CCDC-841702 (1), -770549 (2), -871700 (3), and
-871701 (4) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): XRPD patterns of complexes 1-4.
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Inert metal complexes are sophisticated structural scaffolds
for the design of enzyme inhibitors. Whereas previous work
from our laboratory was predominantly based on rutheni-
um(Il), this study evaluates the suitability of rhodium in the
+3 oxidation state to serve as a structural centre for the de-
sign of inert metal-based enzyme inhibitors. Based on our
established staurosporine-inspired metallo-pyridocarbazole
scaffold, strategies for the convenient synthesis of rhodi-
um(IIl)-pyridocarbazole complexes were developed and ap-
plied to the synthesis of protein kinase inhibitors. The struc-

tures of several rhodium complexes were investigated by X-
ray crystallography. A stability study confirmed the high ki-
netic inertness of such rhodium complexes under biologically
relevant conditions, such as the presence of millimolar con-
centrations of thiols. Finally, an extremely potent, picomolar
rhodium inhibitor for the protein kinase Pim1 was discov-
ered. Thus, it can be concluded that rhodium(IIl) expands the
toolbox for the design of inert metal complexes with bio-
logical activity.

Introduction

The development of small synthetic compounds for bio-
medical research and drug development is predominantly
based on organic scaffolds, whereas metal-based com-
pounds play only a niche role.['l However, our laboratory is
focused on exploiting kinetically inert metal complexes —
especially octahedral coordination compounds — as sophis-
ticated structural scaffolds for the design of enzyme inhibi-
tors.” Metal complexes offer a very rich stereochemistry
with high structural diversity and thus provide the opportu-
nity to access unexplored chemical space together with the
prospect for the discovery of compounds with new bio-
logical properties.”] In this metal-templated design, the
metal exerts a solely structural role by serving as a substitu-
tionally inert centre around which mostly organic ligands
are assembled to form defined shapes which can occupy
protein pockets such as enzyme-active sites in unique fash-
ions and, according to our experiences, with astonishing
target selectivities that can be traced back to the mostly
rigid globular nature of the structures.

Along these lines, we successfully established half-sand-
wichP!l and octahedral metal complexest*®7! as highly po-
tent and selective inhibitors of protein and lipid kinases.
The overall design of metal-containing kinase inhibitors
was initially inspired by the potent but unselective natural
ATP-competitive kinase inhibitor staurosporine, in which
the bidentate pyridocarbazole ligand replaces the indol-
ocarbazole aglycon of staurosporine, whereas the carbo-
hydrate moiety is formally replaced by a metal complex
fragment (Figure 1).>%°] Interestingly, the kinase inhibition

[a] Fachbereich Chemie, Philipps-Universitdt Marburg,
Hans-Meerwein-Stral3e, 35043 Marburg, Germany
E-mail: meggers@chemie.uni-marburg.de
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properties of such metallo-pyridocarbazole complexes dif-
fer markedly from staurosporine, even though several crys-
tal structures confirmed a staurosporine-like binding of
metallo-pyridocarbazoles in the ATP binding sites of the
respective protein and lipid kinases.[*-®]

Staurosporine

Previous work:

=N R . M = Ru(ll), Os(Il),
H\‘o : o Irlll), P(I1)
This work:
y O M = Rh(lll)
NC 2
{M}

Metallo-pyridocarbazoles

Figure 1. Pyridocarbazole metal complexes as protein kinase inhib-
itors inspired by the natural product staurosporine. Shown are the
binding of ATP (PPP = triphosphate), staurosporine and metallo-
pyridocarbazoles to the hinge region of protein kinases.
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A prerequisite for the outlined metal-based design strat-
egy is high stability of the metal complexes when exposed
to the biological environment. Previous work from our
group was mainly based on ruthenium(ID“-® but we also
reported inhibitors with the late transition metals os-
mium(I1),1'% iridium(IID)*!'"T and platinum(II).['?1 Reports
from several groups over the last few years have revealed
the suitability of rhodium for the design of metal-based an-
ticancer candidates and here we now demonstrate that rho-
dium in the oxidation state IIT also serves as a powerful
structural centre for designing inert metal-based enzyme in-
hibitors.['3] We report strategies for the rapid synthesis of
octahedral rhodium(III) complexes bearing the pyrido-
carbazole heterocycle, investigations of the structures of
several complexes by X-ray crystallography and demon-
strate the high kinetic stability of such complexes under bio-
logically relevant conditions. Furthermore, we reveal the
highly potent inhibition of protein kinases by pyridocarb-
azole-rhodium(III) complexes.

Results and Discussion

Rhodium(IIT) Precursor Complexes

All rhodium(III) complexes discussed here contain a
bidntate pyridocarbazole ligand (1la—¢)!'¥ in its mono-
anionic, indole-deprotonated form (Scheme 1). The benzyl
or methyl groups of the pyridocarbazoles 1a and 1b, respec-
tively, served as a crystallisation handle for model studies,
whereas the TBS-protected pyridocarbazole l¢ was em-
ployed for the synthesis of bioactive rhodium complexes
which are capable of interacting with the ATP-binding site
of kinases. As indicated in Figure 1, the free imide function
is important for the bioactivity through its hydrogen bond-
ing to the hinge region of protein kinases.

R
N

e}
aY,
o

o [Rh(C4HgS)sCl3]
EtOH/H,0 1:1

O reflux, 16 h

2a from 1a: 71%

H 2b from 1b: 49% AN
1a (R = Bn) 2c from 1c¢: 78% Cl Cl
1b (R = Me) 2a (R=Bn)
1c (R=TBS) 2b (R = Me)
2¢ (R=H)

Scheme 1. Synthesis of reactive pyridocarbazole-Rh"!" precursor
complexes; TBS = tert-butyldimethsilyl.

Previous related studies with ruthenium(II) revealed that
it is desirable to gain access to reactive metal-pyridocarb-
azole complexes in which the four remaining sites of the
octahedral coordination sphere are occupied by labile
monodentate ligands.[®! Such precursor complexes then en-
able the convenient and rapid synthesis of a large variety of
different metal pyridocarbazole complexes either in individ-
ual or combinatorial reactions by ligand substitutions with
other mono-, bi- and tridentate ligands or combinations
thereof.[®) We achieved the synthesis of such a pyridocarb-
azole-Rh™™" precursor complex as shown in Scheme 1. Ac-
cordingly, the reaction of the heterocycles la—c with
[Rh(C4HgS);Cl3]"* in 1:1 EtOH/H,O under reflux for 16 h
provided the complexes 2a—¢ in yields of 49-78%. The
benzyl group at the maleimide moiety of complex 2a en-
abled us to obtain a crystal structure of 2a (Figure 2,
Table 1). The structure reveals that rhodium is coordinated
in a bidentate fashion to the deprotonated pyridocarbazole
ligand 1a, in addition to the coordination of two chlorides
in a cis and two tetrahydrothiophene ligands in a trans fash-
ion. Complexes 2a—c are fairly stable at room temperature
but undergo ligand exchange reactions under elevated tem-
perature as outlined below.

Figure 2. Molecular structure of precursor complex 2a. Only one of two independent complexes is shown. Positions of disorder and
solvent molecules are not displayed. ORTEP drawing with 50% probability thermal ellipsoids. Selected bond lengths [A] and angles [°]:
NI-Rh1 2.086(3), N4-Rh1 2.052(3), S28-Rh1 2.3519(11), S33-Rh1 2.3509(11), Rh1-Cl13 2.3485(9), Rh1-Cl14 2.3365(10), N4-Rh1-S28

92.16(9), N1-Rh1-S28 88.05(9), S33-Rh1-S28 174.34(4).
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Table 1. Crystallographic data for complexes 2a, 4c, and 4d.
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2a 4c 4d

Chemical formula 2(C3>H30CLN;O,RAS,)- C,,H,,CIN;0,RhS;NO5- C33H35CINGO,Rh-2(C3H,NO)-
3(CH,Cl,) C,H;N-0.64(H,0) NO;:0.5(C4H,,0)

M, 1707.82 733.57 93129

Crystal system, space group triclinic, P1 triclinic, P1 triclinic, P1

a, b, c[A]

a By [°]

v [A3]

zZ

4 [mm]

Crystal size [mm)]

T, min» Tmux

Measured, independent and ob-
served [/ > 2o(])] reflections
Rint

R[? > 26(F)], wR(F2), S
Reflections

Parameters

Restraints .

Pmax> Apmin (eAis)

CCDC numberl®

11.3103(4), 14.1291(5), 23.3075(9)
90.941 (3), 99.237 (3), 111.070 (3)

3419.4 (2)

2

1.05

0.26 X 0.24 X 0.09
0.607, 1.189
52878, 14472, 8583
0.095

0.045, 0.102, 0.86
14472

1135

1944

0.97, -0.96
846315

7.6910(4), 12.3776(8), 15.7267 (10)
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[a] Ry = Z||F,| — |FJl/Z|F,); wR, = [W(Fy? — F2HEW(F2)?2; S = {2 [w(F,>~F.2)*/(n—p)} 2. [b] PLATON program; see ref.?4 [c] Crystallo-
graphic data (excluding structure factors) have been deposited in the Cambridge Crystallographic Data Centre (CCDC). CIF files can

be obtained from the CCDC free of charge via http://www.ccdc.cam.ac.uk/data_request/cif.

Rhodium(IIT) Complexes with Cyclic Tridentate Ligands

Next, we investigated the coordination chemistry of these
precursor complexes and focused on the reaction with cyclic
tridentate ligands in order to reduce the number of possible
stereoisomers. For example, the reaction of 2a—c with 1,4,7-
trithiacyclononane (3a),l'°! 1,4,7-triazacyclononane (3b)!'”!
or 1,4,7-trimethyl-1,4,7-triazacyclononane (3¢)!'®! in DMF
at 120 °C for 16 hours afforded the complexes 4a—g in yields
of 20-50%. All complexes formed as a single diastereomer
in racemic forms in which the tridentate ligands each re-

(Scheme 2). The remaining chloride can be further sub-
jected to substitution, albeit only under forcing conditions.
For example, the reaction of 4a with Nal in DMF at 120 °C
for 16 hours resulted in the formation of the complex 4h
in which the chloride was substituted by an iodide (38%).
Whereas the coordination of 1,4,7-trithiacyclononane leads
to rhodium complexes with the expected almost perfect oc-
tahedral geometry as demonstrated by the X-ray crystal
structure of complex 4d (Figure 3), the X-ray structure of
the 1,4,7-trimethyl-1,4,7-triazacyclononane complex 4¢ dis-
played in Figure 4 reveals a highly distorted coordination

placed two tetrahydrothiophenes and one  chloride sphere around the rhodium centre in which the pyridocar-
bazole heterocycle is significantly bent out of the plane
(L spanned by the rhodium(II)-coordinated nitrogen atoms
\ R “1+NO3z” NI, N4, N31 and N34. This distortion is most likely the
L. L oN_o
3a(L=9)
3b (L = NH) 6
3c(L=NMe) ¢ N{ O
2a-c =N N
DMF, 120 °C \ /
16 h LC"Rh\_X
L
7/
L R X vyl
— 4a S Bn ClI 41%
4b NH Bn CI 50%
Nal, DMF, 4c NMe Bn CI 27%
120°C, 16 h 4d s Me CI  20%
38% 4e S H Cl 38%
: 4 NH H Cl 39% Figure 3. Molecular structure of complex 4d. Solvent molecules
49 NMe H Cl 37% and the nitrate counterion have been omitted. The 1,4,7-trithiacy-
“»>4h S Bn | clononane ligand is disordered. ORTEP drawing with 50% prob-

Scheme 2. Synthesis of pyridocarbazole-Rh'' complexes 4a—h with
cyclic tridentate ligands starting from the precursor complexes 2a—
c.
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ability thermal ellipsoids. Selected bond lengths (A) and angles (°):
NI-Rhl 2.103(3), N4-Rh1 2.081(3), SI-Rh1 2.2905(11), S2-Rhl
2.2759(10), S3-Rh1 2.2653(12), Cl1-Rhl 2.3567(11), S2-Rh1-S1
89.89(4), N1-Rh1-Cl1 89.79(9), S3-Rh1-Cl1 179.52(5).
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Figure 4. Molecular structure of the distorted 1,4,7-trimethyl-1,4,7-triazacyclononane complex 4c. Thoe counterion and solvent molecules
have been omitted. ORTEP drawing with 50% probability thermal ellipsoids. Selected bond lengths (A) and angles (°): N1-Rh1 2.101(9),
N4-Rhl1 2.119(9), N28-Rh1 2.040(7), N31-Rhl 2.099(8), N34-Rhl 2.066(8), CI2-Rh1 2.344(2), N28-Rh1-N1 97.6(3), N28-Rh1-N4

92.7(3), N1-Rh1-CI2 84.6(2), N4-Rh1-CI2 89.3(2).

consequence of steric crowding resulting from a combina-
tion of relatively short Rh—N bonds together with the steric
demand of the three methyl groups.

Stability Studies

A requirement for such rhodium(IIl) complexes to be
employed as structural scaffolds for the design of bioactive
compounds in chemical biology studies or as drug candi-
dates in medicine is their chemical stability under biological
conditions. In this respect, the biggest obstacle for transi-
tion metal complexes is typically the millimolar cellular
concentration of nucleophilic thiols such as the natural tri-
peptide glutathione or cysteine. In order to evaluate the in-
ertness of the here synthesised pyridocarbazole-rhodi-
um(IIT) complexes, we incubated the complexes 4a and 4h
as exemplary members of this class in 9:1 [Dg]DMSO/D,O
and in the presence of 5 mM B-mercaptoethanol and moni-
tored their stability by 'H NMR spectroscopy. As shown
for complex 4h in Figure 5, no additional signals or peak
shifts were detected after 24 hours, thus confirming the in-
ertness of this class of rhodium(I1I) complexes.

24 h

Figure 5. Stability evaluation of compound 4h (5 mm) in 9:1 [Dg¢]-
DMSO/D-0 in the presence of B-mercaptoethanol (5 mm). Shown
are the aromatic regions of the 'H NMR spectra right after the
addition of B-mercaptoethanol (0 h) and after 24 h.
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Kinase Inhibition Properties

Finally, we investigated the protein kinase inhibition
properties of the synthesised rhodium pyridocarbazole
complexes and selected the protein kinase Pim1 as our tar-
get since it has been demonstrated by us to display a general
affinity for pyridocarbazole metal complexes.[*461 Accord-
ingly, the rhodium complexes containing unmodified male-
imide moieties (de-g) were tested for their inhibition of Pim1
at a concentration of 100 nM. Revealingly, whereas the
1,4,7-triazacyclononane complex 4f was only a moderate in-
hibitor for Pim1 (26% remaining Pim1 activity at 100 nM),
the 1,4,7-trimethyl-1,4,7-triazacyclononane complex d4g
(2.1% remaining Piml activity at 100 nM) and the 1,4,7-
trithiacyclononane complex 4e (0% remaining Piml ac-
tivity at 100 nM) displayed very potent Pim1 inhibition. We
further investigated the Pim1 inhibition of the most potent
complex 4e and determined from concentration dependent
inhibition data an ICsy (concentration of compound at
which the enzyme activity is reduced to 50%) value of
0.16 nM at 100 uM ATP (Figure 6). Thus, the simple com-
plex 4e constitutes one of the most potent reported inhibi-
tors of the protein kinase Pim1 to date. To further evaluate
if complex 4e binds as designed to the hinge region of the
ATP binding site, we tested two derivatives of 4e in which
the imide hydrogen had been replaced by a methyl (4d) or
benzyl group (4a). As shown in Figure 6, these alkylations
dramatically reduce the activity by factors of 469 (4d: 1Cs,
=75nM) or 8125 (4a: IC5y = 1300 nM), consistent with the
expectation that the imide hydrogen forms a hydrogen bond
with a carbonyl oxygen of the hinge region as indicated in
Figure 1.

To gain insight into the protein kinase inhibition selectiv-
ity of the extremely potent Pim1 inhibitor 4e, we tested ra-
cemic 4e for its protein kinase binding affinity profile
against the majority of the human protein kinases encoded
in the human genome (human kinome).['”! This was ac-
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Figure 6. ICs, curves of complex 4e, the N-methylated derivative 4d and the N-benzylated derivative 4a against Pim1 at ATP concentra-
tions of 100 pM. For the ICs, determination of 4e, the Pim1 concentration was ca. 0.3 nM.

complished by using an active-site-directed competition
binding assay with 451 different protein kinases
(KINOMEscan, DiscoveRx) which provides primary data

(%octrl = percent of control: 0% = highest affinity, 100% =
no affinity) that correlate with binding constants (Kj).[?!
As a result, out of the tested 451 enzymes, three protein

TKL

Figure 7. Protein kinase selectivity of complex 4e (1 nM) as determined by an active-site-directed affinity screening (KINOMEscan,
DiscoveRx) against 451 human protein kinases. Representation of the main hits (< 5% of control, large red circles) within the human
kinase dendrogram which displays the protein kinase families and the evolutionary relationships between the individual kinases. Weak
or no hits are labelled with small red circles (10-35% of control) and smaller green circles (> 35% of control).
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kinases, namely CLK2, MYLK and Piml, were identified
as the main hits with %ctrl values below 5% at a concentra-
tion of 1 nM 4e. The human kinase dendrogram shown in
Figure 7 demonstrates the high degree of kinase selectivity
of rhodium complex 4e.

Conclusions

We presented here our first study using rhodium com-
plexes as structural scaffolds for the design of enzyme inhib-
itors and we discovered a surprisingly potent, picomolar
rhodium(III)-based inhibitor for the protein kinase Piml.
Since the majority of our previous work was based on using
ruthenium in the diamagnetic oxidation state II as our pre-
ferred structural centre for building enzyme inhibitors, a
comparison of the suitability of the metals ruthenium(II)
and rhodium(III) for our approach seems appropriate.
Compared with ruthenium, rhodium chemistry has two
main disadvantages: The price for rhodium is extremely
high and in our experience the coordination chemistry of
octahedral rhodium(IIT) complexes is not well understood
which is for example reflected by the overall modest yields
presented in this work. However, despite these drawbacks,
rhodium offers properties that render it an attractive com-
plement to the much less expensive ruthenium. First, the
rhodium complexes investigated here are highly inert under
biologically relevant conditions as can be seen for the fact
that even the monodentate chloride and iodide ligands in
the complexes 4a and 4h, respectively, do not exchange in
the presence of millimolar concentrations of thiols. This in-
ertness seems to even surpass the stability of related ruthe-
nium complexes. Second, and most importantly, rhodium
in the oxidation state III forms very kinetically stable com-
plexes with hard ligands such amines as found in the li-
gands 3b and 3c, for example, whereas ruthenium(IT) would
become prone to oxidation to the undesired paramagnetic
ruthenium(IIT) with these and related ligands. Thus, it can
be concluded that rhodium(IIT) expands the toolbox for the
design of inert metal complexes with biological activity.

Experimental Section

General Methods: Reactions were carried out using oven-dried
glassware and conducted under a positive pressure of nitrogen un-
less stated otherwise. The pyridocarbazole ligands 1a—c,'¥ 1,4,7-
trithiacyclononane,?!! 1,4,7-triazacyclononane,*?! 1,4,7-trimethyl-
1,4,7-triazacyclononane®¥! and [Rh(C,4HS);Cl5]!"3! were synthe-
sised according to published procedures. Other chemicals as well
as all solvents were used as received from standard suppliers or
distilled prior to use. All synthesised compounds were purified by
silica gel chromatography (230-400 mesh) and their high purities
confirmed by 'H and '3C NMR spectroscopy. NMR spectra were
recorded on a DPX-250 (250 MHz), Avance 300 (300 MHz), DRX-
400 (400 MHz) or Avance 500 (500 MHz) spectrometer. Infrared
spectra were recorded on a Bruker Alpha FTIR instrument. High
resolution mass spectra were obtained with a Finnigan LTQ-FT
instrument using either APCI or ESI.

Compound 2a: An orange suspension of ligand la (40 mg,
106 pmol) and [Rh(C4HgS);Cl5] (50 mg, 106 pg) in degassed EtOH/
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H,O0, 1:1 (4 mL) was heated at reflux (90 °C) for 16 h. Afterwards,
the red-brown suspension was cooled to room temperature and the
solvent was evaporated. The red residue was purified by silica gel
chromatography with CH,Cl,/MeOH, 100:1 to obtain 2a (54.7 mg,
71%) as a red solid. '"H NMR (300 MHz, CDCly): 6 = 9.34 (dd, J
=8.3,12Hz 1 H),9.31 (d, J=53Hz 1 H), 890 (d, J = 7.9 Hz,
1 H), 8.62 (d, J =84Hz, | H), 7.75 (dd, J = 8.3, 54 Hz, 1 H),
7.60-7.52 (m, 3 H), 7.45-7.27 (m, 4 H), 4.98 (s, 2 H), 3.69-3.58 (m,
2 H), 2.86-2.79 (m, 2 H), 2.75-2.66 (m, 2 H), 2.16-1.80 (m, 8 H),
1.75-1.66 (m, 2 H) ppm. '*C NMR (75 MHz, CDCl;): 6 = 169.5,
169.0, 153.1, 149.8, 149.7, 149.2, 142.7, 137.1, 135.8, 130.9, 128.8,
128.7, 127.8, 127.5, 125.4, 124.1, 123.0, 122.1, 120.9, 116.7, 115.8,
114.0, 41.7, 37.3, 37.0, 30.2, 29.8 ppm. IR (film): ¥ = 3062, 2938,
2861, 1751, 1697, 1624, 1583, 1554, 1524, 1496, 1474, 1420, 1387,
1340, 1264, 1228, 1141, 1105, 1061, 1031, 948, 900, 855, 823, 799,
752, 700, 660, 630, 501cm'. HRMS (ESI): caled. for
C3,H;3,CLN;0,RhS, (M)* 725.0206; found 725.0201.

Compound 2b: An orange suspension of ligand 1b (20 mg, 66 pmol)
and [Rh(C¢H,S3);Cl5] (31.3 mg, 66 umol) in degassed EtOH/H,0,
1:1 (4 mL) was heated at reflux (90 °C) for 16 h. Afterwards the
red suspension was cooled to room temperature and the solvent
was removed. The red residue was purified by silica gel chromatog-
raphy with CH,Cl,/MeOH, 100:1 to obtain 2b (20.8 mg, 49%) as
a red solid. '"H NMR (300 MHz, CDCls): 6 = 9.36-9.30 (m, 2 H),
8.89 (d, /= 8.0Hz, 1 H), 8.63 (d, J = 84 Hz, 1 H), 7.76 (dd, J =
8.3, 5.3Hz, 1 H), 7.57 (ddd, J = 8.4, 7.0, 1.3 Hz, 1 H), 7.42 (ddd,
J=28.5,71, 1.1 Hz, 1 H), 3.71-3.58 (m, 2 H), 3.30 (s, 3 H), 2.92—
2.79 (m, 2 H), 2.78-2.65 (m, 2 H), 2.18-1.81 (m, 8 H), 1.77-1.65
(m, 2 H) ppm. '*C NMR (63 MHz, [Dg]DMSO): § = 170.0, 169.5,
153.0, 149.8, 149.2, 142.7, 135.8, 131.0, 127.5, 125.4, 124.2, 123.0,
122.0, 120.9, 116.7, 115.8, 114.2, 37.3, 37.1, 30.2, 29.8, 24.0 ppm.
IR (film): ¥ = 3061, 2956, 2924, 2854, 1752, 1698, 1622, 1585, 1524,
1490, 1445, 1412, 1377, 1334, 1307, 1260, 1227, 1138, 1084, 1021,
875, 845, 800, 744, 698, 663, 618 cm™!. HRMS (ESI): caled. for
Cy6H56C1L,N30,R1S, [M + Na]* 671.9791; found 671.9817.

Compound 2c: An orange suspension of ligand 1c¢ (43 mg,
106 pmol) and [Rh(C4HgS);Cls] (50 mg, 106 pmol) in degassed
EtOH/H-O0, 1:1 (4 mL) was heated at reflux (90 °C) for 16 h. After-
wards, the red suspension was cooled to room temperature and the
solvent was evaporated. The red residue was purified by silica gel
chromatography with CH,Cl,/MeOH (gradient 100:1 to 30:1) to
obtain 2¢ (52.8 mg, 78 %) as a red solid. '"H NMR (300 MHz, [Dg]-
DMSO): 0 =11.30 (s, 1 H), 9.29-9.24 (m, 2 H), 8.72 (d, J = 7.9 Hz,
1 H), 8.53 (d, / = 8.4Hz, 1 H), 8.05 (dd, J = 8.3, 54 Hz, 1 H),
7.56 (ddd, J = 8.3, 7.1, 0.8 Hz, 1 H), 7.37 (ddd, J = 8.0, 7.1, 0.8 Hz,
1 H), 3.14-3.01 (m, 2 H), 2.66-2.53 (m, 4 H), 2.23-2.11 (m, 2 H),
1.81-1.60 (m, 8 H) ppm. '*C NMR (125 MHz, [Dg]DMSO): ¢ =
170.5, 170.1, 152.1, 149.7, 149.2, 142.1, 135.4, 131.2, 126.7, 124.5,
124.3, 123.4, 121.3, 120.1, 115.3, 115.04, 115.02, 36.4, 36.2, 29.5,
29.3 ppm. IR (film): ¥ = 3242, 2959, 2927, 2855, 1755, 1705, 1623,
1584, 1524, 1497, 1470, 1419, 1344, 1261, 1228, 1085, 1018, 872,
798, 751, 705, 641, 494, 403 cm™!. HRMS (ESI): caled. for
C,5H,4CLLN;O,RKS,; (M) 634.9737; found 634.9755.

Compounds 4a—g. General Synthetic Procedure: Compound 2a, 2b
or 2¢ (1.0 equiv.) and ligand 3a, 3b or 3c (1.5 equiv.) were dissolved
in freshly distilled DMF (0.07 mmolmL~") and stirred at 120 °C
for 16 h. The solvent was removed under vacuum and the red resi-
due was purified by silica gel chromatography with MeCN/H,O/
KNOj(satd.) 50:3:1. The solvent of the combined product eluents
was removed and the residue dissolved in a minimum amount of
acetonitrile/water and precipitated with an excess of water. The red
solid was isolated by centrifugation, washed four times with water
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(6 mL) and dried in vacuo to obtain the compounds 4a-g as red
nitrate salts. Yields: 4a (41%), 4b (50%), 4¢ (27%), 4d (20%), de
(38%), 4f (39%), 4g (37%).

4a: '"H NMR (250 MHz, [Dg]DMSO): 6 = 9.35 (d, J = 8.5Hz, 1
H), 9.18 (d, J = 4.8 Hz, 1 H), 8.82 (d, J = 7.8 Hz, 1 H), 8.04 (dd,
J=8.3,55Hz, 1H),7.77 (d, J = 8.1 Hz, | H), 7.65 (t, J = 7.1 Hz,
1 H), 7.48-7.23 (m, 6 H), 4.90 (s, 2 H), 3.95-3.23 (m, 11 H), 3.03—
2.86 (m, 1 H) ppm. 3C NMR (63 MHz, [D¢]DMSO): § = 168.8,
168.5, 152.0, 151.9, 149.91, 148.88, 141.2, 137.1, 1359, 130.1,
128.6, 127.44, 127.36, 125.3, 124.9, 123.6, 121.7, 120.3, 115.6,
113.9, 113.8, 40.9, 37.0, 36.3, 32.4 ppm. IR (film): v = 3425, 2934,
1751, 1692, 1624, 1583, 1521, 1493, 1384, 1334, 1225, 1178, 1141,
1107, 1077, 1030, 940, 905, 823, 798, 736, 697, 657, 628, 496,
429 cm™'. HRMS (ESI): caled. for C;0H,cCIN;O,RhS; (M —
NO3)* 693.9925; found 693.9922.

4b: '"H NMR: (500 MHz, [Dg]DMSO): 6 = 9.28 (d, J = 8.6 Hz, 1
H), 9.26 (d, J = 5.5Hz, 1 H), 8.80 (d, J = 8.0 Hz, 1 H), 8.79 (br.
s, 1 H), 8.59 (br. s, 1 H), 8.06 (dd, J = 8.3, 5.2 Hz, 1 H), 7.98 (d, J
=84 Hz | H), 7.63 (ddd, J = 8.2, 7.2, 1.2 Hz, 1 H), 7.44-7.33 (m,
6 H), 7.27 (t, J = 7.2 Hz, 1 H), 4.93 (s, 2 H), 3.74-3.65 (m, 2 H),
3.64-356 (m, 1 H), 3.52-3.43 (m, 1 H), 3.31-3.24 (m, 1 H), 3.22~
3.09 (m, 3 H), 2.93-2.80 (m, 4 H) ppm. '*C NMR: (125 MHz, [Dy]-
DMSO): 6 = 169.0, 168.8, 153.4, 151.2, 148.82, 148.80, 142.7,
137.2, 134.7, 129.8, 128.6, 127.3, 127.1, 126.5, 124.4, 124.1, 123.5,
121.0, 119.8, 115.1, 112.2, 524, 52.1, 51.8, 51.4, 50.5, 49.7,
40.7 ppm. IR (film): v = 3420, 3192, 3115, 2924, 1746, 1685, 1625,
1583, 1526, 1495, 1416, 1384, 1324, 1293, 1226, 1147, 1109, 1052,
1023, 980, 935, 898, 819, 739, 696, 659, 628, 560, 498, 481,
428 cm'. HRMS (ESI): caled. for C3H,6CINGO,Rh (M — NO3)*
643.1090; found 643.1087.

4c¢: '"H NMR (300 MHz, [Dg]DMSO): 6 = 9.47 (d, J = 5.4 Hz, 1
H), 9.40 (d, J = 8.3 Hz, 1 H), 8.99 (d, J = 7.9 Hz, 1 H), 8.12-8.01
(m, 2 H), 7.64 (t, J = 7.5Hz, 1 H), 7.48-7.24 (m, 6 H), 4.90 (s, 2
H), 4.34-4.25 (m, 1 H), 3.97-3.80 (m, 2 H), 3.72-3.33 (m, 10 H),
3.32-3.14 (m, 5 H), 2.05 (s, 3 H) ppm. *C NMR (63 MHz, [Dg]-
DMSO): 6 = 168.8, 168.6, 152.9, 150.7, 147.04, 147.01, 142.7,
137.1, 135.7, 129.1, 128.6, 127.4, 126.6, 125.2, 124.4, 123.8, 121.6,
119.9, 116.5, 115.8, 113.6, 64.3, 63.7, 62.5, 61.6, 61.2, 60.5, 55.6,
52.3, 51.8, 40.8 ppm. IR (film): ¥ = 3362, 2960, 2924, 2854, 1749,
1696, 1613, 1587, 1530, 1489, 1459, 1384, 1337, 1260, 1210, 1085,
1015, 866, 796, 749, 699, 630 cm . HRMS (ESI): calcd. for
C33H;35CINGO>Rh (M — NOs)* 685.1560; found 685.1561.

4d: 'TH NMR (300 MHz, [Dg]DMSO): 6 = 9.36 (d, J = 8.5Hz, 1
H), 9.16 (d, J = 5.2 Hz, 1 H), 8.83 (d, J = 7.7 Hz, 1 H), 8.03 (dd,
J=283,52Hz 1H),7.76 (d, J = 8.5 Hz, 1 H), 7.64 (ddd, J = 8.2,
7.1, 1.1 Hz, 1 H), 7.44 (t, J = 7.5 Hz, 1 H), 3.94-3.27 (m, 11 H),
3.18 (s, 3 H), 3.01-2.88 (m, 1 H) ppm. *C NMR (75 MHz, [Dg]-
DMSO): 6 = 169.2, 168.8, 151.8, 151.6, 148.9, 141.1, 135.9, 130.4,
127.3, 125.2, 124.9, 123.6, 121.6, 120.2, 115.5, 114.1, 113.8, 38.5,
38.4, 37.0, 36.3, 32.4, 23.8 ppm. IR (film): ¥ = 3355, 2960, 1752,
1691, 1626, 1584, 1524, 1493, 1439, 1407, 1380, 1334, 1259, 1223,
1085, 1014, 795, 739, 693, 658, 614, 551, 489 cm™!. HRMS (ESI):
caled. for C,4H,,CIN;O,RhS; (M — NO3)* 617.9612; found
617.9607.

de: "H NMR (300 MHz, [DJDMSO): 6 = 11.34 (s, 1 H) 9.35 (d, J
= 82Hz 1 H), 9.16 (d, J = 5.0 Hz, 1 H), 8.81 (d, J = 7.7 Hz, 1
H), 8.02 (dd, J = 8.3, 5.3 Hz, 1 H), 7.75 (d, J/ = 8.2 Hz, 1 H), 7.63
(t, J=73Hz, 1 H), 7.43 (t, J = 7.5 Hz, 1 H), 3.94-3.25 (m, 11 H),
3.00-2.87 (m, 1 H) ppm. '3C NMR (63 MHz, [Dg]DMSO): 6 =
170.5, 170.0, 151.8, 148.7, 141.4, 136.0, 131.1, 127.2, 125.1, 125.0,
123.6, 121.7, 120.1, 115.4, 115.1, 113.8, 37.0, 36.3, 32.3 ppm. IR
(film): v = 3412, 3226, 2927, 2851, 1752, 1705, 1618, 1584, 1524,
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1493, 1448, 1410, 1336, 1261, 1223, 1175, 1134, 1079, 1008, 946,
911, 875, 824, 795, 743, 706, 635, 487, 434 cm!. HRMS (ESI):
caled. for C,3H,,CIN;O,RhS; (M — NO3)* 603.9467; found
603.9454.

4f: "H NMR (500 MHz, [Dg]DMSO): ¢ = 11.21 (s, 1 H), 9.27 (d,
J=83Hz 1 H),9.24(d, J= 5.1 Hz, 1 H), 8.79 (d, J = 7.8 Hz, 1
H), 8.77 (br. s, 1 H), 8.57 (br. s, 1 H), 8.04 (dd, J = 8.3, 5.2 Hz, 1
H), 7.96 (d, J = 8.4 Hz, 1 H), 7.61 (ddd, J = 8.2, 7.1, 1.1 Hz, 1 H),
7.43-7.37 (m, 2 H), 3.74-3.64 (m, 2 H), 3.64-3.55 (m, 1 H), 3.52—
3.42 (m, 1 H), 3.30-3.25 (m, 1 H), 3.20-3.07 (m, 3 H), 2.92-2.81
(m, 4 H) ppm. 3C NMR (125 MHz, [D¢JDMSO): § = 170.7, 170.4,
153.1, 151.0, 148.7, 142.8, 134.8, 130.8, 126.2, 124.5, 123.8, 123.6,
121.0, 119.6, 114.9, 114.8, 113.6, 524, 52.1, 51.7, 51.4, 50.5,
49.6 ppm. IR (film): v = 3154, 2923, 2854, 1744, 1699, 1584, 1494,
1345, 1288, 1227, 1150, 1020, 808, 744, 705, 639, 559, 483,
423 cm'. HRMS (ESI): caled. for Co3HasCINGO,Rh (M — NOs)*
553.0621; found 553.0620.

4g: '"H NMR (300 MHz, [Dg]DMSO): 6 = 11.29 (s, 1 H), 9.45 (d,
J=55Hz 1H), 940 (d,J=82Hz, 1 H),898 (d,J=79Hz 1
H), 8.09-7.99 (m, 2 H), 7.62 (t, J = 7.5Hz, 1 H), 743 (t, J =
7.5 Hz, 1 H), 4.34-4.22 (m, 1 H), 3.96-3.80 (m, 2 H), 3.72-3.33 (m,
10 H), 3.32-3.13 (m, 5 H), 2.05 (s, 3 H) ppm. '*C NMR (125 MHz,
[Dg]DMSO): 6 = 170.5, 170.2, 152.7, 150.5, 146.9, 142.9, 135.8,
130.1, 126.4, 125.3, 124.5, 123.6, 121.5, 119.6, 116.3, 115.6, 114.8,
64.2, 63.6, 62.5, 61.6, 61.2, 60.5, 55.5, 52.3, 51.7 ppm. IR (film): ¥
= 3244, 2958, 2923, 2853, 1748, 1708, 1583, 1530, 1461, 1414, 1378,
1342, 1259, 1229, 1090, 1018, 867, 799, 749, 701, 641, 491 cm'.
HRMS (ESI): calcd. for C,sH,90CINgO,Rh (M — NO3)* 595.1090;
found 595.1095.

Compound 4h: A solution of compound 4a (13.0 mg, 17 umol) and
Nal (25.8 mg, 172 umol) was dissolved in freshly distilled DMF
(2mL) and stirred at 120 °C for 16 h. The solvent was removed
and the red residue was purified by silica gel chromatography with
MeCN/H,O/KNOj(satd.) 50:3:1. The solvent of the combined
product eluents were removed and the residue dissolved in a mini-
muml amount of acetonitrile/water and subsequently precipitated
with an excess of water. The product was isolated by centrifugation,
washed four times with water and dried in vacuo to obtain 4h as a
red nitrate salt (5.5 mg, 38%). 'H NMR (300 MHz, [Dg]DMSO):
0=932(d,J=85Hz, 1H),9.14(d, J=5.1Hz, 1 H), 8.81 (d, J
=79Hz, 1 H),8.01(dd,J=179,52Hz 1 H), 7.73-7.60 (m, 2 H),
7.47-7.24 (m, 6 H), 4.90 (s, 2 H), 4.07-3.95 (m, 1 H), 3.94-3.66 (m,
6 H), 3.65-3.51 (m, 1 H), 3.30-3.15 (m, 2 H), 3.07-2.95 (m, | H),
2.81-2.67 (m, 1 H) ppm. '3C NMR (63 MHz, [D¢]DMSO): § =
168.7, 168.5, 152.1, 151.8, 149.2, 149.1, 141.4, 137.1, 135.8, 130.1,
128.6, 127.45, 127.36, 125.3, 124.9, 123.7, 121.7, 120.3, 115.7,
113.8, 42.8, 40.9, 36.8, 35.8, 33.4 ppm. IR (film): ¥ = 3443, 2925,
1751, 1700, 1621, 1584, 1525, 1494, 1387, 1343, 1228, 1180, 1143,
1108, 942, 909, 825, 794, 747, 700, 658, 630, 498, 440 cm~'. HRMS:
caled. for C;yHyIN3O,RhS; (M — NOj3)*™ 785.9281; found
785.9275.

Protein Kinase Assays. Kinase Profiling: The protein kinase selectiv-
ity profile of complex 4e at an assay concentration of 1 nM was
derived from an active-site-directed affinity screening against 451
human protein kinases (KINOMEscan, DiscoveRx). Piml inhibi-
tion: Inhibition data were obtained by a conventional radioactive
assay in which Pim1 activity was measured by the degree of phos-
phorylation of the P70 S6 kinase substrate with [y-3*PJATP (Per-
kin—Elmer). Accordingly, different concentrations of the rhodium
complexes were preincubated at room temperature for 30 min with
Pim1 (Millipore) and P70 S6 kinase substrate (AnaSpec) and the
phosphorylation reaction was subsequently initiated by adding
819
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ATP and [y-3*PJATP to a final volume of 25 uL, which consisted
of MOPS (10 mmMm, pH 7.0), Mg(OAc), (10 mm), DMSO (5%), Pim1
(1.6 nM, except for the ICsy curve of 4e: 0.3 nM), P70 S6 kinase
substrate (50 uM), EDTA (0.1 mm), Brij-35 (0.001%), glycerol
(0.5%), B-mercaptoethanol (0.01%), BSA (0.1 mgmL~"') and ATP
(100 uM) including [y-*3P]ATP (approximately 0.1 zCipuL™"). After
incubation for 30 min, the reaction was terminated by spotting
14 puL onto circular P81 phosphocellulose paper (diameter 2.1 cm,
Whatman), followed by washing with 0.75% phosphoric acid and
acetone. The dried P81 papers were transferred to scintillation vials
and 5 mL of scintillation cocktail were added. The counts per min-
ute (CPM) were measured with a Beckmann Coulter LS6500 Multi
Purpose Scintillation Counter and corrected by the background
CPM. The ICs, values were determined in triplicate from sigmoidal
curve fits.

Single-Crystal X-ray Diffraction Studies: Single crystals of the indi-
vidual complexes were obtained as follows: 2a from a solution of
CH,Cl, layered with hexane, 4¢ from a solution in DMF layered
with hexane and 4d from a mixture of DMF and H,O. The inten-
sity data sets were collected at 100 K using a STOE IPDS-2T or
STOE IPDS2 system with Mo-K,, radiation (A = 0.71073 A). The
data were corrected for absorption effects using multi scanned re-
flections.?¥ The structures were solved by direct methods by using
SIR-92231 or SIR2008%%1 and refined using the full-matrix least-
squares procedure implemented in SHELX-97.27 Hydrogen atoms
were included in calculated positions. In 2a both the solvent mole-
cules (CH,Cl,) and the two independent complex molecules show
disorder. In 4d the 1,4,7-trithiacyclononane ligand was disordered.
The crystal of 4¢ was twinned and only data of one domain were
used during structure refinement. In 4¢, heavily disordered solvent
was present. The data set has been treated by the “squeeze” pro-
cedure implemented in the PLATON program.*4!
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Amino(azido)stibanes Mes*N(SiMe3)Sb(N3)X (X = N3, CI,
OTf) were synthesized and fully characterized. Their struc-
tures were determined by single-crystal X-ray diffraction and
are rare examples of antimony azides. On account of weak
Sb---X van der Waals interactions, centrosymmetric dimers
are observed in the solid state. Mes*N(SiMe3)Sb(OTf)X spe-
cies (X = Cl, N3, and OTf; OTf = triflate = CF3SO3") are labile

with respect to Me3Si—OTf elimination even at ambient tem-
peratures and form in situ the highly reactive iminostibane
Mes*N=SbX, which rapidly decomposes. Diazide
Mes*N(SiMe3)Sb(N3), slowly decomposes when a Lewis acid
such as B(CgFs)3 is present, thus leading to the formation of
a salt that bears a heterocyclic Sb-N dication and an [N3-
B(CeF5)3]” adduct anion in good yields.

Introduction

Four-membered heterocycles of the type [X-Sb(u-NR)]»
are known as cyclo-1,3-distiba(I1I)-2,4-diazanes (X = halo-
gen, R = organic group). These ring systems are good start-
ing materials for polycyclic inorganic and organometallic
compounds.l'3 The cyclo-distiba(Ill)-diazane [Cl-Sb(u-
NBu)], was first generated by the treatment of SbCl; with
LiN(SiMes)(7Bu).™¥! Stahl introduced a simple one-pot syn-
thesis of [Cl-Sb(u-N¢Bu)], by using SbCl; and tBuNH,.
The structure was determined by Chivers et al.[>-¢

Recently, a series of four-membered rings of the type [X—
Sb(u-NR)],, which contain alternating antimony(III) and
nitrogen centers, were synthesized and fully characterized
(X = halogen, R = supermesityl = 2,4,6-tri-tert-butylphenyl
= Mes*), and represent rare examples of cyclo-distibadi-
azanes.”l The synthesis was carried out by starting from
the triflate (triflate = CF3SO5; = OTY) species [TfO-Sb(u-
NR)], (Scheme 1). By means of Me;Si—OTf elimination, re-
actions of [TfO-Sb(u-NR)], with Me;Si-X yielded the
halogen compounds [X-Sb(pu-NR)],, except for the fluorine
species, for which an iodine/fluorine exchange reaction with
AgF was successfully applied.

Niecke et al. reported the first monomeric iminochlo-
rophosphane Mes*~N=E-Cl (E = P).’l The stabilities of
the monomeric species R-N=E"-X (E = P, As, Sb; X =
Cl, OTY) with respect to the corresponding dimers by using
Mes* groups (Mes* = 2,4,6-tri-tert-butylphenyl) on N and
a chloro or triflate substituent on the pnictogen was only
recently studied.l>!1]
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Scheme 1. Synthesis of halogen-substituted cyclo-1,3-distiba-2,4-di-
azane (X = Cl, Br, I).

We are interested in heterocycles of the type [X-E(u-
NR)], with a central E,N, ring (E = element of group 15)
as building blocks for cyclic 1,3-dipnicata-2,4-diazenium
cations!!?! (Scheme 2) and nitrogen-rich compounds such as
cyclic or acyclic pnictogen azides!!3! or binary heterocycles
such as tetraazapnictoles, which can be generated from
pnictogen azides by means of Lewis acids such as GaCl; or
B(C¢Fs); (Scheme 3).[14

Particularly useful for the synthesis of imino-stibanes R—
N=Sb-X (X = Cl, N;3) are triflate-substituted species,
RN(SiMe;)Sb(OTHX (X = Cl, N3), since intrinsic elimi-
nation of Me;Si—OTf (Scheme 1 and Scheme 4) may lead to
the in situ formation of an azido(imino)stibane, which can
either dimerize to give 1,3-diazido-cyclo-1,3-distiba-2,4-di-
azane or isomerize to a tetraazastibole when a Lewis acid
is added (Scheme 3). Here we report on the synthesis and
full  characterization of Mes*N(SiMe;3)Sb(N3)(OTY),
Mes*N(SiMe3)Sb(CI)(N3), and Mes*N(SiMe3)Sb(N3), as
possible candidates.

Eur. J. Inorg. Chem. 2012, 822-832
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Scheme 2. Synthesis of nitrogen-rich cyclo-1,3-dipnicta-2,4-diazen-
ium cations (E = P, As).
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Scheme 3. Synthesis of tetrazastiboles (LA = Lewis acid).
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Scheme 4. Synthesis of amino(azido)stibanes.

Results and Discussion

To the best of our knowledge, monomeric acyclic amino-
(azido)stibanes of the type R'-N(R?)-Sb(X)-N; (X = halo-
gen, pseudohalogen, OTf; R'? = organic substituents) are

Eur. J. Inorg. Chem. 2012, 822-832
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not yet known. The only known acyclic antimony azides
reported are Sb(Nj)s,['5101 CISb(N;),,l1 71 [Sb(N3),] !
[Sb(N3),]" ¥ Sb(N3)s,!"1 [Sb(N3)e] " and Sb(CeHs)s-
(N3).2% Thus it was of interest to study R!'-N(R?)-Sb(X)-
N3 species and their reactivity (e.g., with Lewis acids).

Synthesis

As shown in Scheme4, amino(dichloro)stibane
Mes*N(SiMe3)SbCl, (1) was used as starting material for
the synthesis of azido species of the type R!'-N(R?)-Sb(X)—
N; (X = Cl or OTf; R! = Mes*, R? = SiMes). The amino-
(diazido)stibane Mes*N(SiMe3)Sb(N3), (4) is easily ob-
tained when a small excess amount of NaNj; is added in
one portion to a stirred solution of Mes*N(SiMe;)SbCl,
in THF at ambient temperatures. Removal of the solvent,
extraction with n-hexane, and concentration finally resulted
in the deposition of colorless crystals of Mes*N(SiMejs)-
Sb(N3), (4) in good yields (76 %).

In a second series of experiments, we studied the synthe-
sis of monoazido-stibanes Mes*N(SiMe;)Sb(N3)X, which
were substituted by either a triflate or chloride ion (species
5: X = OTTf; 6: X = Cl). Mes*N(SiMe3)Sb(N3)(OTf) can be
obtained in a two-step reaction: Treatment of Mes*N-
(SiMe;3)SbCl, (1) with one equivalent of AgOTf gives
Mes*N(SiMe;)Sb(CI)(OTf) (3) in good yields (65%),
whereas addition of a second equivalent of AgOTf leads to
the formation of Mes*N(SiMe;3)Sb(OTf), (2), which is an
ideal precursor for the generation of monoazide 5. Triflate-
substituted aminostibanes are especially suitable for the
generation of halogen- and pseudohalogen-substituted
compounds by means of Me;Si—OTf elimination upon ad-

Figure 1. ORTEP drawing of the molecular structure of 4 in the
crystal. Thermal ellipsoids with 30% probability at 173 K (hydro-
gen atoms omitted for clarity). Selected bond lengths [A] and
angles [°]: Sb1-N1 2.008(2), Sb-N5 2.085(2), Sb1-N2 2.089(3), Sil—
N1 1.766(2), N1-C1 1.467(2), N2-N3 1.204(4), N3-N4 1.134(4),
N5-N6 1.151(3), N6-N7 1.170(4); N1-Sb1-N5 99.19(9), N1-Sb1-
N2 98.22(9), N5-Sb1-N2 84.3(1), CI-NI1-Sil 116.0(1), C1-N1-
Sbl 115.9(1), Sil-N1-Sbl 128.14(9), N3-N2-Sb1 119.2(2), N4—
N3-N2 174.0(4), N6-N5-Sb1 122.2(2), N5-N6-N7 173.4(3).
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dition of Me;Si-X (X = halogen or pseudohalogen). For
instance, when one equivalent of Me;Si—N3 was added to a
solution of Mes*N(SiMe;)Sb(OTY), in CH,Cl, at —60 °C,
within 20 min the monoazido species 5 was formed upon
Me;Si—OTf elimination after warming to ambient tempera-
tures (yield: 85%). Even monoazide 6 can now easily be
generated from Mes*N(SiMe;)Sb(N;)(OTf) (5) simply by
addition of Me;Si—Cl, which triggers the elimination of
Me;Si-OTf and the exchange of OTf by Cl. It should be
noted that species 2 and 5 already slowly eliminate Me;Si—
OTf at ambient temperatures in polar solvents such as
CH,ClL,.

Properties and Characterization

Azidostibanes 4, 5, and 6 were fully characterized by
NMR, IR, and Raman spectroscopy, elemental analysis,
and single-crystal structure elucidation (Figures 1, 2, 3, and
4). As illustrated in Scheme 4, there are different synthetic
routes but all afford species 4, 5, and 6 as colorless micro-
crystalline solids in good yields (>60%). Azide formation
can easily be detected by means of IR spectroscopy. The
vibrational spectra of all three azides feature the presence
of covalently bound azido ligands as shown by the asym-
metrical stretching mode in the range 2200-2000 cm™'

Figure 2. Section of the chain composed of [*Sb-NNN-+Sb-] units in the crystal in 4. Two types of bonds form the chain: Sb1-N5

2.085(2) and Sb1-+N7’ 3.196(4) A.

g

N4

Figure 3. ORTEP drawing of the molecular structure of 5 (left) and 6 (right) in the crystal. Thermal ellipsoids with 30% probability at
173 K (hydrogen atoms omitted for clarity). Selected bond lengths [A] and angles [°]; 5: Sb1I-N1 1.985(1), Sb1-N2 2.052(1), Sb1-O1
2.178(1), Si3-N1 1.789(1), N1-C1 1.466(2), N2-N3 1.223(2), N3-N4 1.133(2); N1-Sb1-N2 92.90(5), N1-Sb1-O1 95.26(4), N2-Sb1-O1
87.07(5), S1-01-Sbl 121.57(7), C1-NI1-Sbl 112.67(8), Si3-N1-Sbl 127.33(6), N3-N2-Sbl 121.4(1), N4-N3-N2 174.7(2); 6: Sb1-ClI
2.4347(5), Sb1-N2 2.105(2), Sb1-N1 2.007(1), N2-N3 1.166(2), N3-N4 1.138(3), Sil-N1 1.769(2), N1-C1 1.454(2), N1-Sb1-N2 93.53(6),
NI1-Sbl-CI1 103.31(4), N2-Sb1-CI1 89.94(5), C1-N1-Sil 116.5(1), C1-N1-Sb1 116.4(1), Sil-N1-Sbl 126.7(7), N3-N2-Sbl 117.6(1),
N4-N3-N2 174.9(2).
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Figure 4. Formation of centrosymmetric dimers through small intermolecular interactions in monoazides 5 (left) and 6 (right).

[Vas(N3) = 2092 (4), 2095 (5), 2103 cm™! (6)], the symmetri-
cal stretching mode at 1400-1200 cm™!, and the defor-
mation mode at 700-600 cm™!. The Sb—N stretching modes
are found in the range 450-350 cm ! [414-455 (4), 423 (5),
407 (6), cf. 382—421 cm™! in Sb(N3)s and 370-386 cm™! in
Sb(N3);].[16-191 The presence of more than one azido ligand
results in in-phase and out-of-phase coupling.

Compounds 4, 5, and 6 are air- and moisture-sensitive
but stable under an argon atmosphere over a long period
as solid; however, they slowly decompose in solvents such
as THF even at ambient temperatures. Both the mono- and
the diazides are neither heat- nor shock-sensitive and are
thermally stable up to over 90 °C. Presumably decomposi-
tion starts with the intrinsic elimination of Me;Si—OTf. In
the solid state, the thermally most stable compound is di-
azido species 4 with a decomposition temperature of
148 °C, followed by compound 6 (74... = 120 °C). Monoaz-
ide 5 already decomposes at 95 °C without explosion. All
three azidostibanes can be prepared in bulk.

Table 1. Crystallographic details of 2, 3, and 4.

X-ray Crystallography

The structures of compounds 2-6, 9, and 10 (compounds
9 and 10 will be introduced in the next chapter) have been
determined. Tables 1 and 2 present the X-ray crystallo-
graphic data. X-ray-quality crystals of all considered species
were selected in Kel-F-oil (Riedel-de Haén) or Fomblin
YR-1800 (Alfa Aesar) at ambient temperature. All samples
were cooled to —100(2) °C during the measurement.

The molecular structures of azides 4, 5, and 6 are shown
in Figures 1, 2, 3, and 4, and of starting materials 2 and 3
in Figures 5 and 6, respectively, along with selected bond
lengths and angles. More details are found in the Support-
ing Information.

Diazide Mes*N(SiMe3)Sb(N3), (4) crystallizes in the tri-
clinic space group P1 with two formula units per cell. The
structure  consists of separated Mes*N(SiMes)Sb-
(N3), molecules with two disordered 7Bu groups. In con-
trast to the trigonal pyramidal Sb atom, the nitrogen atom

Mes*N(SiMe;)Sb(OTS), (2)

Mes*N(SiMe;)Sb(CI)(OT) (3)

Mes*N(SiMe;)Sb(N3), (4)

Formula C23H38F6N0652Sbsi'0.5(C6H14) C22H38C1F3NO3SSbSl C21H38N7SbSi
M, [gmol ] 795.59 638.88 538.42
Color colorless colorless colorless
Crystal system triclinic triclinic monoclinic
Space group Pl P1 P2,/c
a[A] 10.5338(4) 10.1239(3) 12.2068(4)
b[A] 12.8586(5) 16.8725(5) 8.4027(3)
¢ [A] 14.8720(5) 26.5485(8) 25.5240(9)
a[°] 77.470(2) 108.099(1) 90

L1° 74.657(2) 100.612(1) 101.248(1)
y [1 65.953(2) 90.3640(10) 90

V [A3] 1760.4(1) 4227.0(2) 2567.7(2)
VA 2 6 4

Pealed. [gem 7] 1.501 1.506 1.393

4 [mm] 1.005 1.233 1.142

T [K] 173(2) 173(2) 173(2)
Measured reflections 42168 81600 44137
Independent reflections 11844 22306 9299
Reflections [/>2a(1)] 10119 18109 6996

Rine 0.0317 0.0261 0.0376
F(000) 814 1956 1112

Ry {R[I>2a(D]} 0.0286 0.0285 0.0379
WR, ( 0.077 0.0760 0.0950
GoF 1.075 1.064 1.063
Parameters 401 928 345

Eur. J. Inorg. Chem. 2012, 822-832

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.eurjic.org 825



FULL PAPER

M. Lehmann, A. Schulz, A. Villinger

Table 2. Crystallographic details of 5, 6, and 10.

Mes*N(SiMe;)Sb(N;)(OTf) (5)

Mes*N(SiMe;)Sb(CI)(N3) (6)

Compound 10

Formula C22H38F3N4O3SSbSi'CH2C12 Cleg8ClN4Sb81 C30H48N4Sb2'2(C18BF15N3)
M, [gmol ] 730.39 531.84 1816.26
Color colorless colorless red
Crystal system monoclinic monoclinic monoclinic
Space group P2,/n P2,/c P2\/c
a[A] 10.4273(4) 10.2880(4) 9.8897(3)
b [A] 16.8836(5) 25.179(1) 17.0327(5)
c[A] 19.0314(6) 10.4115(4) 20.4230(7)
a[°] 90 90 90

BI°] 103.313(2) 103.855(1) 94.453(2)
7 [°] 90 90 90

VA3 3260.5(2) 2618.5(2) 3429.8(2)
Z 4 4 2

Pealed. [gem 3] 1.488 1.349 1.759

u [mm'] 1.158 1.215 0.920

T [K] 173(2) 173(2) 173(2)
Measured reflections 43552 29673 56893
Independent reflections 11626 7606 12057
Reflections [7>20(1)] 9504 6266 9585

Rint 0.0232 0.0361 0.0363
F(000) 1488 1096 1792

R, {R[I>2a(D)]} 0.0259 0.0269 0.0362
wWR, (F?) 0.0695 0.0657 0.0827
GoF 1.070 1.038 1.043
Parameters 395 265 515

sits in a trigonal-planar environment (Z< = 360.0°) with an
Sb—N,mino single bond of 2.008(2) A (Sb-N1), whereas the
two Sb-N,,i¢e single bonds are considerably longer with
values of 2.085(2) (Sb-NS5) and 2.089(3) A (Sb1-N2),
respectively. These Sb—N,nino and Sb-N,,;q. bonds lie in
the expected range for aminostibanes, for example, d(Sb—
Namino) 2.056(3) in Mes*N(SiMe;)SbCl,,[  d(Sb—
Namino) = 2.092(2) and d(Sb-N,,ige) = 2.104(2) in [tBuC-
(iPrN),JSb(N;3),,21 and d(Sb-N,,qe) = 2.1194) A in
Sb(N3)31¢ [cf. Zreoy (Sb-N) = 2.11 A].122 The angles around
the antimony center vary strongly from 99.19(9) (N1-Sb1-
N5)/98.22(9) (N1-Sb1-N2) to 84.3(1)° (N5-Sbl-N2),
which gives a difference of around 14°. For both azido li-
gands, the typical trans-bent structure with N-N-N angles
of about 173-174° is observed.*’! The N,~Nj bonds differ
significantly [1.204(4) versus 1.151(3) A], and also the Ng—
N, bond length is slightly different with values of 1.134(4)
(N3-N4) and 1.170(4) A (N6-N7). This difference in bond
lengths can be attributed to intermolecular interactions
(Figure 1). A closer look at the intermolecular interactions
in 4 reveals an expansion of the Sb coordination number
by the formation of nitrogen bridges that involves the y-
nitrogen atom (N7) of only one azido ligand. These in-
terionic distances are rather long with values of 3.196(4) A
[cf. Zryaw(Sb-+N) = 3.8 A];24 however, they are responsible
for the formation of a chainlike structure as depicted in
Figure 2. A similar situation was found by Stahl et al. in
diazido-cyclo-distibadiazane ~ [N3-Sb(u-N7Bu)],,  which
forms a layer structure of associated molecules, with inter-
molecular Sb--N contacts of 3.226 A.

Monoazides 5-CH,Cl, and 6 crystallize in the monoclinic
space groups P2;/n and P2,/c, respectively, with four for-
mula units per cell. As discussed before for diazide 4, also

826 www.eurjic.org
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in compounds 5 and 6 the antimony adopts a trigonal-py-
ramidal geometry attached to a planar nitrogen atom (Fig-
ure 3). Since the structural parameters for all three azide
compounds (4, 5, and 6) are very similar with respect to the
Mes*N-Sb-N3 moiety, we would like to focus only on the
differences. Although the Sb—Cl bond length of 2.4347(5) A
is in the typical range for a single bond [cf. Xr.., (Sb—Cl) =
2.39 A] in azide 6, the Sb-O distance [2.178(1) A] is rather
long compared to sum of the covalent radii (2.04 A). This
might partly be attributed to an intramolecular donor—ac-
ceptor interaction (negative hyperconjugation)?’! between
the lone pair (which occupies a p-type atomic orbital) lo-
cated at the amino-nitrogen atom (N1) and the antibonding
Sb—-O bond, which results in a weakening of the latter bond
while introducing a small amount of © bonding along the
Sb-N_mino unit in accord with a short Sb-NI1 bond
[1.985(1) A; cf. Zreoy (Sb-N) = 2.11 A].22

The asymmetric unit of 5 and 6 consists of a
Mes*NSb(N;3)(OTf) (and one molecule of CH,Cl,) and a
Mes*NSb(CI)(N53) molecule, respectively, but with small but
significant symmetric intermolecular interactions that lead
to the formation of centrosymmetric dimers (Figure 4).
Whereas in 5 only one stronger Sbl--O2’ interaction
[3.009(1); cf. Zryqw(Sb-0) = 3.7A and d(Sb--N5') =
3.715(2) A] between the Sb center and one oxygen atom of
an adjacent triflate group is observed, in 6 both the Cl and
the N, .,iqe atom display weak contacts with the Sb centers
[Sbl--CIl" 3.4902(5) A, cf. Zryqw(Sb--Cl) = 4.0A and
Sb1-+N2’ 3.627(2) A, cf. Zryqw(Sb--N) = 3.8 A].

Mes*N(SiMe3)Sb(0TH),:0.5 C¢Hy4 (2-0.51n-hexane) and
Mes*N(SiMe3)Sb(CI)(OTYT) (3) crystallize in the triclinic
space group P1 with two and six formula units per cell,
respectively. Furthermore, chlorotriflate 3 was also crys-
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tallized from toluene, which led to the formation of mono-
clinic crystals (space group P2;) with an asymmetric unit

toluene

&

Figure 5. ORTEP drawing of the molecular structure of 2-0.57-hex-
ane (top), 3 (middle), and 3-toluene (bottom) in the crystal. Ther-
mal ellipsoids with 30% probability at 173 K (hydrogen atoms
omitted for clarity). Selected bond lengths [A] and angles [°]: 2:
Sb-N 1.965(1), Sb-O1 2.069(1), Sb-0O4 2.095(1), N-C1 1.467(2),
N-Si 1.803(1); C1-N-Sb 115.73(9), Si-N-Sb 128.80(7), N-Sb-O1
91.22(5), N-Sb-04 95.90(5), O1-Sb-0O4 82.22(5), S1-O1-Sb
121.58(6), S2-04-Sb 126.49(7). 3C SbI-NI1 1.998(1), Sbl-O1
2.159(1), Sbl-Cll1 2.338(5); N1-Sb1-O1 98.67(6), N1-Sb1-CllI
98.74(4), O1-Sb1-Cl1 88.49(4), SI-O1-Sb1 125.35(9), C1-N1-Sil
126.3(1), C1-N1-Sb1 105.7(1). 3-toluene: Sb-N 2.005(2), Sb-O1
2.117(2), Sb—C1 2.375(1), Sb+-centroid 3.203(1); N-Sb-O1 91.61(6),
N-Sb-Cl 104.44(5), O1-Sb-Cl 87.38(5), SI-O1-Sb 124.7(1), C1-
N-Si 128.0(2), C1-N-Sb 103.2(2).
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that consists of one Mes*N(SiMe3)Sb(CI)(OTf) molecule
along with one toluene molecule (Figure 5). In 3-toluene,
significant solvent---antimony interaction in an n° fashion
[Sb-+-C,,y distances between 3.42-3.57 A, cf. Zryqw(Sb+C)
= 3.9 A] but no dimer formation due to intermolecular in-
teractions between adjacent Mes*N(SiMe;)Sb(CI)(OTY)
molecules is observed. In contrast, for 2-0.51z-hexane, no
solvent interactions but centrosymmetric dimer formation
due to strong Sb-++O interactions are found (Figure 6).[1 Be-
sides two intermolecular van der Waals contacts [Sb1---O3’
3.541(1) and Sb1-+06’ 3.546(2) A], two intramolecular con-
tacts [Sb1-+03’ 3.135(2) and Sb1-+06’ 3.311(2) A] can also
be found. By these four interactions a Sb,O,4 octahedron is
built (Figure 6, right). Also Mes*N(SiMe3)Sb(Cl)(OTf) (3)
forms a centrosymmetric dimer due to intra- and intermo-
lecular interactions [Sbl--O2 3.314(2) and Sbl--O2’
3.145(1) A] as depicted in Figure 6 (left), however, no sig-
nificant Sb-Cl’ contacts are observed [Sb-+Cl’ 4.713(5) Al].
Compared to compounds 5 and 6, similar structural fea-
tures with respect to bond lengths and angles are found for
2 and 3 (Figure 5).

Reactivity — Decomposition

Amino(azido)stibanes of the type Mes*N(SiMes)-
Sb(N3)Y (4: Y = N3, 5: OTf, and 6: ClI) were synthesized
to study the possibility of an intrinsic Me;Si—Y elimination,
which generates in situ a reactive imino(azido)stibane as il-
lustrated in Scheme 5. Imino(azido)stibanes that bear an
Sb=N double bond can either dimerize along this double
bond forming a [N53-Sb(u-NMes*)], heterocycle (7) or cy-
clize to give a tetraazastibole (8), a compound which was
recently obtained by an unusual isomerization reaction
starting from 7 wupon addition of a Lewis acid
(Scheme 5).11%-131 Like Mes*N(SiMe;)Sb(OTf), (2), which
eliminates Me;Si-OTf at ambient temperatures to lead fi-
nally to the formation of the corresponding cyclo-1,3-dis-
tiba-2,4-diazane [OTf-Sb(u-NMes*)],,["l Mes*N(SiMes)-
Sb(C1)(OTY) (3) isomerizes at 70 °C in n-hexane to result in
the formation of a mixture of Mes*N(SiMe3)SbCl, (1) and
2, which further eliminates Me;Si—OTf to yield [OTf-Sb-
(u-NMes*)]l, (Schemes1 and 6). Also monoazide
Mes*N(SiMe3)Sb(N3)(OTf) (5) slowly decomposes in
CH,Cl, and releases Me;Si—OTf. In this case, only Mes*—
N3 (9) (yield: 42%) and Me;Si—OTf could be observed as
products in this decomposition reaction (Scheme 6), which
suggests the elimination of Me;Si—OTTf at the beginning fol-
lowed by formation and decomposition of a tetrazastibole.
Mes*-Nj3 (9) was characterized by an X-ray structure deter-
mination. In addition to the known triclinic structure (9a),
a new monoclinic modification was obtained (9b) (see the
Supporting Information).*®! In contrast to compound 5,
species 1, 4, and 6 do not eliminate Me;Si—Y even at ele-
vated temperatures. Diazide 4 is thermally relatively stable.
For this reason, we added the Lewis acid B(CgFs); to trig-
ger the intrinsic elimination of Me;Si—Nj3. But even under
these conditions the decomposition reaction is rather slow.
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Figure 6. Formation of centrosymmetric dimers through small intermolecular interactions in 5 (left) and 6 (right).

It took about five days for a complete decomposition in
CH,Cl, at ambient temperatures to lead in good yields
(>50%) to an intriguing dimeric heterocyclic Sb—-N dication
with an azide-borane adduct anion, [N3-B(C¢F5)s], as de-

*Mes\ /N3
N—Sb
12 ||
Sb—N

/

NS 7

LA lT dimerization

Me;Si N; N,

Mes*

N—Sb — g

— MesSiY

N=—Sb
\
Mes* Y
4,56

Mes*

LA [3+2]
cycloaddition

. . Mes*
isomerization

/N\

N\\ //Sb
N—N
8

Scheme 5. Application of amino(azido)stibanes (4: Y = N3, 5: Y =
OTf, 6: Y = Cl; LA = Lewis acid).

picted in Scheme 7. The anion was first described by
Klapétke et al. in 2002.27 We do want to stress that the
preparation of the salt that contains the heterocyclic Sb—N
dication (10) can be reproduced in good yields although we
know only very little about its formation. Sb—N dication
with the [N3-B(CgFs);] counterion (10) can be isolated as
deep red crystals from CH,Cl,. Crystals of 10 are neither
heat- nor shock-sensitive and decompose above 173 °C.

The dimeric cyclic Sb-N ion represents one of the rare
examples of nitrogen—antimony cations.”®! Formally, the di-
cation from 10 can be regarded as a dimer of a diazastibol-
ium monocation (Scheme 7). Compound 10 crystallizes in
the monoclinic space group P2;/c with two formula units
per cell. The structure consists of separated centrosymmet-
ric dications and [N3-B(Cg¢Fs);] anions (Figure 7). Only
two weak SbeF p_[Sb-F11 3.216(1), Sb--F1’ 3.439(1) A]
and two Sb*N,,iqe [SbN3 3.302(2), Sb-N5" 3.600(2) A]
contacts are found. The central Sb,N, ring is planar with
two significant different Sb—N distances [Sb1-N1 2.103(2),
SbI-N1' 2.315(2) A] as well as all other cycles to form a
planar framework of five condensed cycles in the dication.
The Sb-N2 distance amounts to Sb1-N2 2.239(2) A [cf.
Treou(Sb-N) = 2.11 A].22 The coordination sphere around
the antimony(III) can be best understood as a strongly dis-
torted bisphenoidal arrangement with the axial unit along
N2-Sb-N1" [N1-Sb1-C1 91.15(9), N1-Sb1-N2 73.35(6),
C1-Sb1-N2 85.42(9), N1-Sb1-N1" 71.12(6), C1-Sb1-N1’
86.82(9), N2-Sb1-N1" 143.41(6)°] when the weak van der
Waals interactions are not considered.

Me,Si OTf Me,Si Cl Mes?* 2l
e;Si -h e;3Si
8 '7’0 ?éa”e 8 N—Sb
N—sSb ——» 12 N—Sb + 12 | |  + 1/2MegSiOTf
\ 2h Sb—N
Mes* 3 Cl Mes* 1 Cl .
TfO Mes
Me,Si /N3 CH,Cl,
r.t.
N—Sb R Mes*—N; + Me,SiOTf + [SbN]
5 \ 4d
Mes 5 OTf 9

Scheme 6. Decomposition of 3 and 5.
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tBu
Me3Si N3 CH2C|2
rt
N—Sb + 2 B(CgFs)3 —»
/ \ 5d
Mes* N3

Scheme 7. Reaction of 4 with B(C¢F5); to 10.

- L/

Figure 7. ORTEP drawing of the decomposition product 10 in the
crystal. Thermal ellipsoids with 30% probability at 173 K (hydro-
gen atoms omitted for clarity). Selected bond lengths [A] and
angles [°]: SbI-N1 2.103(2), SbI1-N2 2.239(2), SbI1-N1" 2.315(2),
Sbl-Cl1 2.133(2), NI-C2 1.290(2), N2-C3 1.288(2), BI-N3
1.590(2), B1-C22 1.644(3), B1-C28 1.648(3), BI-C16 1.650(3), N3—
N4 1.208(2), N4-N5 1.138(2); N1-Sb1-C1 91.15(9), N1-Sb1-N2
73.35(6), C1-Sb1-N2 85.42(9), N1-Sb1-N1" 71.12(6), C1-Sbl-
N1’ 86.82(9), N2-Sb1-N1" 143.41(6), C2-N1-Sbl 119.3(1), C2-
NI-Sbl’ 131.3(1), C3-N2-Sb1 117.3(1), N3-B1-C22 106.4(1), N3~
B1-C28 107.3(1), C22-B1-C28 109.8(1), N3-B1-C16 105.7(1),
C22-B1-Cl6 114.13(2), C28-B1-Cl6 113.0(2), N4-N3-Bl
120.4(2), N5-N4-N3 174.6(2).

The adduct anion [N3-B(C4Fs);] belongs to a class of
adduct anions of strong Lewis acids such as [(FsCe);B(u-X)-
B(C4Fs)s] (X = CN, OH), 31 [Y-B(CcFs)s] (OH),P> 3¢
[N{CN-B(C¢F3s)3}o],  [C{CN-B(C¢Fs)s}3],  [B{CN-'B-
(CeFs)3}al P [NOsB(CFs)s], or even [SO42B-
(CgFs)3]*> 1381 These anions are easily prepared in a simple
acid/base reaction. For example, an excess amount of
B(C4F's); is added to basic anions such as dicyanoamide or
nitrate to give in almost quantitative yields adduct anions
with astonishingly stable borate units. An example of an
azide-diadduct anion is [N3(GaCls),]” with two GaCl; units
attached to the same N atom (Scheme 2).[122:12£:39]

The azide ion distorts upon complexation from D..;, to
C, symmetry with two different N-N bond lengths [N3-N4
1.208(2), N4-N5 1.138(2) A; N1-N2-N3 174.6(2)°]. The
azide anion (Figure 7) and the B(C¢Fs); group are con-
nected by means of a strong B-N bond {B1-N3 1.590(2) A;
of. 1.616(3) A in CH;CN-B(C¢Fs5)3:# 1.658 A in H3;N-
BH;;*!1 1.987(3) and 1.974(3) A in [N5(GaCls),] }.3¥ The
central boron atom is tetracoordinate with an average B—
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C(aryl) bond length of 1.647 A. The coordination geometry
around boron in the tetrahedral BC;N core is slightly dis-
torted with the smallest angle of 105.7, and the largest
114.1°. The BI-N3-N4 angle amounts to 120.4(2)°.

Conclusion

Amino(azido)stibanes of the type Mes*N(SiMes)Sb-
(N3)Y (Y = N3, OTf, and Cl) were synthesized to study the
possibility of an intrinsic Me;Si—Y elimination. They are
easily obtained either by CI/N; substitution reactions or the
elimination of Me;Si—OTf when triflate-substituted precur-
sors are treated with Me;Si—N;. The solid-state structures
of the monoazides 5 and 6 as well as diazide 4 revealed the
formation of centrosymmetric dimers facilitated by weak
Sb--Z van der Waals interactions (Z = O, N, Cl atoms).

Triflate-substituted amino(azido)stibanes slowly decom-
pose even at ambient temperatures in CH,Cl, to form in
situ a highly reactive iminostibane when an adjacent Me;Si
group is available. Without a triflate group such as in diaz-
ide 4, amino(azido)stibanes are relatively stable with respect
to Me;Si—Nj3 elimination. However, by addition of a Lewis
acid, decomposition is strongly enhanced, thereby resulting
in the formation of a salt that bears an intriguing dimeric
cyclic Sb—N dication and the adduct anion [N3—B(C¢Fs)s] .
The dimeric cyclic Sb—-N ion represents one of the rare ex-
amples of antimony dication.

Experimental Details

General Information: All manipulations were carried out under
oxygen- and moisture-free conditions by using standard Schlenk
and drybox techniques.

Dichloromethane was purified according to a literature pro-
cedure,*?! dried first with P,O;, and secondly with CaH,, then
freshly distilled prior to use. CH;CN was dried with P40, and
freshly distilled prior to use. Tetrahydrofuran (THF) and toluene
were dried with Na/benzophenone and freshly distilled prior to use.
n-Hexane was dried with Na/benzophenone/tetraglyme and freshly
distilled prior to use.

Trimethylsilyl chloride (99 %, Merck) and trimethylsilyl azide (99 %,
Fluka) were distilled prior to use. NaN3 (99%, Acros) was used as
received. Silver trifluoromethylsulfonate (AgOTf),*3 dichloro-
[(2,4,6-tri-tert-butylphenyl)(trimethylsilyl)Jamino[stibane  (Mes*N-
(SiMe3)SbCl,, 1), [(2,4,6-tri-tert-butylphenyl)(trimethylsilyl)amino]-
bis(trifluoromethylsulfonyl)stibane (Mes*N(SiMe;)Sb(OTY),, 2),7!
and B(C4Fs);1*4 were prepared according to literature procedures.
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13C{'H}, '3C DEPT, 'H, ""F{'H}, and ?°Si INEPT NMR spectra
were obtained with a Bruker AVANCE 300 spectrometer or a
Bruker AVANCE 500 spectrometer and were referenced internally
to the deuterated solvent ['3C, CD,Cly: d,¢ = 54.0 ppm, CDCls:
Orer = 77.0 ppm, OC4Dg ([Dg]THF): 0,or = 67.4 ppm] or to protic
impurities in the deuterated solvent ('H, CDHCl,: 6,.¢ = 5.31 ppm,
CHCl;: Oy = 7.26 ppm, OC4D-H: 0ot = 3.57 ppm). CD,Cl, and
CDCl; were dried with P4O,, [Dg]THF was dried with Na/benzo-
phenone. A Nicolet 380 FTIR with a Smart Orbit ATR device
was used for IR spectroscopy. For Raman spectroscopy, a Bruker
VERTEX 70 FTIR instrument with a RAM II FT-Raman module
and equipped with an Nd:YAG laser (1064 nm) was used. An Ana-
lysator Flash EA 1112 from Thermo Quest or a C/H/N/S-Mikron-
alysator TruSpec-932 from Leco was used for C, H, N analyses.
Melting points: EZ-Melt, Stanford Research Systems, heating rate
20 °Cmin! (clearing-points are reported). Mass spectrometry was
carried out with a Finnigan MAT 95-XP from Thermo Electron.

X-ray Structure Determination: X-ray-quality crystals of 2, 3,
3-toluene, 4, 5, 6, 9a, 9b, and 10 were selected in Kel-F-oil (Riedel
deHaen) or Fomblin YR-1800 (Alfa Aesar) at ambient tempera-
tures. All samples were cooled to 173(2) K during measurement.
The data were collected with a Bruker Apex Kappa-II dif-
fractometer using graphite-monochromated Mo-K,, radiation (4 =
0.71073 A). The structures were solved by direct methods
(SHELXS-97)*31 and refined by full-matrix least-squares pro-
cedures (SHELXL-97).146] Semiempirical absorption corrections
were applied (SADABS).*I' All non-hydrogen atoms were refined
anisotropically; hydrogen atoms were included in the refinement at
calculated positions using a riding model.

CCDC-852780 (for 2), -852781 (for 3), -852783 (for 4), -852784 (for
5), -852785 (for 6), and -852786 (for 10) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Mes*N(SiMe;)SbCI(OTY) (3): AgOTf (1 mmol, 0.26 g) in toluene
(5 mL) was added over a period of five minutes at 0 °C to a stirred
solution of Mes*N(SiMe;)SbCl, (1 mmol, 0.53 g) in toluene
(10 mL), and the resulting colorless suspension was stirred for two
hours. The solvent was removed under vacuum, and the colorless
residue was extracted with n-hexane (10 mL) and filtered (F4). The
colorless solution was concentrated to about 2 mL and stored at
+5 °C for several hours to result in the deposition of colorless crys-
tals. Removal of solvent by syringe and drying yielded 0.42 g
(0.65 mmol, 65%) of Mes*N(SiMe3)SbCI(OTf) (3) as a colorless
crystalline solid; m.p. 113°C (dec.). C,,H3sNCIF;05SSbSi
(638.88): calcd. C 41.36, H 5.99, N 2.19; found C 41.49, H 5.96, N
2.11. 'TH NMR (25 °C, CD,Cl,, 300.13 MHz): 6 = 0.29 [s, 9 H,
Si(CH3)3], 1.30 (s, 9 H, p-tBu), 1.56 (s, 18 H, 0-tBu), 7.51 (s, 2 H,
CH) ppm. BC{'H} NMR (25 °C, CD,Cl,, 75.48 MHz): § = 4.57
[Si(CH3)3], 31.50 [C(CH5)s], 35.51 [C(CHj)s], 36.11 [C(CHj)s],
38.74 [C(CH3)3], 119.10 [q, 'J('3C,'°F) = 318.4 Hz, CF;], 126.46
(CH), 135.79 (Ar-C), 149.00 (Ar-C), 150.23 (Ar-C) ppm. '°F
NMR (25 °C, CD,Cl,, 282.38 MHz): 6 = ~77.51 (CF3) ppm. »°Si
INEPT NMR (25 °C, CD,Cl,, 49.70 MHz): 6 = 19.8 [Si(CH;);]
ppm. IR (ATR, 25 °C, 32 scans): ¥ = 2960 (m), 2906 (m), 2872 (m),
1598 (m), 1514 (m), 1496 (w), 1478 (m), 1469 (w), 1464 (w), 1436
(w), 1404 (w), 1393 (w), 1381 (w), 1364 (m), 1250 (s), 1222 (s), 1172
(s), 1100 (m), 1020 (s), 992 (m), 936 (w), 911 (m), 883 (m), 864 (s),
853 (m), 836 (m), 812 (m), 781 (m), 760 (m), 753 (m), 749 (m), 730
(m), 711 (m), 689 (m), 671 (m), 665 (m), 627 (s), 612 (s), 575 (s),
542 (m) cm~'. Raman (75 mW, 25 °C, 500 scans): v = 3059 (2), 2961
(8), 2907 (10), 2780 (1), 2712 (1), 1602 (3), 1464 (2), 1448 (2), 1415
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(2), 1392 (1), 1287 (2), 1235 (2), 1213 (3), 1202 (3), 1180 (2), 1144
(2), 1099 (1), 1029 (1), 1003 (2), 936 (1), 923 (1), 868 (1), 821 (2),
785 (1), 765 (2), 712 (1), 634 (1), 572 (2), 469 (1), 374 (1), 339 (2),
318 (4), 245 (2), 148 (1), 118 (1) em ™.

Mes*N(SiMe3)Sb(N3), (4): NaN; (2 mmol, 0.13 g) was added in
one portion at ambient temperatures to a stirred solution of
Mes*N(SiMe3)SbCl, (1 mmol, 0.53 g) in THF (10 mL), and the re-
sulting colorless suspension was stirred for 20 h. The solvent was
removed under vacuum, and the colorless residue was extracted
with n-hexane (10 mL) and filtered (F4). The colorless solution was
concentrated to about 2 mL and stored at +5 °C for several hours,
which resulted in the deposition of colorless crystals of solvent by
syringe. Drying yielded 0.41 g (0.76 mmol, 76 %) of Mes*N(SiMes)-
Sb(N3), (4) as a colorless crystalline solid; m.p. 148 °C (dec.).
C,H3gN,SbSi (538.42): caled. C 46.85, H 7.11, N 18.21; found C
47.75, H 7.39, N 18.06. '"H NMR (25 °C, CD,Cl,, 300.13 MHz): §
=0.20[s, 9 H, Si(CH3)3], 1.29 (s, 9 H, p-tBu), 1.55 (s, 18 H, 0-Bu),
745 (s, 2 H, CH) ppm. "*C{'H} NMR (25°C, CD,Cl,
7548 MHz): 0 = 4.06 [Si(CH;);], 31.56 [C(CH;);], 35.05
[C(CHj3)3], 35.62 [C(CHj3)3], 38.51 [C(CHj3)3], 125.86 (CH), 139.27
(Ar-C), 147.57 (Ar-C), 149.77 (Ar-C) ppm. »Si INEPT NMR
(25 °C, CDCl,, 49.70 MHz): ¢ = 14.6 [Si(CH3);] ppm. IR (ATR,
25°C, 32 scans): v = 3390 (vw), 3334 (vw), 2957 (m), 2905 (m),
2863 (m), 2092 (s), 2078 (s), 1599 (w), 1556 (vw), 1539 (vw), 1520
(vw), 1505 (vw), 1487 (w), 1471 (m), 1461 (m), 1457 (m), 1435 (w),
1404 (m), 1391 (m), 1361 (m), 1314 (m), 1263 (m), 1250 (s), 1213
(m), 1198 (m), 1172 (m), 1140 (m), 1030 (vw), 1020 (vw), 939 (vw),
910 (w), 887 (m), 850 (s), 832 (s), 768 (m), 749 (s), 727 (s), 683 (m),
673 (m), 643 (s), 578 (m), 550 (w), 538 (m) cm!. Raman (75 mW,
25°C, 500 scans): ¥ = 3479 (1), 3069 (1), 2963 (9), 2905 (10), 2866
(5), 2777 (1), 2708 (1), 2095 (6), 2079 (3), 1600 (4), 1453 (3), 1406
(1), 1362 (1), 1317 (1), 1287 (1), 1249 (2), 1200 (2), 1175 (3), 1140
(3), 1101 (2), 1025 (1), 922 (1), 824 (2), 748 (1), 729 (2), 684 (1),
645 (1), 632 (1), 570 (2), 508 (1), 488 (1), 455 (1), 414 (6), 274 (1),
237 (1), 220 (1), 181 (1), 130 (1) cm ™.

Mes*N(SiMe3)Sb(N3)(OTf) (5): MesSiN; (1 mmol, 0.12¢g) in
CH,Cl, (3 mL) was added over a period of five minutes at —60 °C
to a stirred solution of Mes*N(SiMe;)Sb(OTY), (1 mmol, 0.75 g) in
CH,Cl, (10 mL). The resulting colorless solution was warmed to
room temperature over a period of 20 min. The solvent was re-
moved under vacuum, and the colorless residue was recrystalized
from n-hexane. Removal of solvent by syringe and drying yielded
0.55 g (0.85 mmol, 85%) of Mes*N(SiMe;)SbN;(OTf) (5) as a col-
orless crystalline solid; m.p. 95°C (dec.). C,,H33N4F505SSbSi
(645.47): caled. C 40.94, H 5.93, N 8.68; found C 40.75, H 5.84, N
7.26. 'TH NMR (25 °C, CD,Cl,, 300.13 MHz): 6 = 0.23 [s, 9 H,
Si(CH;)3], 1.29 (s, 9 H, p-tBu), 1.54 (s, 18 H, 0-tBu), 7.48 (s, 2 H,
CH) ppm. BC{'H} NMR (25 °C, CD,Cl,, 75.48 MHz): 6 = 4.10
[Si(CH3)5], 31.49 [C(CHs)s], 35.12 [C(CHs)s]. 35.94 [C(CHs)s),
38.60 [C(CH3)5], 119.30 [q, 'J('3C,'°F) = 318.2 Hz, CF;], 126.20
(CH), 136.37 (Ar-C), 148.62 (Ar-C), 149.71 (Ar-C) ppm. "°F
NMR: 6 = (25 °C, CD,Cl,, 282.38 MHz): —77.17 (CF3) ppm. »Si
INEPT NMR (25°C, CD,Cl,, 49.70 MHz): 0 = 18.8 [Si(CH3)3]
ppm. IR (ATR, 25 °C, 32 scans): ¥ = 2958 (m), 2912 (m), 2870 (m),
2103 (s), 1600 (w), 1478 (w), 1462 (w), 1405 (w), 1393 (m), 1350
(m), 1313 (m), 1256 (m), 1229 (m), 1196 (s), 1171 (m), 1149 (m),
1097 (m), 1023 (m), 960 (s), 908 (w), 882 (m), 840 (s), 768 (m), 748
(m), 739 (m), 689 (m), 678 (m), 630 (s), 586 (m), 573 (m), 541 (m)
cm~'. Raman (250 mW, 25 °C, 1000 scans): ¥ = 3090 (1), 2995 (3),
2964 (8), 2907 (10), 2783 (1), 2712 (1), 2094 (4), 1601 (4), 1547 (1),
1455 (2), 1408 (2), 1356 (1), 1290 (1), 1247 (1), 1229 (2), 1197 (2),
1173 (2), 1139 (3), 1098 (2), 1022 (1), 959 (1), 937 (1), 920 (1), 862
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(1), 816 (2), 767 (2), 740 (2), 690 (1), 634 (2), 570 (2), 542 (1), 481
(1), 423 (6), 323 (1), 255 (1), 182 (2) em .

Mes*N(SiMe3)SbCI(N3) (6): MesSiCl (1 mmol, 0.11 g) in CH,Cl,
(3 mL) was added over a period of five minutes at —60 °C to a
stirred solution of Mes*N(SiMe3)Sb(N;)(OTf) (1 mmol, 0.65 g) in
CH,Cl, (10 mL). The resulting colorless solution was warmed to
room temperature over a period of 20 min. The solvent was re-
moved under vacuum and the colorless residue was recrystallized
from n-hexane. Removal of solvent by syringe and drying yielded
0.38 g (0.72 mmol, 72%) of Mes*N(SiMe;)SbCI(N3) (6) as a color-
less crystalline solid; m.p. 120 °C (dec.). C, H3gN4CISbSi (531.84):
caled. C 47.42, H 7.20, N 10.53; found C 47.56, H 7.20, N 10.38.
'H NMR (25°C, CD,Cl,, 300.13MHz): 6 = 0.23 [s, 9 H,
Si(CH3)5), 1.28 (s, 9 H, p-1Bu), 1.56 (s, 18 H, 0-Bu), 7.45 (s, 2 H,
CH) ppm. IR (ATR, 25 °C, 32 scans): ¥ = 3390 (vw), 3334 (vw),
2956 (m), 2911 (m), 2859 (m), 2095 (s), 2078 (s), 1603 (m), 1484
(m), 1476 (m), 1462 (m), 1404 (m), 1391 (m), 1361 (m), 1311 (m),
1260 (s), 1254 (s), 1245 (m), 1213 (m), 1193 (m), 1170 (m), 1135
(m), 1099 (s), 1026 (w), 1019 (w), 942 (w), 923 (w), 908 (w), 896
(w), 883 (m), 851 (s), 833 (s), 769 (m), 750 (s), 731 (s), 686 (m), 671
(m), 644 (s), 634 (m), 605 (w), 580 (m), 569 (w), 540 (m) cm™'.

Compound 10: A solution of B(C¢F5); (1 mmol, 0.52 g) in CH,Cl,
(5 mL) was added at —60 °C over a period of five minutes to a
stirred solution of Mes*N(SiMe;)Sb(N3), (I mmol, 0.56g) in
CH,Cl, (10 mL). The resulting orange solution was stirred for
seven days at ambient temperature. The dark red solution was con-
centrated to about 2 mL and stored at +5°C for several hours,
which resulted in the deposition of red crystals. Removal of solvent
by syringe and drying yielded 0.51 g (0.28 mmol, 56%) of N-(6-
imino-3,5-di-fert-butyl-cyclohexa-2,4-dienyl)iminomethylstibenium
azidotris(pentafluorphenyl)borate (10) as a red crystalline solid;
m.p. 173 °C (dec.). CssHysNoBF3,Sb, (1816.26): caled. C 43.65, H
2.66, N 7.71; found C 43.32, H 2.69, N 7.50. 'H NMR (25 °C, [Dg]-
THF, 300.13 MHz): 6 = 1.16 (s, 6 H, Me), 1.28 (s, 18 H, ¢Bu), 1.44
(s, 18 H, tBu), 6.77 [d, 'J('H,'H) = 1.93 Hz, 2 H, CH], 7.03 [d,
1J('H,'"H) = 1.93 Hz, 2 H, CH], 11.81 (s, 2 H, NH) ppm. *C{'H}
NMR (25°C, [DgJTHF, 75.48 MHz): 6 = 12.77 (CHs), 28.81
[C(CHj3)3], 30.64 [C(CH3)3], 37.46 [C(CH3)5] 117.12 (CH), 127.17
(CH), 137.7 [m, 'J(})C,F) = 250Hz, Ar-CF], 139.8 [m,
1J(13C,1F) = 243 Hz, Ar-CF], 149.3 [m, 'J(13C,'°F) = 243 Hz, Ar—
CF], 151.50 (Ar-C), 164.84 (Ar-C), 166.22 (Ar-C), 169.16 (Ar-C)
ppm. "B NMR (25 °C, [Dg]THF, 96.29 MHz): § = -8.3 ppm. '°F
NMR (25 °C, [Dg]THF, 282.38 MHz): § = —-167.75 [m, 3J(*°F,'°F)
=22 Hz, 12 F, mCF], -163.53 [t, 3J(\°F,'°F) = 20.2 Hz, 6 F, p-CF],
~143.03 [d, 3J(*F,'”F) = 21.0 Hz, 12 F, 0-CF] ppm. IR (ATR,
25°C, 32 scans): v = 3347 (m), 3071 (vw), 2972 (m), 2965 (m), 2912
(w), 2879 (w), 2123 (s), 2003 (w), 1643 (m), 1624 (m), 1592 (w),
1565 (vw), 1556 (vw), 1514 (s), 1493 (m), 1461 (s), 1455 (s), 1403
(m), 1385 (m), 1372 (m), 1350 (m), 1333 (m), 1318 (m), 1275 (m),
1245 (m), 1199 (m), 1121 (m), 1091 (s), 1086 (s), 1026 (w), 1020
(w), 1012 (w), 972 (s), 927 (m), 910 (m), 890 (m), 862 (s), 838 (m),
824 (m), 802 (m), 767 (m), 756 (m), 745 (m), 733 (m), 670 (s), 665
(m), 648 (m), 617 (m), 604 (m), 593 (m), 574 (m), 534 (w) cm™ ..
Raman (250 mW, 25 °C, 1500 scans): ¥ = 3085 (1), 2973 (2), 2922
(2), 2811 (1), 2118 (1), 1624 (3), 1591 (2), 1560 (2), 1513 (10), 1400
(1), 1384 (1), 1335 (2), 1320 (1), 1267 (1), 1237 (1), 1199 (3), 1122
(1), 1086 (1), 1026 (1), 971 (1), 928 (1), 892 (1), 870 (1), 823 (1),
790 (1), 778 (1), 702 (1), 623 (2), 583 (1), 516 (2), 493 (2), 478 (1),
448 (1), 431 (1), 409 (1), 395 (1), 356 (1), 308 (1), 288 (1), 242 (1),
217 (1), 202 (1), 171 (1), 122 (2), 110 (1) cm™.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details, details of X-ray structure analysis.
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As a part of our ongoing research towards the synthesis of
chiral dendritic polyoxometalate (DENDRI-POM) hybrids
that are able to catalyze oxidation of organic substrates with
high selectivity and enantioselectivity, we have prepared an
enantiopure DENDRI-POM salt by coupling a well-defined
L-proline-derived tetrapropylammonium dendron with the
tetrakis(diperoxotungsto)phosphate [PO,WO(O,),}4]*". This
DENDRI-POM hybrid was characterized by infrared, NMR
spectroscopy, polarimetry, and elemental analysis. The data
obtained are consistent with the structure in which the tri-
anionic POM is surrounded by three L-proline-based den-
drons. This DENDRI-POM oxidized sulfides with moderate
activity and very low enantioselectivities (up to 4 %),
whereas alkenes were efficiently oxidized with up to 37 %
enantiomeric excess (ee), and good yields. Although these

ee values are still not satisfactory for practical asymmetric
synthesis, 37 % ee represents the best enantioselectivity re-
ported to date in the oxidation of organic substrate with chi-
ral POM hybrids. Studies of temperature, solvent, and cata-
lyst loading effects on the outcome of the reaction indicate
that the ee is sensitive to the nature of the solvent. Moreover,
the catalyst was recovered at low temperature and reused
while retaining its activity and enantioselectivity. These re-
sults contrast and complement our reported results in which
DENDRI-POMs based on phenylethylamine-derived ligands
efficiently oxidize sulfides with up to 14 % ee, whereas al-
kenes were not oxidized with this family of chiral POM com-
pounds. Thus, the influence of the nature of the chiral
countercation on the POM properties is again observed.

Introduction

Polyoxometalates (POMs)! are an important class of in-
organic compounds with highly interesting properties that
render them attractive candidates for potential applications
in a variety of fields such as catalysis, biology, magnetism,
optics, and medicine.>®! In this context, the construction
of enantiomerically pure inorganic—organic materials have
received much more attention due to their potential use in
the area of medicine and asymmetric catalysis.”l Among
numerous application of POMs, catalysis is by far the most
studied on account of the enormous versatility that POMs
offer in the clean synthesis of fine chemicals, including their
ability to catalyze environmentally friendly reactions. Al-
though a wide variety of chiral catalysts (including transi-
tion-metal-based complexes and organocatalysts) have been
developed for the asymmetric oxidation of organic sub-
strates with high activity and enantioselectivity,®] few of
them are based on POM clusters.[”- Among those reported
so far, dendritic structures are rare,['" although the proper-
ties of POMs such as their stability, solubility, their recycl-
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ing potential, and overall their catalytic efficiency are
closely related to the structure of the dendritic wedge. Re-
cently, we have reported a series of chiral dendritic polyoxo-
metalates (DENDRI-POMs) constructed by electrostatic
interactions between enantiopure dendritic ammonium ions
and an achiral polyanion that efficiently catalyze the asym-
metric oxidation of sulfides with up to 14% enantiomeric
excess (ee), thereby highlighting the transfer of chirality
from the dendritic wedges to the inorganic cluster.['"]
Shortly after this report, the group of Bonchio published a
report on nondendritic, optically active polyoxotungsto-
phosphonates prepared by covalent functionalization of a
Keggin-type POM with a chiral organophosphonate, which
oxidized methyl p-tolyl sulfide to the corresponding chiral
sulfoxide with up to 75% conversion and a maximum of
8% eel''l With these promising results, our attention was
turned to improve the catalytic efficiency of these hybrids,
in terms of reactivity and stereoselectivity, by tuning the
structure of the chiral dendritic countercation. Thus, we
have studied the catalytic properties of enantiopure DEN-
DRI-POM hybrids constructed by electrostatic coupling of
an achiral trianionic POM with enantiopure dendritic cat-
ions that bear one and three ammonium groups, respec-
tively.l'%) We discovered a substantial improvement in the
stability, activity, and selectivity of the oxidation of sulfides
with catalysts built with the monocationic ligand versus the
triammonium ligand, but the asymmetric induction was not
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significantly affected by this modification of the chiral
ethylamine-based dendritic structure. Being interested in the
development of highly enantioselective DENDRI-POM
catalysts, we herein report the synthesis and characteriza-
tion of an enantiopure POM salt by coupling the pyrrolidi-
nylmethanol-based dendritic cation to the Venturello poly-
anion [PO4{WO(0-),}4]*". We focused on this trianionic
POM to compare the work described in this manuscript
with that previously reported in our group.'®! This POM
hybrid was used as catalyst in the asymmetric oxidation of
aromatic alkenes with a better ee.

Results and Discussion

Preparation and Characterization of L-Proline-Derived
DENDRI-POM 7

The L-proline-derived DENDRI-POM 7 was prepared
by electrostatic assembly of the L-proline-based dendron 6
with the Venturello polyanion [PO4{WO(O,),}4]*" by treat-
ment of 6 with the commercially available heteropolyacid
H;PW,,0,, and an excess amount of hydrogen peroxide in
a biphasic medium of water and dichloromethane. To com-
pare the work described in this manuscript with that re-
ported in the literature,['” we focused on the Venturello po-
lyanion. L-2-(Hydroxydipropylmethyl)-1-{[4-(hydroxydipro-
pylmethyl)phenyl} pyrrolidine (6) was obtained from the L-
proline methyl ester 1, as summarized in Scheme 1.

The L-proline methyl ester 1 was first synthesized accord-
ing to the published method.['”l The allylation of 1 with
allylmagnesium bromide gives the enantiopure L-2-(diall-
ylhydroxymethyl)pyrrolidine 2 in 97% yield. The coupling
of 2 with methyl 4-(bromomethyl)benzoate (3) affords the
corresponding  (diallylhydroxymethyl)pyrrolidinyl-substi-
tuted methyl benzoate 4 in 94% yield. The latter was all-
ylated with allylmagnesium bromide to give the correspond-

ing tetraallyl-pyrrolidine compound 5. Attempts to prepare
the triaallyl derivative of 2 or the hexaallyl derivative of 5
by allylation of the corresponding carbinol with allyltri-
methylsilane in the presence of BF; failed. The hydrogena-
tion of 5 in the presence of Pd/C as catalyst gave the corre-
sponding tetrapropyl compound 6 in 93% yield.

All these compounds were characterized by NMR spec-
troscopy, mass spectrometry, and elemental analysis. The
data obtained are consistent with the proposed pyrrolidine-
based structure. The enantiopure DENDRI-POM salt 7
(Scheme 2) was prepared from the commercially available
Keggin heteropolyacid H3;PW,04, and the tetrapropyl-
pyrrolidine 6, in the presence of an excess amount of H,O,,
following the procedure that involves peroxide-mediated de-
composition of H;PW;,04. According to reported studies,
H;PW;,0,, is decomposed in the presence of H,O, to
form the dinuclear peroxotungstate [{WO(O,),(H,0)},O0]*
and the trianionic peroxophosphotungstate [PO4{WO-
(05),}4]3 10131 The latter reacts selectively with 6 in a bi-
phasic mixture of water and dichloromethane to give the
DENDRI-POM 7, whereas the dinuclear peroxotungstate
[{WO(0,)>(H,0)},0]* remained in the aqueous phase of
the reaction mixture and was isolated as a potassium salt
in the presence of potassium chloride. DENDRI-POM 7
was obtained as a light yellow solid in 90% yield. Spectro-
scopic studies, and infrared and elemental analysis data re-
ported for 7 are consistent with the proposed structure in
which the polyanion [PO4{WO(O,),}4]*" is surrounded
by three tetrapropyl-pyrrolidine-ammonium dendrons
(Scheme 2). Only one signal was observed in the *'P NMR
spectrum for 7 (0 = 2.85 ppm, CDCl;).

To evaluate the catalytic efficiency of DENDRI-POM 7
and demonstrate the chiroptical properties of the POM unit
in an asymmetric reaction, we have performed the oxidation
of methyl phenyl sulfide and selected alkenes in the presence
of H,0,.

0
BF/—©—<OM HO

0 OH e
/ BrMg™ \— 3 ~
C\- HCI ——— > =
” OMe  EO, H N CH4CN, iPr,NEt N 0
0°Ctort, 1h 2 30°C, 24 h \_©_<
1 97% 94% 4 OMe
s
BrMg
Et,0
0°C to 30°C, 12 h
87%
HO HO =z
H,, Pd/C ~
-
N THF, r.t, 3h N OH

Scheme 1. Synthesis of L-proline-derived dendron 6.
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Scheme 2. Synthesis of DENDRI-POM salt 7.

Catalytic Oxidation of Methyl Phenyl Sulfide and Selected
Alkenes with L-Proline-Derived DENDRI-POM 7 and
H202

To evaluate the catalytic performance of enantiopure
DENDRI-POM 7, we performed the asymmetric oxidation
of methyl phenyl sulfide 8 and selected aromatic alkenes by
using aqueous hydrogen peroxide (35%) in a biphasic mix-
ture of water and organic solvents. The results summarized
in Table 1 show that hybrid 7 catalyzed the oxidation of
methyl phenyl sulfide 8 to the corresponding methyl phenyl
sulfoxide 9 and a small amount of sulfone 10, with 100%
conversion and only 2% enantioselectivity (ee), after 2 h at
room temperature (Table 1, entry 1). Whereas the reactivity
of 7 toward methyl phenyl sulfide 8 decreased with a de-
crease in the reaction temperature to —50 °C, no significant
change in the ee value was observed (2 versus 4%, entries
1 and 2). These results contrast with our recently reported
work with a series of DENDRI-POM salts prepared from
ethylamine-based dendrons.'” These DENDRI-POM cata-
lysts efficiently oxidized sulfides to the corresponding sulf-
oxides with generally 100% conversion and up to 14% ee
after times that range from 5 to 360 min, even at low tem-
perature (—50 °C). In the work described in this manuscript,
the proline-based DENDRI-POM 7 oxidized methyl phenyl
sulfide 8 with only 73% conversion and 4% ee after 10 h at
—50 °C. These results showed once again the influence of
the structure of the cation on the properties of the POM
anion. Furthermore, optically active oxiranes represent key

Eur. J. Inorg. Chem. 2012, 833-840
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building blocks for the synthesis of fine chemicals and phar-
maceuticals.['> Thus, asymmetric epoxidation of alkenes is
an interesting alternative to the kinetic resolution of such
compounds.['® To compare the catalytic efficiency of hybrid
7 to those of DENDRI-POMs prepared from ethylamine-
based dendritic ligands described in the literature,'” we
have evaluated the performance of POM hybrid 7 in the
asymmetric epoxidation of frans-stilbene (11), o-trans-
methylstilbene (12), styrene (13), a-methylstyrene (14), and
methyl cinnamate (15) with aqueous hydrogen peroxide
(35%) under similar conditions. As shown in Table 1, the
oxidation of aromatic alkenes 11, 12, 13, and 14 with hybrid
7 gave the corresponding trans-stilbene oxide (16), a-trans-
methylstilbene oxide (17), phenyloxirane (18), and 2-
methyl-2-phenyloxirane (19) if the reaction was performed
at 50 °C.

Low substrate conversion was observed at room temp. in
the case of 11, whereas 12 led quantitatively to the corre-
sponding oxide 17 even at room temperature. An enantio-
meric excess (ee) of 37 and 11% was respectively obtained
in the oxidation of 11 and 12 (Table 1, entries 3-6). Interest-
ingly, the enantioselectivity was not dependent upon the re-
action temperature, contrary to the oxidation of sulfides.
Compounds 13 and 14 were inert at room temp. However,
significant substrate conversion was obtained by heating the
reaction mixture to 50 °C, unfortunately with almost no
enantioselectivity (ee values up to 2% were obtained; en-
tries 8 and 10). Compound 15 was totally inert under the
experimental conditions used. Thus, epoxide 20 was not ob-
tained, even by increasing respectively the reaction tempera-
ture above 50 °C, the reaction time and the catalyst concen-
tration (entries 11 and 12). It is clearly shown in Table 1
that the enantioselectivity depends on the nature of the sub-
strate. Whereas the oxidation of 11 gave the corresponding
epoxide 16 with 37% ee and 44% yield at room temp. in
48 h, 12 was quantitatively oxidized to epoxide 17 in 24 h,
but with low ee (11%). The same trend was observed in the
oxidation of 13 and 14, as the latter was slightly more reac-
tive than 13, but with very low ee (entries 7-10). In ad-
dition, 15, which bears a withdrawing substituent on the
alkene group, is not oxidized under these conditions (entries
11 and 12). These results indicate that the reaction kinetics
and enantioselectivity in the oxidation of alkenes with hy-
brid 7 and H»O, are controlled by the electronic structure
and the bulkiness of the alkene. These results are in agree-
ment with those reported by Beller’s group in the asymmet-
ric epoxidation of aromatic alkenes with iron-based cata-
lysts and H,0,.'81 Beller has demonstrated that the
enantioselectivity in alkene epoxidation is controlled by ste-
ric and electronic factors. The mechanism that operates in
our system is in agreement with an electrophilic oxygen
transfer, as previously observed for oxidation reactions with
DENDRI-POM salts of the Venturello ion,' as 12 is a
more nucleophilic and more reactive substrate than 11, 13,
14, and 15.

To evaluate the influence of the polarity of solvents on
the reaction kinetics and the enantioselectivity, we exam-
ined the oxidation of 11 by POM hybrid 7 in chloroform,
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Table 1. Catalytic oxidation of methyl phenyl sulfide 8% and representative aromatic alkenes!® by proline-derived DENDRI-POM 7,

using H,O..
O
Oy P 2
Ph” “Me * Ph” M
10 9
o Ph Ph” e C,
SR — &%, _cogMe
~7 8 ) .-
Ph " Ph™  op
(S,5)-16 .y
L-proline-derived — »00:Ms
dendritic-POM hybrid (7) Ph
H,0,, CDCl3 15
S
o
o Ph p— 2
7% _ph 13 Ph
14 Ph
Ph o (R)}-19
(S,9)17 A
Ph
(R)}-18
Entry Substrate T [°C] ¢ [h]te Conv. [%]l Products ee [Yo]©
1 8 . 2 100 9 (83); 10 (17) 211
2 50 10 73 9 (70); 10 (3) 40
3 11 It 48 44 16 37 (S.5)
4 50 48 100 37 (S,S)
5 12 rt 24 97 17 11 (S.8)
6 50 24 100 11
7 13 r.t. 72 0 18 -
8 50 72 76 1 (R)
9 14 r.t. 72 0 19 -
10 50 48 89 2 (R)
11 15 r.t. 72 0 20 -
12 50 72 0 -

[a] Reaction conditions: catalyst (0.4 mol-%), substrate (250 equiv.), 35% H,0O, (800 equiv.), CDCI; (1 mL). [b] Reaction conditions: cata-
lyst (I mol-%), substrate (250 equiv.), 35% H,O, (800 equiv.), solvent CDCl; (1 mL). [c] Reactions were monitored by 'H NMR spec-
troscopy. [d] Conversion determined from the relative intensities of the "H NMR spectroscopic signals of the substrate and the product.
[e] Enantiomeric excess determined by chiral HPLC using a Chiralcel ASH column, UV detection (254 nm), eluting with hexane/2-
propanol (9.5:0.5) at a flow rate of 0.5 mLmin'.['*! [f] Enantiomeric excess determined by chiral HPLC using a Chiralcel ASH column,
UV detection (254 nm), eluting with hexane/2-propanol (1:1) at a flow rate of 0.5 mLmin '.['7]

dichloromethane, toluene, acetonitrile, acetone, and tetra-
hydrofuran in the presence of H,O, at 50 °C. For better
comparison, the reaction time (48 h) and the catalyst con-
centration (1 mol-%) were kept constant for all experiments.
As detailed in Table 2, it is noteworthy that the nature of
the solvent has a dramatic effect on the reaction kinetics
and the ee values. In CH;CN, acetone, and THF, for exam-
ple, no oxidation of 11 to the corresponding epoxide 16
occurred (entries 4-6). However, in CDCl;, CH,Cl,, and
toluene, 11 was oxidized to epoxide 16 with conversions
that ranged from 43 to 100% and ee values that ranged
from 19 to 37% (Table 2, entries 1-3).

The reaction seemed to be favorable in less polar and
noncoordinating solvents. It becomes apparent that out of
all solvents evaluated in the oxidation of sulfides and al-
kenes with POM hybrid 7, the reaction in CDCl; was found
836
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to be accelerated to some extend compared with that in
CH,(Cl, and toluene, and the ee was increased from 19 and
28 %, respectively, in CH,Cl, and toluene, to 37% in CDCl,
(Table 2, entries 1-3).

We also investigated the influence of the catalyst concen-
tration on the reaction kinetics and ee values. Thus, 11 was
oxidized with hybrid 7 in chloroform in the presence of
H,0, at 50°C. The results, which are summarized in
Table 3, showed that increasing the catalyst concentration
increased the reaction kinetics without affecting the ee. At
a low catalyst concentration (0.4 mol-%), no substrate con-
version was observed after 96 h at 30 °C, whereas only 14%
conversion was obtained after 48 h at 50 °C (Table 3, entries
1 and 5). By using 2 mol-% of catalyst, the conversion was
complete after 48 h at 50 °C (entry 7). In all cases, the ee
value of epoxide 16 (37%) was not affected by the catalyst

Eur. J. Inorg. Chem. 2012, 833-840
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Table 2. Effects of solvents on yield and ee values of (S,S)-16.[41

____Pn [a] 7, Ph
Ph” T Ph”
11 (S,S)-16
Entry Solvent Conv. [%]®] ee [Yo]
1 CDCl; 100 37 (S,S)
2 CH,Cl, 71 19 (S.S)
3 toluene 43 28 (S.S)
4 CH;CN 0 _
5 acetone 0 -
6 THF 0 -

[a] Reaction conditions: catalyst (1 mol-%), substrate (250 equiv.),
35% H,0, (800 equiv.), solvent (1 mL). [b] Conversion determined
from the relative intensities of the '"H NMR spectroscopic signals
of the substrate and the product. [c] Enantiomeric excess deter-
mined by chiral HPLC using a Chiralcel ASH column, UV detec-
tion (254 nm), eluting with hexane/2-propanol (9.5:0.5) at a flow
rate of 0.5 mLmin '.[14

concentration. Increasing the catalyst loading from 2 to
5 mol-% did not increase significantly the reaction kinetics
(entries 3 and 4), which is an interesting feature in terms of
the development of environmentally friendly processes.

Table 3. Effects of catalyst concentration on the reaction efficiency
and ee values of (S,S5)-16.[4

____Pn [a] ,.s\\o’q Ph
Ph” e Ph”
1 (S,5)-16

Entry Cat. [%] TI[°C] ¢ [h]® Conv. [%]€T ee [%]d]
1 0.4 30 96 0 -
2 1 48 8 37
3 2 48 44 37
4 5 48 53 37
5 0.4 50 48 14 37
6 1 48 53 37
7 2 48 100 37

[a] Reaction conditions: catalyst, substrate (250 equiv.), 35% H,O,
(800 equiv.), solvent (1 mL). [b] Reactions were monitored by 'H
NMR spectroscopy. [c] Conversion determined from the relative in-
tensities of the "H NMR spectroscopic signals of the substrate and
the product. [d] Enantiomeric excess determined by chiral HPLC
using a Chiralcel ASH column, UV detection (254 nm), eluting
with hexane/2-propanol (9.5:0.5) at a flow rate of 0.5 mL min'.l'4]

By varying the oxidant/substrate ratio, no significant
change was observed in either the reaction kinetics and the
enantioselectivity. It thus appears that the best reaction
conditions identified up to now to achieve a high yield and
a maximum ee in the oxidation reactions with POM-based
catalysts are the oxidation of 11 to the corresponding 16,
with 2 mol-% of L-proline-based dendritic hybrid 7, a ratio
of 1:3.2 substrate/hydrogen peroxide, and 1 mL of CDCl,
at 50 °C. It is interesting to note that all the reactions per-
formed did not proceed in the absence of POM catalyst
when carried out under similar conditions. In addition, the
L-proline-derived ligand 5 and its hydrochloride salt
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(5-HCI) were found to be inert in oxidation reactions under
similar conditions. Thus the presence of the polyoxomet-
alate unit is essential to the catalytic activity.

Catalyst Recovery and Reutilization

A significant advantage of dendritic catalysts is that they
can be easily separated from substrates and product
through precipitation due to the solubility properties of
these macromolecules. Therefore, four catalytic cycles were
performed at room temperature and at 50 °C to test the
stability of the L-proline-based DENDRI-POM 7 in the
oxidation of 11 with 1 mol-% of catalyst and H,O,. The
catalyst was recovered by precipitation after each catalytic
cycle and checked by 'H and *'P NMR spectroscopy before
a new catalytic experiment was performed. At room tem-
perature, trans-stilbene 11 was oxidized without any dis-
cernible loss in activity and enantioselectivity over at least
four cycles, whereas at 50 °C, the conversion (34 to 15%)
and the isolated yield (62 to 21%) of the recycled catalyst
decreased significantly after the first cycle. The 3'P NMR
spectrum of the recovered catalyst showed the appearance
of new peaks at 0 = —0.2 and —16.1 ppm, thus indicating a
structural change of the polyanion. This structural change
is probably due to the decomposition of the POM unit at
50 °C. It was noticed, however, that the decomposition of
the catalyst did not affect the ee value of 37%.

Conclusion

In the quest for efficient enantioselective POM-based cat-
alysts, we have designed and synthesized an L-proline-de-
rived enantiopure ligand and assembled it with the Ven-
turello trianion [PO4{WO(O,),}4]*" by electrostatic interac-
tion. This DENDRI-POM oxidized methyl phenyl sulfide
with low activity and very low ee (up to 4%), whereas aro-
matic alkenes were efficiently oxidized to the corresponding
oxirane with up to 37% ee. These results are not compar-
able with those previously reported in our group, in which
DENDRI-POM salts based on the Venturello anion and
enantiopure phenylethylamine-derived dendrons oxidized
phenyl methyl sulfide with better activity and ee (up to
14%), whereas alkenes were not oxidized with this family
of POM catalysts.[' Although the enantioselectivity (37 %)
of the reaction is still not satisfactory for practical asym-
metric synthesis, to the best of our knowledge, this ee value
represents the best enantioselectivity obtained up to now
with POM-based frameworks in enantioselective transfor-
mations. To improve this ee value by varying the reaction
parameters, we found that, in contrast to the reaction tem-
perature, the nature of the solvent could dramatically influ-
ence the ee of the reaction. These new results complement
our previous work and clearly confirm that some key pa-
rameters in catalysis with POMs, such as activity, selectivity,
and enantioselectivity, can be improved by modifying the
local environment of polyanions. Further studies are being
carried out in our laboratory.
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Experimental Section

General: Reagent-grade THF and diethyl ether were predried with
Na foil and distilled using sodium—benzophenone under argon im-
mediately before use. Acetonitrile (CH;CN) was stirred under ar-
gon overnight over phosphorus pentoxide, distilled from sodium
carbonate, and stored under argon. Methylene chloride (CH,Cl,)
was distilled from calcium hydride just before use. All other chemi-
cals were used as received. The 'H, 13C, 3'P NMR spectra were
recorded at 25°C with a Bruker AC 250 FT spectrometer ('H:
250.13 MHz; '3C: 62.91 MHz) and a Bruker AC 200 FT spectrome-
ter (*H: 200.16 MHz; '3C: 50.33 MHz; 3'P: 81.02 MHz) at CES-
AMO (Bordeaux, France). All chemical shifts are referenced to
Me,Si (TMS). Mass spectra were performed by the CESAMO with
a QStar Elite mass spectrometer (Applied Biosystems). The instru-
ment is required to have an ESI source, and spectra were recorded
in the positive mode. The electrospray needle was maintained at
4500 V and operated at room temperature. Samples were intro-
duced by injection through a 10pL sample loop into a
200 uLmin~! flow of methanol from the LC pump. Elemental
analyses were performed at the Vernaison CNRS center at Lyon-
Villeurbanne (France). The infrared spectra were recorded in KBr
pellets with a FTIR Paragon 1000 Perkin-Elmer spectrometer un-
less otherwise indicated. Organic oxidation products were identified
by correlation to authentic samples.

L-2-(Diallylhydroxymethyl)pyrrolidine (2): In a Schlenk tube, allyl
bromide (4.2 mL, 5.90 g, 48.61 mmol) was slowly added to a mix-
ture of magnesium (1.40 g, 58.33 mmol) in anhydrous diethyl ether
(25 mL) cooled to 0 °C. Then a solution of L-proline methyl ester!!?!
(1, 1.61 g, 9.72 mmol) in anhydrous diethyl ether (10 mL) was
added to the reaction mixture at 0 °C. The mixture was stirred for
1 h at room temperature. Then a solution of 6 M NH,4Cl (25 mL)
was added to the reaction mixture. The product was extracted with
diethyl ether (3 X30mL) and dried with sodium sulfate. The sol-
vent was removed under vacuum and the product was purified by
silica gel column chromatography and eluted with petroleum ether/
diethyl ether (9:1 v/v) to give compound 2 as colorless oil in 97%
yield (1.71 g). 'TH NMR (200.16 MHz, CDCl;, TMS): 6 = 5.90—
5.82 (m, 2 H, CH=CH,), 5.12-5.06 (m, 4 H, CH=CH,), 3.16-3.09
(m, 1 H, CH), 2.99-2.90 (m, 2 H, CH,-N), 2.67 (br., 2 H, OH and
NH), 2.40-2.07 (m, 4 H, CH,~CH=CH,), 1.79-1.69 (m, 4 H, CH,)
ppm. *C NMR (50.33 MHz, CDCl;, TMS): 6 = 134.0 (CH=CH,),
117.6 (CH=CH,), 73.4 (Cq-OH), 63.7 (CH-N), 46.4 (CH,-N),
42.8 (CH,), 40.3 (CH,), 25.6 (CH,~CH=CH,) ppm. MS (ESI): m/z
= 182.10 [M + H]*; found 182.29. C;HoNO: caled. C 72.88, H
10.56; found: C 72.67, H 10.44. [a]¥ = —-114.0 (¢ = 102 gmL,
CHCl).

Methyl L-4-[2-(Diallylhydroxymethyl)pyrrolidin-1-yllbenzoate (4): A
mixture of L-proline diallyl carbinol 2 (0.95 g, 5.24 mmol), methyl
4-(bromomethyl)benzoate 3 (1.60 g, 6.81 mmol), and N,N-diisopro-
pylethylamine (0.88 g, 6.81 mmol) in CH;CN was stirred for 24 h
at 30 °C. After removal of the solvent under vacuum, the residue
was extracted with diethyl ether, washed with water, and dried with
sodium sulfate. The solvent was removed under vacuum and the
product purified by silica gel column chromatography and eluting
with petroleum ether/diethyl ether (7:3 v/v). Compound 4 was ob-
tained as a colorless oil in 94% (1.62¢g) yield. '"H NMR
(200.16 MHz, CDCl;, TMS): 6 = 7.98 (d, 3Jyyu = 6.88 Hz, 2 H,
Har), 7.41 (d, 3Jyn = 6.75Hz, 2 H, Har), 5.91-5.84 (m, 2 H,
CH=CH,), 5.13-5.03 (m, 4 H, CH=CH,), 3.88 (dd, Jyu =
12.08 Hz, 2 H, CH,-N), 3.89 (s, 3 H, O-CH3), 2.91-2.82 (m, 2 H,
CH and CH,-N), 2.67 (br., 2 H, OH and NH), 2.36-2.32 (dm, 4
H, CH, CH=CH,), 2.19-2.17 (m, 1 H, CH,-N), 1.88-1.81 (m, 2
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H, CH,), 1.72-1.69 (m, 2 H, CH,) ppm. 3C NMR (50.33 MHz,
CDCl;, TMS): 6 = 166.9 (C=0), 145.9 (Cq, Ar), 134.1 (d, 'Jey =
23.06 Hz, CH=CH,), 129.6 (CH, Ar), 128.6 (Cq, Ar), 127.8 (CH,
Ar), 117.9 (CH=CH,), 75.8 (Cq-OH), 70.2 (CH-N), 62.3 (CH>-
N), 54.1 (CH,-N), 51.9 (O-CHj;), 41.0 (CH,-CH=CH,), 27.2
(CH,), 24.8 (CH,) ppm. MS (ESI): m/z = 330.21 [M + H]*; found
330.45. C,0H»7NOs5: caled. C 72.92, H 8.26; found: C 72.47, H 8.02.
[a]) = -136.5 (¢ = 102 gmL"!, CHCI5).

Tetraallyl-Pyrrolidine Compound 5: In a Schlenk tube, allyl brom-
ide (0.40 mL, 0.56 g, 4.64 mmol) was slowly added to a mixture of
magnesium (0.135g, 5.57 mmol) in anhydrous diethyl ether
(10 mL) cooled to 0 °C. Then a solution of methyl benzoate deriva-
tive 4 (0.61 g, 1.86 mmol) in anhydrous diethyl ether (5 mL) was
added to the reaction mixture at 0 °C. The mixture was stirred for
12 h at 30 °C. A solution of 6 M NH4CI (15 mL) was then added
to the reaction mixture. The product was extracted with diethyl
ether (3X15mL), and dried with Na,SO,. The solvent was re-
moved under vacuum, and the product was purified by silica gel
column chromatography and eluted with petroleum ether/diethyl
ether (9:1 v/v). Compound 5 was isolated as colorless oil in 87%
(617 mg) yield. '"H NMR: § = 7.36-7.29 (m, 4 H, Har), 5.99-5.81
(m, 2 H, CH=CH,), 5.70-5.57 (m, 2 H, CH=CH,), 5.13-5.01 (m,
8 H, CH=CH,), 3.82 (dd, 2Jiz iz = 11.31 Hz, 2 H, CH,-N), 2.88-
2.69 (m, 2 H, CH and CH,-N), 2.71-2.51 (dm, 4 H, CH,—
CH=CH,), 2.49-2.33 (m, 1 H, CH,-N), 2.34-2.18 (dm, 4 H, CH»—
CH=CH,), 1.89-1.84 (m, 2 H, CH,), 1.71-1.67 (m, 2 H, CH,) ppm.
13C NMR (50.33 MHz, CDCl;, TMS): § = 144.4 (Cq, Ar), 138.6
(Cq, Ar), 134.2 (CH=CH,), 133.4 (CH=CH,), 127.9 (CH, Ar),
125.2 (CH, Ar), 119.0 (CH=CH,), 117.7 (CH=CH,), 75.6 (Cq—
OH), 74.9 (Cq-OH), 70.1 (CH-N), 62.4 (CH,-N), 55.0 (CH,-N),
46.7 (CH,-CH=CH,), 41.0 (CH,-CH=CH,), 27.2 (CH,), 24.8
(CH,) ppm. MS (ESI): m/z = 382.27 [M + H]*; found 382.57.
C,5H3sNO,: caled. C 78.70, H 9.25; found C 78.54, H 8.89. [a]®) =
~140.0 (¢ = 102 gmL"!, CHCI).

Tetrapropyl-Pyrrolidine Compound 6: Pd/C catalyst (10%) was
added to a solution of 5 (0.52 g, 1.36 mmol) in THF (20 mL) in a
thick-walled tube capped with a Young stopcock. The tube was
flushed, pressurized with hydrogen, sealed, and stirred at room
temperature for 3 h. The solvent was removed under vacuum. The
residue was extracted with diethyl ether and filtered through Celite.
The solvent was removed under vacuum and the product was puri-
fied by chromatography on a silica gel column and eluted with
petroleum ether/diethyl ether (4:6 v/v). Compound 6 was obtained
as colorless oil in 93% (493 mg) yield. '"H NMR (200.16 MHz,
CDCl;, TMS): 6 = 7.33 (s, 4 H, Har), 3.78 (dd, 3Jy i = 11.31 Hz,
2 H, CH,-N), 2.90-2.79 (m, 3 H, CH and CH,-N), 2.51-2.49 (m,
1 H, CH,-N), 1.86-1.72 (m, 6 H, CH,), 1.70-1.65 (m, 2 H, CH,),
1.55-1.52 (m, 2 H, CH,), 1.37-1.28 (m, 8 H, CH,), 1.12-1.10 (m,
2 H, CHyp), 091 (t, 3Jyu = 7.90 Hz, 6 H, CH3;), 0.85 (t, *Jypu =
5.98 Hz, 6 H, CH;3) ppm. '*C NMR (50.33 MHz, CDCl;, TMS): 6
= 145.1 (Cq, Ar), 138.3 (Cq, Ar), 127.8 (CH, Ar), 125.1 (CH, Ar),
76.9 (Cq—OH), 75.6 (Cq—OH), 70.2 (CH-N), 62.8 (CH,-N), 54.9
(CH,-N), 45.2 (CH,), 38.5 (CH,~CH-CH,), 27.2 (CH,), 24.9
(CH,), 17.0 (d, CH,), 16.7 (CH,), 14.9 (d, CH3), 14.4 (CH3) ppm.
MS (ESI): m/z = 390.34 [M + H]*; found 390.63. C,sH;35NO,:
caled. C 77.07, H 11.12; found C 76.89, H 11.19. [a]¥ = —-135.5 (¢
=102 gmL"!, CHCl;).

Enantiopure Dendritic POM Hybrid 7: H,O, (4.6 mL, 35% in
water) was added to a solution of commercial heteropolyacid
H;PW 5,04, (0.098 mmol) in water. The mixture was stirred at
room temperature for 30min. A solution of 6 (100 mg,
0.256 mmol) in CH,Cl, (5 mL) was added, and the mixture was
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stirred for 30 min. The CH,Cl, layer was washed with water and
dried with sodium sulfate. The product was obtained by removing
the solvent under vacuum to give a yellow solid in 90% (204 mg)
yield. '"H NMR (200.16 MHz, CDCls, TMS): 6 = 7.32 (br,, 12 H,
Har), 4.32 (br., 6 H, CH,-N), 3.64 (br., 6 H, CH,-N), 3.28 (br., 3
H, CH-N), 2.32 (br., 6 H, CH,), 2.11 (br., 12 H, CH,), 1.82 (br.,
18 H, CH,), 1.31 (br., 24 H, CH,), 0.91 (br., 6 H, CH,), 0.88 (br.,
36 H, CH3) ppm. '3C NMR (50.33 MHz, CDCl3, TMS): 6 = 148.9
(Cq, Ar), 131.3 (CH, Ar), 126.7 (Cq, Ar), 126.2 (CH, Ar), 76.9
(Cq-OH), 74.2 (Cq—OH), 74.0 (CH-N), 60.3 (CH,-N), 54.8 (CH,—
N), 45.0 (CHy), 37.7 (d, CH,-CH=CH,), 26.3 (CH,), 23.5 (CH.,),
16.6 (CH,), 16.4 (d, CH,), 14.4 (d, CH3), 14.2 (CH;) ppm. 3'P
NMR (121.49 MHz, CDCl;): 6 = 2.85 (PO,) ppm. FTIR (KBr
plates): ¥ = 2965.7 (s), 1461.8 (m), 1114.7 (m, P-O), 1083.6 (m, P—
0), 954.9 (s, W=0), 839.5 (m, O-0). C75sH;3,N303,PW,: caled. C
38.79, H 5.73, P 1.33, W 31.67; found C 39.43, H 6.03, P 1.29, W
32.01. [a]¥ = —112.4 (¢ = 102 gmL"!, CHCl;).

General Procedure for the Catalytic Oxidation Reactions with Den-
dritic POM 7 and for the Catalyst Recovery Experiment: The POM
catalyst and the substrate (250 equiv.) were dissolved in solvent
(I mL). An aqueous solution of H>O, (35% in water) was added
to the reaction mixture at the appropriate temperature. The latter
was stirred and monitored by '"H NMR spectroscopy. Upon com-
pletion of the reaction, the organic layer was separated and concen-
trated under vacuum to about 0.2 mL. The catalyst was precipi-
tated by addition of Et,O (5 mL). The solid was filtered, washed
with diethyl ether (3 X 1 mL), and dried under vacuum to yield the
POM catalyst as a white solid, which was analyzed by 'H and 3'P
NMR spectroscopy before its use in a new catalytic experiment.
The diethyl ether solution was evaporated under vacuum, and the
oxidized product was purified by chromatography on a silica gel
column [petroleum ether/diethyl ether (1:9 v/v)]. The enantiomeric
excesses were determined by chiral HPLC using a Chiralcel ASH
column, UV detector (254 nm), and eluting with hexane-2-propa-
nol (1:1) in the case of methyl phenyl sulfide (8) and (9.5:0.5) in
the case of alkenes, at a flow rate of 0.5 mLmin!. The catalyst was
recovered following the typical procedure and conditions described
above for the first cycle. The organic solvent and the reactants were
adjusted to the amount of the catalyst used.

Supporting Information (see footnote on the first page of this arti-
cle): NMR and IR spectra of compounds 4, 5, 6, and 7.
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Neutral and Anionic Antimony(III) Species Supported by a Bicyclic
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Bicyclic guanidine 1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-
a]pyrimidine (hppH) was investigated as a source of anionic
or neutral ligand at antimony. Reaction of the in situ gener-
ated lithium guanidinate with SbCl; in a 1:1 or 2:1 ratio forms
the expected metathesis products Sb(hpp),Cls_, (1, n =1; 2,
n = 2). The molecular structures of 1 and 2 were determined
by X-ray diffraction, which shows chelating guanidinates
and suggests the presence of a stereochemically active lone

pair of electrons. The reaction of two equivalents of the neu-
tral guanidine hppH with SbCl; proceeds via proton transfer
between the hpp fragments, affording the ion pair
[hppH;][Sb(hpp)Cls] (3), where [Sb(hpp)Cl3]~ is an unusual
example of a monometallic antimonate(Ill) anion. The mo-
lecular structure of 3 shows hydrogen bonding between two
of the chlorides and the NH functionalities of the guanid-
inium cation.

Introduction

We have a long-standing interest in the application of
bicyclic guanidines as neutrall and anionic® ligands at
main group and transition metal centres. Much of our work
has focussed on the {6:6}-fused system, hppH (1,3,4,6,7,8-
hexahydro-2 H-pyrimido[1,2-a]pyrimidine), during which
time we have noted a diverse range of coordination modes
(Figure 1). In addition to the bidentate coordination A, typ-
ical for acyclic guanidinate derivatives,®! constraining the
nitrogen substituents of the amidine component into the
six-membered heterocycles promotes a number of bridging
modes B-G incorporating two,* threel*#:31 or fourl#h-46l

FO FO C\O Q\ﬁ

A B Cc D

L) Gh) G
Mé\ ;VI1
MZ

LV .V
E F G

Figure 1. Reported bonding modes for the bicyclic guanidinate de-
rived from 1,3,4,6,7,8-hexahydro-2 H-pyrimido[1,2-a]pyrimidine
(hppH).
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metals. The propensity for bridging has been explained in
terms of a wide (parallel) projection of the nitrogen donor
orbitals in [hpp] . This contrasts with the situation in acy-
clic anions in which steric interactions between the nitrogen
substituents force these orbitals to point towards the
“mouth” of the ligand (Figure 2).

LYy, & iR
-

N = N
Qo 2
e Acyclic
hpel guandinate

Figure 2. Schematic representation of the orbital projection in
[hpp] and a generic acyclic guanidinate anion, [R,NC{NR'},] .

Within groups 13 and 14, the chemistry of the [hpp]
anion has focussed mainly on the lighter elements boron!”
and silicon.® The corresponding coordination chemistry of
aluminium,™¥ gallium™*! and tin™4 has shown a tendency
for the ligand to adopt a bridging B-type coordination (Fig-
ure 1), although both A and B coordination have been
noted for Sn'.[*d We were curious to see whether coordi-
nating the [hpp] anion to a larger metal ion would favour
chelation (A-type bonding) and targeted antimony(III)
compounds to determine whether this would be the case
[effective ionic radii: AP+ 0.535A, Ga3* 0.62 A, Sb**
0.76 A1

Earlier publications describing amidinate complexes of
antimony in the +3['%1 and +5 oxidation states!'!l were
mainly restricted to structural reports. More recently atten-
tion has focussed on the coordination chemistry of anti-
mony(I1I) (Figure 3),['?1 with interest primarily derived
from the ability of such ligands to support low-oxidation-
state metals.'?®! We report herein our preliminary studies
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into the application of [hpp]™ as a ligand at Sb'!, including
the crystal structure of an unanticipated ionic species con-
sisting of a guanidinium cation and an antimonate(III)
anion.

R "
N R N
Ngp-C! N
R ! sb .
_<§I/S\b N'R' H 5\‘/ , \N/R
g 4 <
R g N-R
R =Ph; R'= SiMes R=R'=iPr
R R
N RN
R—~(sb N—~(Tsb
NG R NI Y™x
/ Cl /X
R R

R =Ph; R'=SiMe;
R =tBu; R'=Pr, Cy, Ar
R =nBu; R'=iPr

R=Cy; R'=Ar; X=CI, |

Figure 3. Examples of structurally characterized Sb™-amidinate
and —guanidinate compounds (Ar = 2,6-iPr,CsHj).

Results and Discussion

i) nBulLi
N ii) SbClg ¢ N
N A N N_<g /Slb\m
X L Cl

i) nBuLi

i)) 0.5 SbCly )
0.5 SbCl;
cl
cl
\ © | )
N—Sb=Cl-~H=N é/\N~3b«N
sy L
L/ N
3 2

Scheme 1. Synthesis of Sb(hpp),Cls,, (1, n = 1; 2 n = 2) and
[hppHo|[Sb(hpp)Cl3] (3).

spectra are consistent with a symmetrical environment for
the guanidinate ligand in each compound.

The X-ray crystal structure of compound 1 (Tables 1 and
2) confirmed the formulation as the monomeric dichloride
Sb(hpp)Cl, (Figure 4a). The geometry at the metal may be
described as highly distorted trigonal bipyramidal, the axial
positions defined by CIl and N2 and a stereochemically

Table 2. Selected bond lengths [A] and angles [°] for 1.

The 1:1 reaction of in situ generated Li[hpp]*" with one Sb-N1 2.060(6) Sb-N2 2.244(7)
. Sb-Cl1 2.587(2) Sb-CI2 2.414(2)
equivalent of SbCl; gave colourless crystals of Sb(hpp)Cl, ;1 1.332(9) Cl-N2 1.341(9)
(1) upon work-up (Scheme 1). The analogous procedure (C1-N3 1.345(10)
with 0.5 equiv. of anitimony(IIl) chloride afforded the NI-Sb-N2 61.3(2) N1-Sb-Cll 85.79(17)
bis(guanidinate) complex Sb(hpp),Cl (2). Three resonances N1-Sb-CI2 96.3(2) N2-Sb-Cll 146.90(16)
for the annular methylene groups in the 'H and '3C NMR N2-Sb-CI2 89.77(19) ClI-Sb-Cl2  90.57(7)
Table 1. Crystal structure and refinement data for Sb(hpp)Cl, (1), Sb(hpp),Cl (2) and [hppH,][Sb(hpp)Cl;] (3).
1 2 3

Empirical formula C7H12C12N3Sb C14H24C1N65b C14H26C13N(,Sb
M, 330.85 433.59 506.51
T [K] 173(2) 173(2) 173(2)
Crystal size [mm] 0.10X0.05 %X 0.01 0.24x0.14x0.08 0.15x0.10x0.10
Crystal system monoclinic monoclinic triclinic
Space group P2,/n (alternative No.14) P2,/c (No. 14) P1 (No. 2)
a[A] 9.3783(8) 12.0687(5) 7.8127(2)
b [A] 8.1401(8) 8.3115(3) 8.5487(2)
c[A] 13.8748(10) 16.9864(8) 14.8964(4)
a[°] 90 90 100.132(2)
B 99.636(5) 100.511(2) 91.754(1)
7 [°] 90 90 97.835(2)
V(A3 1044.26(16) 1675.30(12) 968.73(4)
VA 4 4 2
dearea, [Mgm 3] 2.10 1.72 1.74
Absorption coefficient [mm ] 3.11 1.81 1.85
0 range [°] 3.50 to 26.02 1.72 to 27.48 3.49 to 25.99
Reflections collected 8878 10016 13137
Independent reflections 2049 [R,: = 0.101] 3797 [Rin: = 0.049] 3797 [Rin: = 0.030]
Reflections with 7>2c([) 1617 3176 3513
Data/restraints/parameters 2049/0/118 3797/0/199 3797/0/225

Final R indices [/>20(])]
Final R indices (all data)
GooF on F? )
Largest diff. peak/hole [e A3]

R, = 0.060, wR, = 0.146
R, = 0.077, wR, = 0.158
1.098

2.43 and ~1.728

R, = 0.030, wR, = 0.083
R, =0.044, wR, = 0.112
1.195

1.34 and -1.84

R, = 0.021, wR, = 0.047
R, = 0.024, wR, = 0.048
1.090

0.40 and —0.46

[a] Near Sb.
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active lone pair of electrons occupying an equatorial posi-
tion (Figure 5a). The Sb—N and Sb-Cl distances support
this with shorter bonds to the proposed equatorial atoms
and longer bonds to the corresponding axial atoms [Sb—
Nleg 2.060(6) A vs. Sb-N2(,, 2.244(7)A; Sb-Cl2(
2.414(2) A vs. Sb-Cll .y, 2.587(2) A]. The repulsive influ-
ence of the lone pair and acute bite angle of the guanidinate
[N1-Sb—N2 61.3(2)°] cause a large reduction of the N2-Sb—
Cl1 angle from its ideal linear arrangement to 146.90(16)°.
Within the CNj core of the guanidinate, the C-N distances

(b)

Figure 4. (a) Thermal ellipsoid plot (30% probability) of 1; (b)
schematic diagram showing the association of 1 into edge-shared
dimers.

Ccl1 cl Cl
Cl2:, . | N1 N1y, .

Sb—s  N4wu, o\ Sb—s
N1 / '\&//Sb\ > ( N‘}f’/
N2 N5 N2 N2’K—N5

1 2-Oh 2-tbp

N)\\N <> N)\\N <> N)’\N

| / N/ N

Sb Sb Sb

1 Il I
Figure 5. Top: geometries at antimony for (a) compound 1 and (b,

¢) alternatives for compound 2. Bottom: localized and delocaliza-
tion descriptions of bonding in the Sb(hpp) fragment.
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are identical (within experimental uncertainty), suggesting
efficient delocalization.

The degree of aggregation of antimony compounds in-
corporating amidinate and guanidinate anions varies con-
siderably with the steric profile of the ligand and the solvent
from which the compound is crystallized (i.e., whether solv-
ate molecules are included in the crystal lattice). For exam-
ple, the bulky amidinate and guanidinate compounds
Sb(RC{NR'},)Cl, (R’ = Ar; R = Bu,l'>l Cy,NI?b)) the
former of which crystallizes as the bis(chloroform) solvate,
are monomeric in the solid state. In contrast, when R = rBu
and R’ = iPr or Cy,l'">! or R = Ph and R’ = SiMej,,[!0%]
the molecules are linked by a single intermolecular Sb+-Cl
contact to generate corner-bridged polymeric structures.
Compound 1 has two symmetry-related Sb--Cl contacts
[Sb++Cl 3.240 A] that generate an edge-shared dimer (Fig-
ure 4b), as noted in Sb(nBuC{NiPr},)Cl,.['>*] These inter-
molecular contacts may contribute to the elongation in the
Sb-Cl1 bond length described above.

The crystal structure of 2 (Figure 6, Tables 1 and 3)
shows a monomeric, five-coordinate antimony centre with
chelating [hpp] ligands and a terminal chloride ligand. The
angles at the metal range from the small bite of the guanidi-
nates [57.32(10)° and 60.47(11)° for C1 and C8 ligands,
respectively] to 141.64(8)° for CI-Sb—N5. The latter value is
close to that proposed for the trans-equatorial substituents
distorted by lone-pair repulsions and chelation in 1. A sim-
ilar metal geometry was observed for the bis(amidinate)
compound Sb(PhC{NSiMes},),CL!%! in which the metal

Figure 6. Thermal ellipsoid plot (30% probability) for 2.

Table 3. Selected bond lengths [A] and angles [°] for 2.

Sb-N1 2.057(3) Sb-N2 2.526(3)
Sb-N4 2.151(3) Sb-N5 2.209(3)
Sb-Cl 2.6831(9) CI-NI1 1.353(5)
C1-N2 1.322(5) CI1-N3 1.355(5)
C8 N4 1.340(4) C8-N5 1.328(4)
C8-N6 1.345(4)

NI1-Sb-N2 57.32(10) NI1-Sb-N4 95.33(11)
NI1-Sb-N5 91.01(11) NI1-Sb-Cl 83.38(9)
N2-Sb-N4 131.44(11) N2-Sb-N5 79.17(10)
N2-Sb-Cl 126.39(7) N4-Sb-N5 60.47(11)
N4-Sb-Cl 82.20(8) N5-Sb-Cl 141.61(8)
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was described as having distorted octahedral geometry with
a “stereochemically strongly effective lone electron pair”;
this description may be applied to the geometry of 2 (2-Oh,
Figure 5b).

An alternative description for the geometry of 2 is a dis-
torted trigonal bipyramidal geometry (2-tbp, Figure 5¢) in
which N2 is only loosely coordinated to the antimony cen-
tre. Evidence for this comes from a very long Sb—N2 bond
[2.526(3) A] compared to the remaining Sb-N distances in
2 [2.057(3)-2.209(3) A] and those in 1. We also note local-
ization of m-electron density in the N1-C1-N2 component
of the [hpp] ligand, indicated by long CI-N1 and short
C1-N2 bonds [1.353(5) and 1.322(5) A, respectively]. This
is consistent with a large contribution from localized bond-
ing of the I/I' type previously noted for amidinates in five-
coordinate aluminium systems.['3] The n-bonding in the
other guanidinate ligand shows a similar, although less pro-
nounced, trend.

In addition to using the [hpp] anion as a ligand in coor-
dination chemistry, the neutral guanidine, hppH, also serves
as an effective N-donor ligand.*">-141 The typical bonding
mode is by lone-pair donation from the imine nitrogen to
an available orbital on the metal centre. For metal halide
compounds, this interaction may be strengthened by intra-
molecular hydrogen bonding to the halide atom (Figure 7).
Many bis(N-donor ligand) adducts of antimony(III) chlor-
ide are known, including, for example, those of 1,4-diaza-
butadiene,!'>! bipy,['® 1,2-bis(aryl-imino)acenaphthene,!”]
4-phenylpyridine!'® and 2,6-dimethylaniline.'”! We there-
fore investigated the use of hppH as a neutral N-donor li-
gand with antimony(III) chloride as the metal reagent.

oo
M5

Figure 7. Coordination of a neutral hppH guanidine at a generic
metal halide fragment showing stabilization by intramolecular hy-
drogen bonding.

The reaction between two equivalents of hppH and
SbCl; afforded colourless crystals of 3 after the appropriate
work-up (Scheme 1). The crystals were insoluble in com-
mon NMR spectroscopic solvents but dissolved in [Dj]-
acetonitrile, enabling spectroscopic analysis. Key features
include a broad resonance at 7.57 ppm with a relative inte-
gral of 2H in the '"H NMR spectrum, as well as two reso-
nances at 159.2 and 152.5 ppm (corresponding to the CNj3
carbon atom) in the '3C{'H} NMR spectrum. These data
indicate two different ligand environments and suggest that
one may be associated with a guanidinium component as
the low-field resonance in the proton NMR spectrum is
typical for the NH atoms of the [hppH,]* cation.l?]

X-ray diffraction analysis (Figure 8, Tables 1 and 4)
showed that 3 consists of the hydrogen-bonded ion pair
[hppH,][Sb(hpp)Cls]. This salt may be considered as the net
result of a proton transfer between hppH molecules to af-
844
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ford the cation [hppH,]* and the anion [hpp], the latter
of which coordinates to SbCl;. Mechanistic details of this
reaction are not known.

Figure 8. Thermal ellipsoid plot (30% probability) of 3.

Table 4. Selected bond lengths [A] and angles [°] for 3.

Sb-N1 2.2602(17) Sb-N2 2.0756(17)
Sb-Cl1 2.5932(6) Sb-CI2 2.6570(6)
Sb-CI3 2.5906(6) CI-NI1 1.320(3)
CI-N2 1.357(3) CI-N3 1.337(3)
C8-N4 1.337(3) C8-N5 1.338(3)
C8-N6 1.3313)

NI1-Sb-N2 61.00(6) N1-Sb-Cl1 87.00(5)
NI-Sb-CI2  96.72(5) NI-Sb-CI3  144.33(5)
N2-Sb-Cll  93.50(5) N2-Sb-Cl2  84.51(5)
N2-Sb-CI3  84.82(5) ClI-Sb-CI2  174.225(19)
ClI-Sb-CI3  85.108(19) C2-Sb-CI3  89.31(2)

The [Sb(hpp)Cls] anion is an unusual example of a mo-
nometallic antimonate(III) anion. The propensity for hal-
ides to bridge in anionic antimonate systems has strong
grounding in the literature. Although [SbCl,]” was structur-
ally described as early as 1970,1>! close contacts (less than
4.0A, the sum of the van der Waals radii) to additional
chloride ions are frequently encountered in the solid state.
The most common description of this unit is an octahe-
drally coordinated antimony within a polymeric chain
bridged by chloride ions.”?! Both the bromide and the
iodide systems are known as isolated octahalodianti-
monate(I1) ions, [X3Sb(u-X),SbX5> (X = Br,[?3 [P4),
Substitution by phenyl groups in the anions form the
[Cly(Ph)Sb(p-Cl),Sb(Ph)Cl,]*>~ dimer for the monophenyl
anion, and the monomer is only formed for the diphenyl
derivative [SbCL,Ph,]".*°! This system is further compli-
cated by reports of [Cl;(Ph)Sb(u-Cl)Sb(Ph)Cl;]*~ as a bi-
metallic trianion, which retains a single chloride bridge.[?%!
It appears that the formation of two strong hydrogen bonds
to the [hppH,]* cation is sufficient to prevent the anion
from dimerizing through the chlorides in 3.

Considering a lone pair lying in the plane between N1
and CI3, the geometry of Sb is best considered as distorted
octahedral, with CI1 and CI2 trans to one another [Cl11-Sb—
Cl12 174.225(19)°] and a typically small bite angle for the
[hpp] anion [N1-Sb-N2 61.00(6)°]. The difference in Sb—
N bond length [Sb-N1 2.2602(17) A, Sb-N2 2.0756(17) A]

Eur. J. Inorg. Chem. 2012, 841-846
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is reflected in a shorter C1-N1 [1.320(3) A] relative to C1-
N2 [1.357(3) A] and is consistent with a large contribution
from the localized form of n-bonding (I/I', Figure 5).1'3]

The [hppH,]* cation forms hydrogen bonds to Cll and
Cl13, with intermolecular Cl---HN distances of 2.51 and
2.52 A, respectively. The C-N bond lengths within the core
are equivalent (within 30), indicating effective delocaliza-
tion of the positive charge. Similar hydrogen bonding be-
tween [hppH,]* and metal halide anions have been recorded
for [CuCl,J> 2" and [TaClg].1*®

Conclusions

In summary, we have demonstrated that the large size of
the Sb3* ion enables the [hpp]~ anion to bond through both
available nitrogen atoms as a chelating ligand. The structure
of both 1 and 2 indicate the presence of a stereochemically
active lone pair, which, in addition to the narrow bite angle
of the chelating guanidinate anion(s), generates highly dis-
torted metal geometries. We have also shown that simple
adduct formation with neutral hppH does not readily occur,
the preferred mode of reactivity involving salt formation to
afford a rare monometallic five-coordinate antimonate(I1I)
anion.

Experimental Section

General Procedures: All manipulations were carried out under dry
nitrogen with standard Schlenk line and cannula techniques or in
a conventional nitrogen-filled glovebox. Solvents were dried with
appropriate drying agents and degassed prior to use. NMR spectra
were recorded by using a Bruker Avance DPX 300 MHz spectrome-
ter at 300.1 ("H) and 75.4 (3C{'H}) MHz or a Varian VNMRS
500 MHz spectrometer at 500.1 ('"H), 125.4 ("*C{'H}) MHz. Pro-
ton and carbon chemical shifts were referenced internally to resid-
ual solvent resonances. Elemental analyses were performed by S.
Boyer at London Metropolitan University. Compounds hppH and
SbCl; were purchased from Sigma-Aldrich and used as received.

Sb(hpp)Cl, (1): nBuLi in hexanes (1.8 mmol, 0.7 mL, 2.6 M) was
added dropwise to solution of hppH (0.252 g, 1.8 mmol) in THF
at —78 °C. The resultant mixture was warmed to ambient tempera-
ture and stirred for 1 h, after which time full conversion to the
lithium salt was assumed. The “hppLi” solution was added to
SbCl; (0.413 g, 1.8 mmol) in THF (ca. 20 mL) at —78 °C to obtain
a colourless solution. The solution was warmed to ambient tem-
perature for 1h, after which time a dark grey precipitate had
formed. The volatiles were removed under vacuum, and the prod-
uct was extracted with CH,Cl,. Yield 0.13 g, 22.3%. X-ray crystal-
lographic quality crystals were obtained by slowly cooling a hot
(ca. 70 °C) toluene solution to room temperature. C;H;>CI,N;Sb
(330.85): caled. C 25.41, H 3.66, N 12.70; found C 25.49, H 3.53,
N 12.86. '"H NMR (500 MHz, CDCl;, 303 K): 6 = 3.43, 3.23, 2.03
(m, 8 H, hpp-CH,) ppm. *C{'H} NMR (125 MHz, CDCl;,
300 K): 0 = *, 46.0, 39.9, 23.6 (hpp-CH,) ppm; * resonance for
CNj; not observed.

Sb(hpp),Cl (2): Compound 2 was made by using the same synthetic
procedure as that described for 1, with hppH (0.648 g, 4.9 mmol), a
solution of nBuLi in hexanes (5.0 mmol, 2.0 mL, 2.5 M) and SbCl;
(0.560 g, 2.5 mmol). The product was isolated as a white powder
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that was purified by crystallization from THF at -20 °C. Yield
0.40 g, 37%. C4H,4CINGSb (433.59): caled. C 38.78, H 5.58, N
19.38; found C 38.67, H 5.61, N 19.30. '"H NMR (500 MHz,
CDCl3, 303 K): 0 = 3.33 (m, 8 H, hpp-CH>), 3.11 (m, 8 H, hpp-
CH,), 1.91 (m, 8 H, hpp-CH,). 3C{'H} NMR (125 MHz, CDCl;,
300 K): 0 = *, 46.3, 40.6, 23.8 (hpp-CH,) ppm; * resonance for
CNj not observed.

[hppH,][Sb(hpp)Cl;] (3): A solution of hppH (0.50 g, 3.6 mmol) in
THF (ca. 30 mL) was added dropwise to a solution of SbCl;s
(0.41 g, 1.8 mmol) in THF (ca. 25 mL). A cloudy white precipitate
formed, which coagulated to a gummy solid over a period of 1 h.
Warming this mixture to approximately 60 °C and filtering af-
forded a colourless filtrate that was allowed to cool slowly to room
temperature, affording colourless crystals 3. Yield 0.19 g, 21%.
C4H,4C13NgSb (506.51): caled. C 33.19, H 5.17, N 16.59; found C
33.25, H 5.08, N 16.48. 'TH NMR (300 MHz, CD;CN, 300 K): § =
7.57 (br. s, 2 H, hppH,), 3.22 (m, 16 H, hpp-CH,), 1.92 (m, 8 H,
hpp-CH>) ppm. *C{'H} NMR (75 MHz, CD;CN, 300 K): § =
159.2, 152.5 (CN3), 47.1 (br), 40.7, 38.7, 24.1, 21.3 (hpp-CH,) ppm.

Crystallographic Data Collection and Refinement Procedures: De-
tails of the crystal data, intensity collection and refinement for
complexes 1, 2 and 3 are presented in Table 1. Crystals were cov-
ered in an inert oil, and suitable single crystals were selected under
a microscope and mounted on a Kappa CCD diffractometer. Data
was collected at 173(2) K with Mo-K,, radiation at 0.71073 A. The
structures were refined with SHELXL-97.1>]

CCDC-848242 (for 1), -848243 (for 2) and -848244 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccde.cam.ac.uk/data_request/cif.
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Anhydrous LnCl; was treated with [LiiPrNC(HNiPr)N-
(CeHyp-Cl)] and nBuli at a molar ratio of 1:2:2 in THF to
afford heterometallic Ln-Li chlorides stabilized by two di-
anionic guanidinate ligands [{(iPrN),C[NLi(THF)3(CgHyp-
Cl)]}oLn(p-Cl,)Li(THF),]-nTHF [Ln = La (1), Nd (2) n = 2; Sm
(3), Yb (4), Y (5) n = 3] in good vyields. Treatment of the
chlorides with NaOiPr and KOtBu yielded the corresponding
isopropoxides [{[(iPTN),CN(CgH4p-Cl)Li],(DME)(LiCl)Ln-
(O1Pr),)]*{(Li(DME)3)*],-3CsH, 4 [Ln = Nd (6), Sm (7), Yb (8),
Y (9); DME = 1,2-dimethoxyethane] and tert-but-
oxides  [{(iPrN),C(NCsH,p-Cl)Li(DME)(LiCl)},Ln(OtBu),| -
[Li(DME)3]*-0.5CgH;4 [Ln = Nd (10), Yb (11)]. Attempts to

synthesize the corresponding amide and guanidinate com-
plexes by treating 2 with LINHCgH; and [LiiPrNC(HNiPr)-
N(CgHs)] led to the isolation of guanidinate lithium,
[LiiPrNC(HNiPr)N(CgH,p-Cl)(THF)], (12). Addition of di-
isopropylcarbodiimide (iPrN=C=NiPr) into the reaction sys-
tem of trisguanidinate lanthanide complex [{iPrNHC(NiPr)-
(NCgHyp-Cl)}3Yb(THF)] and nBuli led to the preparation of
the first heterometallic Yb-Li complex with a novel biguanid-
inate ligand [{iPrTNHC(NiPr)N(CsHyp-Cl)},Yb{(iPrNC(NiPr),)-
N(CgHyp-C1)C(iPrN)}Li(THF)]-THF (13). The molecular struc-
tures of 1-3 and 6-13 were determined by X-ray crystal struc-
tural analysis.

Introduction

Monoanionic guanidinato ligands are one of the most
attractive non-cyclopentadienyl (Cp) ancillary ligands in co-
ordination and organometallic chemistry of lanthanide
metalst! as they have the advantages of being easy to access
and flexibile in electronic and steric demands by variation
of substituents on the nitrogen atoms. Various lanthanide
complexes that contain Ln—H,?! Ln—C,3] Ln—-N,* and Ln—
OBl bonds were stabilized by guanidinate ligands and
proven to be efficient precatalysts in a series of homogen-
eous catalyses.>>! Among these guanidinate ligands,
N,N',N"'-trialkyl guanidinate ligands should be particularly
interesting, as the presence of a second N-H function in
these species provides the capability of producing dianionic
guanidinate ligands by deprotonation of the N-H bond.
The introduction of a dianionic guanidinate ligand into a
metal coordination sphere may make the complex take on
a unique conjugated m system by means of delocalization
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of the lone pairs on the sp>-hybridized nitrogen centers,
which may lead to different binding modes. Moreover, the
application of a dianionic guanidinato ligand may also pro-
vide a convenient route to homo- and heteromultimetallic
complexes. A series of main- and transition-metal com-
plexes including homo- and heteromultimetallic complexes
have been stabilized by dianionic guanidinate ligands.[%] In
contrast, the application of these dianionic guanidinate li-
gands in organolanthanide chemistry has been limited to
date. The first lanthanocene dianionic guanidinate com-
plexes were reported by Zhou’s group in 2007.171 Later, they
reported the synthesis of heterobimetallic lanthanide-lith-
ium complexes with the formula [Cp,Ln{(CyN),CNPh}-
Li(THF);] and the reactivities of Li-N bonds in these com-
plexes toward various electrophiles.!®) In the same year, we
reported the synthesis and molecular structures of hetero-
multimetallic lanthanide and lithium complexes that bore
three  dianionic  guanidinate ligands, [{Li(THF)-
(DME)}sLn {p-n?n! (iPrN),C(NCeHp-Cl)} 5] (DME = 1,2-
dimethoxyethane), by the reaction of trisguanidinate lan-
thanide [{iPrNHC(NiPr)(NCsH4p-Cl)};Ln] with nBulLi,
and their catalytic activity in the amidation reaction of al-
dehydes with amines under mild conditions, in which they
served as excellent precatalysts.’*l The activity of these
heterometallic dianionic guanidinate complexes is much
higher than that of the corresponding monoguanidinate
lanthanide complexes.°?!

It is well known that the guanidinate chlorides of lantha-
nides are important precursors to a series of corresponding

@WILEY g
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derivatives that contain Ln-active groups.”>! However, no
dianionic guanidinate chlorides of lanthanides have been
reported up to now. Thus, we tried to synthesize hetero-
metallic dianionic guanidinate chlorides of lanthanides and
lithium to address whether the chlorides could be stabilized.
Fortunately, the chlorides with the formula [{(iPrN),C-
[NLi(THF);(C4H4p-CD)]}»Ln(p-Cl,)Li(THF),]-»THF [Ln =
La (1), Nd (2) n =2; Sm (3), Yb (4), Y (5) n = 3] could be
prepared in high yields by the metathesis reaction of LnCls
with lithium guanidinate and nBuLi in a 1:2:2 molar ratio,
and these chlorides could be used as precursors for the syn-
thesis of the corresponding isopropoxide [{[(iPrN),-
CN(C4¢Hyup-Cl)Li],(DME)(LiCl)Ln(OiPr),},]*> [{Li-
(DME)3} ,3CeH 4 [Ln = Nd (6), Sm (7), Yb (8), Y (9)]
and  fert-butoxide  [{(iPrN),C(NCsHyp-Cl)Li(DME)-
(LiCl)},Ln(O¢Bu),] [Li(DME);]*+0.5C¢H 4 [Ln = Nd (10),
Yb (11)] complexes. However, attempts to synthesize the
corresponding amide complex [(NHCgH5)Nd{p-
121" (NiPr),CNLi(CcHup-Cl)},] and guanidinate complex
[{(NHiPr)iPrNCN(C¢H,p-Cl)} Nd {pu-1n2,n!(NiPr),CNLi-
(CsHyp-CI)},] by the reaction of 2 with LINHCgH and [Li-
iPrNC(HN/Pr)N(C¢Hs5)], respectively, were not successful,
and the same guanidinate lithium [Li/PrNC(HNPr)-
N(C¢Hyp-CD)] (12) was isolated for both reactions. An ad-
dition of diisopropylcarbodiimide (iPrN=C=N;Pr) into the
reaction system of trisguanidinate lanthanide complex
[Yb{iPrNC(HNiPr)N(CsH4p-Cl)}3] and nBulLi led to the
preparation of a heterometallic Yb-Li complex with a novel
biguanidinate ligand [{{PrNHC(NiPr)N(C¢Hyp-Cl)},Ln-
{(iPrNC(NiPr),)N(CgH4p-C)C(iPrN)} Li(THF)]-THF (13)
and prevented the formation of 12. Herein we report the
results.

(1) 2 nBuLi
2 [LiiPrNC(HN/Pr)N(CgH4p-Cl)] >
(2) LnCl3, THF

(1) nBulLi

LiiPrNC(HN/Pr)N(CgH,p-Cl
[LTPANC(HNIPIN(CsHap-CI — s

Scheme 1. Synthesis of complexes 1-5.
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Results and Discussion

Synthesis and Molecular Structure of [{(ZPrN),C[NLi-
(THF)3(CH 4p-CD)]},Ln(p-Cl,) Li(THF),|-#n THF [Ln = La
(1),Nd(2)n=2;Sm (3), Yb @), Y 5) n = 3]

The synthesis of the heterometallic dianionic guanidinate
chloride of lanthanide and lithium complexes was at-
tempted by use of [(NC¢H,p-Cl)C(NiPr),]> as a dianionic
guanidinate ligand, due to the fact that complexes with this
ligand showed higher activity than those with phenyl guani-
diante.’®l Treatment of anhydrous LaCl; with two equiva-
lents of [Li,(NCgHyp-Cl)C(NiPr),], which was formed in
situ by treatment of [LiIHN(CgH4p-Cl)] with diisopropylcar-
bodiimide (iPrN=C=N;Pr) in THF, and nBuLi at a 1:1:1
molar ratio afforded a clear colorless solution. Removal of
the THF solvent, washing the residues with cold hexane,
and crystallization from a mixture of THF and hexane solu-
tions at 0 °C gave the product as colorless crystals in 85%
yield. Full characterization of the crystals including an X-
ray crystallography analysis indicated that the crystals were
anionic heterometallic chlorides [{(iPrN),C[NLi(THF);-
(C¢Hyp-CD]},La(p-ClL)Li(THF),-2THF (1) (Scheme 1).
The formation of 1 indicates that both the La—Cl and the
Li-N active species in 1 coexist and no further metathesis
reaction between them could occur. By this procedure, the
analogous complexes with other lanthanide metals [{(iPrN),-
C[NLi(THF)3(C4Hp-C)]}»Ln(p-Cl,)Li(THF),] [Ln = Nd
(2), Sm (3), Yb (4), Y(5)] were also synthesized in good
yields (Scheme 1). However, an attempt to synthesize either
neutral or anionic bis(chloride) complexes [(iPrN),CNLi-
(THF);3(CsHyp-Cl)LnCl,]  and/or [(iPrN),CNLi(THF)s-

Eur. J. Inorg. Chem. 2012, 847-858
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(CsHyp-C)LnCly(LiCI)(THF),] by changing the molar ra-
tio of the reactants failed; only the anionic monochloride
complexes were isolated in a rather low yield (Scheme 1).
The empirical formula of 1-5 was confirmed by elemen-
tal analysis, infrared (IR) spectroscopy, and NMR spec-
troscopy for 1 and 5. The N=C=N stretch of the parent
carbodiimide (2117 cm™!) disappeared, whereas a C=N
stretch at approximately 1630 cm ' is observed in the IR
spectra of each complex, thereby suggesting that the 1 elec-
trons within the double bonds of the N-C-N linkage are
delocalized. The 'H and '*C NMR spectra of the diamag-
netic complexes 1 and 5 in C4DgO at 25 °C showed the ex-
pected sets of resonances of the dianionic guanidinate moi-
ety. X-ray structural determination of 1-3 demonstrated

European Journal
of Inorganic Chemistry

ion (Lil, Li2). The coordination geometry around each Li
ion (Lil and Li2) is a tetrahedron by one nitrogen atom
and the additional three oxygen atoms from the three THF
molecules. The coordinated dianionic guanidinate groups
and the lanthanide atoms form essentially four-membered
planes with the sum of the angles 359.9(8)° for Nd [N1-
Nd1-N2, 54.8(3)°; C1-NI1-Ndl1, 97.2(3)°; CI-N2-Ndl,
95.9(7)°; N1-C1-N2, 111.9(5)°], 359.8(6)° for La [N1-Lal—
N2, 53.6(1)°; C1-N1-Lal, 97.3(9)°; C1-N2-Lal, 95.5(8)°;
N1-CI1-N2, 113.2(8)°], and 359.9(4)° for Sm [N1-Sm1-N2,

Table 1. Selected bond lengths [A] and angles [°] for complexes 1—
3.

(3 29 k3 M 1 2 3
El(ljatH the;& S}rf ihe( egi: ) ]f'(();l"ﬁllgﬁs [{GPrN),CINL(THF);- 5 4 lengths
- n(p- i .
6 4P 2L S . Lnl-CI3 2.871(2) 2.818(3) 2.770(3)
Complexes 1 and 2 crystallize in the monoclinic space Lnl_Cla 2.883(2) 2.833(4) 277003)
group P2,c with four molecules in the unit cell, whereas [ ,1-N1 2:466(4) 2:402(8) 2:408(7)
complex 3 crystallizes in the orthorhombic space group Lnl-N2 2.500(4) 2.441(7) 2.353(7)
Pba2 with two molecules in the unit cell. The molecular Lnl-N4 2.453(4) 2.390(7) 2.408(7)
structures of 1-3 are shown in Figure 1; they are quite sim- Iﬂﬁl:cl\lls %g;ggg; %gzig; fgggg;
ilar. The selected l?onq lengths and angles are listed i.n N2_Cl 1:346(6) 1:335(1) 1:348(9)
Table 1. As shown in Figure 1, 1 and 2 have a monomeric  N3-C] 1.406(6) 1.395(1) 1.391(1)
structure and possess two asymmetrical chlorido bridges. N6-C26 1.393(6) 1.393(1) 1.391(1)
There are two THF molecules in the unit cell of 1 and 2, N3-Lil 1.983(1) 2.00(2) 1.990(1)
whereas there are three THF molecules in that of 3. The No i 1.99306) 2.002) 1.990C1)
coordination sphere around each central metal is composed =~ Bond angles
of four nitrogen atoms from the two dianionic guanidinate CI3-Lnl-Cl4 78.73(6) 79.8(1) 81.1(9)
ligands and two bridged chloro atoms to form a distorted ~NI-Lnl-N2 53.6(1) 54.8(3) 55.8(2)
octahedron. The {(iPrN),C[NLi(THF);(CsH,p-Cl)]}>Ln Ejiﬁtﬁf 15()3391((11)) 156‘582((33)) 1505680((22))
mo.iety is .bondecli thfough tvyo chlorido bridges to a lithium  \;1_ 11_N5 1041 ) 105:0(3) 106:0(2)
cation (Li3), which in turn is bonded to two oxygen atoms  Cl-Lnl-C26 119.8(1) 120.6(3) 120.7(2)
of two THF molecules. The third nitrogen atom of each  CI3-Li3-Cl4 102.1(9) 101.7(1) 100.1(1)
guanidinate (N3, NO6) lies outside of the coordination N2*518N1 113-3(4) 1%28(2) 1%20(7)
sphere of the lanthanide metal and bonds to one lithium N4-C26-N5 13.0(4) 110.5(8) 112.007)
e
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Figure 1. ORTEP diagram of the molecular structures of complexes 1-3 [Ln = La (1), Nd (2), Sm (3)]. Thermal ellipsoids are drawn at

the 30% probability level and hydrogen atoms are omitted for clarity.
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55.7(6)°; C1-N1-Sml, 94.9(3)°; C1-N2-Sml, 97.1(8)°; N1-
C1-N2, 112.0(7)°]. The bond angles of N1-Lnl-N2 and
N4-Lnl1-N35 are equal to 54.8(4)° for Nd, 53.7(0)° for La,
and 55.7(6)° for Sm, which are similar to those found in
the monoanionic guanidinate complexes reported.['” The
average distances of Li-N in 1-3 [1.987(5) A for 1,
2.000(2) A for 2, and 1.990(1) A for 3] are consistent with
those found in lithium amides!!'! but somewhat shorter
than those in lithium guanidinate.!'?l The average bond
lengths of Ln—Cl are 2.877(2) A for 1, 2.825(8) A for 2, and
2.770(4) A for 3, which are comparable to those in
[{(SiMe3),NC(NiPr),},Ln(u-ClL,Li(THF),] (Ln = Yb
[2.619(1) A] and Nd [2.840(7) A] when the different ionic
radii were considered.[?a-3d-13.14]

Synthesis and Molecular Structure of [{|(/PrN),CN-
(CeH4p-CLil,(DME)(LiCl) Ln(OiPr),},]* [{Li(DME)3} *],:
3CeHy4 [Ln = Nd (6), Sm (7), Yb (8), Y (9)]

To see whether this kind of chloride could be used as
the precursors as the monoanionic guanidinate lanthanide
chlorides,>3131 the reaction of 2 with NaOiPr (1 equiv.) was
tried. The reaction went smoothly, after workup, to afford
the product as light blue crystals in a rather low yield
(23%). Elemental analysis, IR spectra, and an X-ray single-
crystal structure analysis demonstrated the crystals to be an
ion-pair  complex  [{[(iPrN),CN(C¢H4p-Cl)Lil,(DME)-
(LiCI)NdA(OiPr),} 5> [{Li(DME)3} "1,*3C¢H 4 (6). The exis-
tence of the cations Li, not the cations Na, should be attrib-
uted to the substitution of the Na* by the Li*, which is
often observed in the preparation of anionic organolan-
thanide complexes.'®) The yield of complex 6 can be im-
proved to 58% by increasing the amount of NaOiPr (to

Cl

2 equiv.) and an addition of LiCl (2 equiv.). The analogous
complexes 7-9 could also be prepared as crystals by the
reactions of the corresponding complexes 3-5 with NaOiPr
[Scheme 2, Equation (1)].

Complexes 6-9 were characterized by elemental analysis,
IR spectroscopy, and 'H and '*C NMR spectroscopy for 9.
The 'H and '3C NMR spectra of 9 in C¢Dg at 25 °C show
the expected sets of resonances for the dianioinc guanidin-
ate ligands and the isopropoxide groups. Complexes 7-9
crystallized as three hexane-solvated crystals, which was
further confirmed by X-ray single-crystal structural deter-
minations.

Complexes 6-9 are sensitive to air and moisture and sol-
uble in THF, DME, and slightly soluble in n-hexane. The
molecular structures of 6-9 are shown in Figure 2; they are
isostructural. Selected bond lengths and angles are given in
Table 2.

As shown in Figure 2, each of them is composed of a
discrete dianion [{[(iPrN),CN(CgHp-Cl)Li],(DME)(LiCl)-
Ln(OiPr),},]* and two cations [Li(DME);*],. In the anion,
two units of {[(iPrN),CN(C¢Hyp-Cl)Li],(DME)(LiCl)-
Ln(OiPr),} are connected by two bridged OiPr groups and
two bridged nitrogen atoms from one of the dianionic guan-
idinate groups of each unit. There are three hexane mole-
cules in the unit cell. The anion can be roughly viewed as a
tricyclic structure.

Each central Ln atom in the dianion coordinates to four
nitrogen atoms from the two dianionic guandinate ligands
and two oxygen atoms from OiPr groups to adopt a dis-
torted octahedral geometry. Each four-membered ring Ln—
N-C-N is almost a plane. The Ln—-N bond lengths vary
from 2.420(7) to 2.589(8) A for 6, 2.398(5) to 2.529(5) A for
7, 2.305(5) to 2.424(6) A for 8, and 2.350(5) to 2.467(5) A

NaOzPr THF EMD‘LI N\
N\Ll’l/N N / D Li-D A
(235) — > 12 N,< SRS AN 7— ] [LiDME);1,** ()
cr®/ O\Ll——N )\ ju—a
(Ln: Nd (6), Sm (7) ,Yb (8),Y(9))
Cl
cl
- >/ \(
o~1{ = \Ln/ T 0/ [Li(DME);] *
KO?Bu, THF 1 N ' } @
- | A I Yo
DME el

C¢HsNHLi, THF

or [iPrNC(HN:Pr)N(C4H;)Li],THF
Scheme 2. Synthesis of complexes 6-12.
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SLi— O \L1’C1
% )V (Lo= Nd(lO),Yb(ll))

> [LiiPetNC(HNiPr)N(C¢H,p-C1)(THF)], (12) + unisolable product (3)
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Figure 2. ORTEP diagram of the structures of the anionic part in complexes 6-9 [Ln = Nd (6), Sm (7), Yb (8), Y (9)]. Thermal ellipsoids
are drawn at the 30% probability level and hydrogen atoms are omitted for clarity.

Table 2. Selected bond lengths [A] and angles [°] for complexes 6—

9.

6 7 8 9
Bond lengths
Lnl-O1 2.256(7) 2.226(4) 2.163(5) 2.163(5)
Lnl-02 2.255(6) 2.237(5) 2.144(6) 2.178(5)
Lnl-Nl1 2.589(8) 2.529(5) 2.415(6) 2.457(6)
Lnl-N2 2.420(7) 2.398(5) 2.305(5) 2.350(5)
Lnl-N4 2.564(6) 2.523(5) 2.424(6) 2.467(5)
Lnl-N5 2.489(6) 2.451(5) 2.348(6) 2.389(6)
NI1-C1 1.375(1) 1.381(7) 1.364(8) 1.359(8)
N2-Cl1 1.363(1) 1.360(9) 1.361(7) 1.368(9)
N3-Cl1 1.391(1) 1.374(7) 1.379(8) 1.382(8)
N6-C14 1.364(1) 1.378(7) 1.389(9) 1.394(8)
NI1-Lil 2.084(1) 2.085(1) 2.091(1) 2.085(1)
N4-Li2 2.040(2) 2.050(1) 2.061(1) 2.044(1)
N6-Li3 1.991(2) 1.987(1) 1.987(1) 1.986(1)
Bond angles
O1-Ln1-02 106.3(3) 105.2(2) 99.6(2) 100.3(2)
O1-Lnl-N2 96.0(2) 95.6(2) 97.2(2) 96.8(2)
02-Lnl-N2 102.4(3) 102.2(2) 101.2(2) 101.4(2)
O1-Lnl-N5 100.2(2) 100.8(2) 101.1(2) 101.4(2)
N2-Lnl-N5 150.3(3) 150.8(2) 150.5(2) 150.0(2)
O1-Lnl-N1 79.0(2) 79.4(1) 81.8(2) 81.4(2)
02-Lnl-N1 156.4(2) 156.9(2) 158.1(2) 157.3(2)
N2-Lnl-N1 54.0(2) 54.8(1) 57.0(2) 56.1(2)
N5-Lnl-N1 105.0(2) 104.7(2) 102.9(2) 103.6(2)
O1-Lnl-N4 153.0(2) 154.2 (2) 156.9(2) 156.2(2)
02-Lnl-N4 78.3(2) 78.4(2) 81.0(2) 80.5(2)
N2-Lnl-N4 109.2(2)  108.7(1)  105.42)  106.4(2)
N5-Lnl-N4 52.9(2) 53.6(1) 105.4(2) 54.8(2)
N1-Lnl-N4 107.7(2) 107.5(2) 106.2(2) 107.1(2)
NI1-C1-N2 112.7(7) 111.8(5) 117.7(6) 112.1(5)
N5-C14-N4 113.1(6) 112.6(5) 112.9(7) 112.9(6)

for 9, and the average distances [2.5161(7) A for 6,
2.475(7) A for 7, 2.373(5) A for 8 and 2.416(3) A for 9] are
almost consistent when the differences in ion radii among
them are considered.['¥l The values can also be compared
with those reported for analogues.'” The C-N bond
lengths in the dianionic guanidinate ligands differ only
slightly from each other [1.363(1)-1.381(7) A for 6,
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1.360(9)-1.389(9) A for 7, 1.361(7)-1.389(9) A for 8, and
1.359(8)-1.394(8) A for 9], thereby reflecting electron delo-
calization within the NCN units. The average Ln—-O bond
length for each complex is longer than those found for the
terminal Ln-O distances.[32:®]

Primary results demonstrated that 6-9 can serve as ef-
ficient initiators for the ring-opening polymerization of &-
caprolactone (e-CL) at 20 °C with the active sequence of 9
< 8 <7 < 6, which is often observed in various lanthanide
initiator systems. All the systems gave the polymers with a
monomodal molecular-weight distribution and the rather
narrow molecular-weight distribution index. Taking 7 as an
example, the polymerization of ¢-CL at a molar ratio of &-
CL/7 of 3000 in toluene at 20 °C gave the polymer in a
quantitative yield after 2 h. The M, and M, /M, (molecu-
lar-weight distribution index) of the resulting polymer are
22.71 X 10* and 1.59, respectively.

Synthesis and Molecular Structures of [{(iPrN),C(NCsH4p-
CHLi(DME)(LiCl)},Ln(O7Bu),| [Li(DME);3]*-0.5C¢H ;4 [Ln
= NNd (10) and Yb (11)]

The success in the synthesis of the isopropoxide com-
plexes encouraged us to expand to the synthesis of fert-bu-
toxide complexes. Treatment of complex 2 with KOrBu
(1 equiv.) in THF at 25 °C led to a blue solution from which
light blue crystals were isolated in 17% yield by crystalli-
zation from a mixture of DME and hexane. The crystals
were characterized by an X-ray crystal structure analysis to
be an ion-pair zert-butoxide complex of Nd/Li supported
by dianionic guanidinate ligands [{(iPrN),C(NCsH4p-Cl)-
Li(DME)(LiCl)},Nd(O¢Bu),] [Li(DME);]*-0.5CsH;4 (10).
Clearly the shortage of KO7Bu and LiCl led to the low
yield. Indeed, increasing the amount of KOrBu to two
equivalents and an addition of LiCl (2 equiv.) resulted in an
increase of the yield to 48%. The lower yield than that of
complex 6 may be attributed to the better solubility of 10
than that of 6. The analogous Yb complex 11 was also pre-
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pared by the reaction of 4 with KOsBu (2 equiv.) and LiCl
(2equiv.) in THF at 25°C [Scheme 2, Equation (2)].
Attempts to synthesize a neutral heterometallic zerz-butox-
ide of Ln/Li have not been successful. This may be because
of the existence of oxophilic Li metals in these molecules.

Complexes 10 and 11 are soluble in THF and DME, and
sparingly soluble in n-hexane. Complexes 10 and 11 are iso-
structural and their molecular structures are shown in Fig-
ure 3. Selected bond lengths and angles are given in Table 3.
Both of them are composed of a discrete anion [{(iPrN),-
C(NC¢Hyp-Cl)Li(DME)(LiCl)},Ln(OzBu),] and a cation
[Li(DME)s]*. There are 0.5 hexane molecules in the unit
cell. The anion can be roughly viewed as a bicyclic structure
(Lnl, N1, N3, Li2, CI2, Lil, Ol; and Lnl, N4, N6, Li4,
Cl4, Li3, O2 rings).

The coordination sphere around each Ln center is com-
pleted by four nitrogen atoms from the two dianionic guani-
dinate ligands and two oxygen atoms of the O7Bu group to
form a distorted octahedron. The O2 from the O7Bu group
and N1 from one of the dianionic guanidinate ligands oc-
cupy the axial positions. The O2-Ln-NI1 angles are
161.5(2)° for 10 and 161.8(4)° for 11, which deviate greatly
from linearity. The N2, N4, N5, Ol, and Ln occupy the
equatorial sites. The sum of the angles around the Ln atoms
deviates slightly from the idealized 360° (about 3° for 10
and 2° for 11). The average bond lengths of Ln-O in 10
[2.257(6) A] and 11 [2.137(5) A] are approximately consis-
tent when the difference in ionic radii between Nd and Yb
was considered.['* All the C-N distances within the chelat-
ing dianioinc guanidinate ligands are approximately equal

@ A
9
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> S ‘/‘-‘. (/// %
N1 @) N3 L|2 X
X /O 03\
Ln1 @ cs )
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Figure 3. ORTEP diagram of the structures of anionic part of complexes 10 and 11 [Ln = Nd (10), Yb (11)]. Thermal ellipsoids are
drawn at the 30% probability level and hydrogen atoms are omitted for clarity.

Table 3. Selected bond lengths [A] and angles [°] for complexes 10 and 11.

10 11 10 11
Bond lengths Bond angles
Lnl-O1 2.264(6) 2.136(8) O1-Lnl-0O2 104.7(2) 101.8(3)
Lnl1-02 2.251(7) 2.126(7) Ol-Lnl-N2 93.6(3) 96.7(3)
Lnl-N1 2.555(8) 2.399(1) 02-Lnl-N2 108.4(2) 105.4(4)
Lnl-N2 2.481(8) 2.337(1) O2-Lnl-N5 93.9(3) 96.7(3)
Lnl-N4 2.559(6) 2.400(1) Ol-Lnl-N5 107.9(2) 105.3(3)
Lnl-N5 2.478(7) 2.365(1) N2-Lnl-N5 144.0(3) 144.7(3)
NI1-Cl1 1.372(1) 1.367(2) 02-Lnl-NI 161.5(2) 161.8(4)
N2-Cl1 1.338(1) 1.354(2) Ol-Lnl-NI 79.5(2) 82.1(3)
N3-Cl1 1.378(1) 1.391(1) N2-Lnl-N1 53.1(3) 56.3(4)
N6-Cl4 1.388(1) 1.426(1) N5-Lnl-N1 102.0(3) 99.4(3)
N1-Lil 2.08(2) 2.070(3) 02-Lnl-N4 79.2(2) 81.1(3)
N3-Li2 1.964(2) 1.931(3) Ol-Lnl-N4 160.9(2) 161.7(3)
N4-Li3 2.047(2) 1.98(2) N2-Lnl-N4 103.0(3) 99.9(3)
No6-Li4 2.020(2) 2.02(2) N5-Lnl-N4 53.0(2) 56.4(4)
NI1-Lnl-N4 102.9(2) 100.8(3)
Cl1-N1-C2 118.2(9) 116.7(1)
N4-C14-N5 112.2(7) 112.3(1)
852 www.eurjic.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2012, 847-858
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and shorter than a C—N single bond length, thereby indicat-
ing that the © electrons are delocalized within the N-C-N
fragment. The dihedral angles of two dianionic guandinate
Ln(NCN) planes [77.9(1)°] in 10 are comparable to the cor-
responding value in 11. These values can also be compared
to those in complexes 6-9.

Complexes 10 and 11 are also efficient initiators for poly-
merization of &-CL. The catalytic behavior of them is sim-
ilar to that of 6-9.

Reactions of 2 with LINHC¢H;s and [LiZPrNC(HN:Pr)-
N(Cg¢Hs)] to Monoanionic Guanidinate Lithium
[LiiPrNC(HN/Pr)N(CcH4p-CI)(THF)], (12)

To synthesize the corresponding lanthanide amide com-
plexes, the reaction of 2 with LINHC¢Hs was conducted in
THF at 60 °C for 2d. The blue of the reaction solution
changed immediately to dark brown when a solution of
LiNHC4H;s in THF was added into the solution of 2. Re-
moving the solvent by vacuum and extracting with hot tolu-
ene to remove the LiCl by centrifugation led to a dark
brown solution. It was unexpected that monoanionic guani-
dinate lithium [LiiPrNC(HNiPr)N(CsH4p-Cl)(THF)], (12),
not the expected amide complex [(NHCgHs)Nd{u-
n%n'(NiPr),CNLi(p-CIC¢H,)},], was isolated in almost
quantitative yield on the basis of the LINHCH; used.
Complex 12 was fully characterized including an X-ray
crystal structure analysis. Isolation of the other product
from the residue was not successful [Scheme 2, Equa-
tion (3)].

Similarly, the reaction of 2 with N,N',N"’-trisubstituted
guanidinate lithium [LiiPrNC(HNiPr)N(C¢Hs)] did not af-
ford the corresponding guanidinate complex [{{PrNHC-

YbCls, THF  nBulLi

3 equiv.

YbCls, THE 1) nBuLi

2) iPrN=C=NiPr

Eur/IC

European Journal
pean |

of Ine
(NiPr)(NC¢Hs)} Nd {p-n2,n " (NiPr),CNLi(p-CICcHy)} ] either,
but 12 was obtained in addition to a product that could not
be isolated [Scheme 2, Equation (3)].

The formation of LiCl from both reaction systems indi-
cates that both metathesis reactions do occur. The isolation
of 12 for both cases demonstrates that the complexes with
the Ln-active species that contain a hydrogen group might
not be stabilized by the dianionic guanidinate ligand, and
12 may by formed either by de-guanidinated Li from the
dianionic guanidinate species or by a simple ligand-substi-
tution reaction.

rganic Chemistry

Synthesis and Molecular Structure of Heterometallic Yb—Li
Biguanidinate Complex [{iPrNHC(NiPr)N(C¢H4p-

CD)}, Yb{(iPrNC(NiPr),)N(CsH p-Cl)C(iPrN)} Li(THF)]-
THF (13)

The reaction of [{iPrNHC(NiPr)(NCsHyp-Cl)};Yb-
(THF)], which was formed in situ by treatment of YbCl,
with 12 (3 equiv.), and nBuLi (1 equiv.) was conducted to
see whether the target complex [{iPrNHC(NiPr)N(CsHyp-
CHLLYb{p-1n2n' (NiPr),CNLi(CgHap-Cl)}] (A) could also
not be stabilized like the cases mentioned in Scheme 2,
Equation (3). Indeed, 12 was prepared as the only isolable
product; no target complex was obtained from the reaction
solution. However, the addition of iPrN=C=N/Pr into the
above reaction solution led to a novel complex with a newly
formed biguanidinate ligand [{iPrNHC(N/Pr)N(CsHyp-
CD},Yb{(iPrNC(N{Pr),)N(CcH4p-Cl)C(iPrN)} Li(THF)]
THF (13) in 80% yield. Obviously, 13 could be prepared
either by treatment of /PrN=C=NiPr with the dianionic
guanidinate species of A, or by the reaction of bis(guan-
idinate) chloride complex [{{PrNHC(NiPr)N(CsHyp-

?6H4P'C| {Pr

N N

H /- IS N
\ iPr—N-< B >—N—1Pr

f;l N
iPr C6H4P-C|

L——» 12 + unisolable complex

C|)6H4p-CI /’Pr JPr
N\ 'N‘,____'N\
<’PF—N< )J-Q ------- N—iPr Li---THF
N7
[ Ny
iPr | N

\
C6H4P-C| iPr

L /
HLiPYNG(HNIPIN(CoHap-Cl)}aYb(THF)] 12Uk, 20 min, 07C

2) iPrN=C=NiPr, r.t.

Scheme 3.
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Scheme 4.

CD},Yb(p-Cl),Li(THF),], which was formed in situ by tre-
ating YbCl; with 12 (2 equiv.), with biguanidinate lithium
formed in situ by the reaction of 12 with nBuLi and
iPrN=C=N;/Pr, if the above reaction of YbCl; with 12
(3 equiv.) did not proceed completely and the undesired
[{iPrtNHC(NiPr)N(C¢Hyp-Cl)},Yb(u-Cl),Li(THF),]  was
formed. To further confirm the mechanism for the forma-
tion of 13, the reaction with purified trisguanidinate Yb
complex [{iPrNHC(NiPr)(NC¢H,p-Cl)}3Yb(THF)],®! in-
stead of the one formed in situ, was conducted again. After
workup, the same complex 13 was isolated in almost same
yield (86 %) (Scheme 3).

Thus, complex 13 was prepared unequivocally by the ad-
dition of iPrN=C=NiPr to the dianionic guanidinate spe-
cies of A through a cooperation of both Yb and Li metals,
followed by the inversion of the guanidinate group owing
to steric demand (Scheme 4). The formation of 12 might be
attributable to the instability of the mono(dianionic guanid-
inate) lanthanide complex as shown in Scheme 4.

The molecular structure of 12, which is quite similar to
published guanidinate lithium complexes,!'?l is shown in
Figure 4 with the main bond parameters.

Single crystals of complex 13 were grown from a toluene
solution at 0 °C. The molecular structure of 13 is shown in
Figure 5. The selective bond lengths and angles are listed in
Table 4. As shown in Figure 5, the Yb ion is seven-coordi-
nate by four nitrogen atoms from two guanidinate ligands
(N6, N7, N9, and N10) and three nitrogen atoms of the
biguanidinate ligand (N1, N2, and N4). The coordination
polyhedron around the Yb ion can be described as a dis-
torted trigonal bipyramid with each chelating bidentate
monoguanidinate ligand occupying one coordination ver-
tex, in which the C25, N4, and N1 atoms lie at the equato-
rial positions, whereas the C38 and N2 sites are at the axial
positions. The C38-YDb1-N2 angle deviates greatly from the
idealized 180° to 151.34(7)°. The coordination geometry
around the Li ion is trigonal by the two N atoms of the
biguanidinate ligand and one O atom from a THF mole-
cule. The sum of the angles around the Li ion is 359.20(4)°,
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(L' = [(NC6H4p-CI)CNiPr(NHiPr)]]

Figure 4. ORTEP diagram of the molecular structure of complex
[Li(iPrNC(HNiPr)N(CsHyp-Cl)(THF)], (12). Thermal ellipsoids
are drawn at the 30% probability level and hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and angles [°] for
complex 12: O1-Lil 1.943(6), N1-Lil 2.147(7), N2-Lil 2.031(7),
Cl-Lil 2.466(7), N1-Cl 1.393(4), N1-C2 1.378(4), N3-ClI
1.375(4); C2-N1-C1 119.9(3), C2-N1-Cl 119.9(3), C2-NI1-Lil
121.2(3), CI-NI1-Lil 85.5(2).

as the distance between Lil and N2 atoms [2.807(1) A] is
far from the length of a donating bond.

The most striking feature of the molecular structure of
13 is that the biguanidinate ligand binds to both metals of
YD and Li to form a bicyclic unit that is formed by two six-
membered rings of Ybl, N1, C1, N2, C14, N4 (ring 1) and
Lil, N3, C1, N2, C14, N5 (ring 2). Both of the six-mem-
bered rings adopt a boat conformation; the two atoms of
Ybl and N2 for ring 1 and Lil and N2 for ring 2 are situ-
ated in the two top positions. The four atoms at the bottom
positions of each boat (N1, Cl1, C14, and N4; N3, C1, C14,
and NYS) are nearly coplanar with the sum of the angles
being 358.1(8) and 357.0(5)°, respectively. The dihedral an-
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Figure 5. ORTEP diagram of the molecular structure of complex
13. Hydrogen atoms are omitted for clarity, and thermal ellipsoids
are drawn at the 30% probability level.

Table 4. Selected bond lengths [A] and angles [°] for complexes 13.

Ybl-N4 2.322(9) N2-Cl 1.492(11)
Ybl-N7 2.352(9) N3-Cl 1.296(13)
Ybl-N1 2.365(9) N3-Lil 1.97(2)
Yb1-N9 2.370(9) N4-Cl4 1.335(13)
Ybl-N6 2.400(8) N5-Cl4 1.302(13)
Ybl-N10 2.432(8) N5-Lil 1.95(2)
Ybl-N2 2.530(8) N6-C25 1.365(13)
Ybl-C38 2.816(11) N7-C25 1.322(13)
Ybl-C25 2.844(11) N8-C25 1.377(13)
Ybl-Cl 2.919(10) Cl-Lil 2.79(3)
Ybl-Cl4 2.997(11) Cl4-Lil 2.67(2)
NI-Cl 1.334(13) N9-C38 1.371(14)
O1-Lil 1.94(3) N10-C38 1.305(14)
N2-Cl4 1.469(13) NI11-C38 1.394(13)
N4-YbI-N1  94.4(3) Cl-Ybl-Cl4  48.8(3)
N7-YbI-N6  56.0(3) N3-CI-NI 136.7(9)
NI-YbI-N2  55.7(3) N3-C1-N2 115.1(10)
CI-N1-Ybl  100.5(6) NI-CI1-N2 108.1(8)
CI4-N2-Ybl  93.3(6) NI10-C38-N9  115.0(10)

gle between the two boat bottom planes is 22.2(4)°. The
dihedral angle between the bottom plane (N1, C1, C14, and
N4) and the plane N1, Ybl, and N4 [27.1(1)°] is larger than
that between the bottom plane (N3, C1, C14, and N5) and
the plane of N3, Lil, and N5 [8.8(3)°].

The bond lengths of C1-N2 and C14-N2 are 1.492(1)
and 1.469(1) A, respectively, which indicate a C-N single
bond. The C-N bond lengths of C1-N1 and C1-N3, and
Cl4-N4 and C14-N5 are 1.334(2) and 1.296(2) A, and
1.335(1) and 1.302(1) A, respectively, thereby indicating the
delocalized structure of the m electrons within each NCN
group in the biguanidinate group. A similar situation was
found in a biamidinate titanium complex.['”]
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The average bond length of Yb—N in the two monoguan-
idiante ligands [2.389(3) A] is comparable to Yb-NI
[2.364(11) A] and Yb-N4 (2.323 A) in the novel biguanidin-
ate ligand, whereas the distance of Yb-N2 (2.530 A) indi-
cates that ytterbium ions are coordinated with the N4 atom.
It is interesting that the bond lengths of Lil-N5
[1.970(2) A] and Lil-N3 [1.950(2) A] are consistent with
each other, and the average length of 1.960(2) A is shorter
than 2.104(2) A found in [Li(iPrNC(HNPr)N(CgH,p-
CI)(THF)], (12) (Figure 4). The bond parameters for the
two monoguanidiante ligand units are normal and can be
comparable to those for the corresponding guanidinate lan-
thanide derivatives.[>~!

Conclusion

The dianionic guanidinate group can be used as a
“normal” ancillary ligand to stabilize heterometallic Ln-Li
chlorides  [{(iPrN),C[NLi(THF)3(CgH4p-CD)]},Ln(p-Cl,)-
Li(THF),]-nTHF [Ln = La (1), Nd (2) » = 2; Sm (3), Yb
(4), Y (5), n = 3] and the corresponding isopropoxides
[{[(iPrN),CN(CsH4p-C)Li],(DME)(LiCl)Ln(OiPr),},]* -
[{Li(DME)3}*],*3C¢H 4 [Ln = Nd (6), Sm (7), Yb (8), Y
(9)] and  tert-butoxides  [{({PrN),C(NC¢Hyp-Cl)Li-
(DME)(LiCl)},Ln(O7Bu),] [Li(DME)3]*-0.5C¢H,4 [Ln =
Nd (10), Yb (11)]. However, the corresponding amide com-
plex [[NHC4Hs)Nd {pu-n%n'(NiPr),CNLi(p-CIC4H,)}»] and
N,N’,N"’-trisubstituted guanidinate complex [{iPrNHC-
(NiPr)(NCgHs)} Nd {p-n.n'(NiPr),CNLi(p-CICsH,)} ] could
not be prepared by metathesis reactions, although guanidin-
ate lithium was attained for both cases. A novel complex
with a bisguanidinate ligand [{{PrNHC(NiPr)N(CsHyp-
CD},Yb{(iPrNC(N{Pr),)N(CcH4p-Cl)C(iPrN)} Li(THF)]
THF (13) was synthesized by means of an addition of
iPrN=C=N/Pr to a dianionic guanidinate species, which
represents the first example of a heterometallic Ln—Li bigu-
anidinate complex by the insertion of a carbodiimide into
the guanidinate—metal bond. The high reactivity of dian-
ionic guanidinate species toward small molecules presented
here indicates that the heterometallic dianionic guanidinate
complexes may have a wide reaction chemistry. Work on
the reactivity of heterometallic Ln-alkali-metal dianionic
guanidinate derivatives toward organic molecules continues.

Experimental Section

Materials and Methods: Standard Schlenk techniques and a Vac-
uum Atmospheres N,-filled glovebox were used throughout the iso-
lation and handling of all metal complexes. Tetrahydrofuran, tolu-
ene, DME, and n-hexane were dried and distilled from sodium/
benzophenone ketyl under argon prior to use. The other reagents
were purchased from Acros Chemical and used as received without
further purification. [{iPrNHC(NiPr)(NCsHyp-Cl)};Yb(THF)] was
prepared according to the literature method.) 'H and '*C NMR
spectra were recorded with a 300 or 400 MHz instrument and pro-
cessed with MestReNova software. Elemental analyses were per-
formed by direct combustion with a Carlo-Erba EA 1110 instru-
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ment. The IR spectra were recorded with a Magna-IR 550 spec-
trometer as KBr pellets. Molecular weight and molecular-weight
distributions were determined against a polystyrene standard by
gel-permeation chromatography (GPC) with a Waters 1515 appara-
tus and three HR columns (HR-1, HR-2, and HR-4); THF was
used as an eluent at 30 °C.

[{GPrN),CINLi(THF)3(C¢H.p-CI)[},La(n-Cl,)Li(THF),]-2THF (1):
A Schlenk flask was charged with p-CICdH4NH, (1.037 g,
8.13 mmol), THF (20 mL), and a stir bar. The solution was cooled
to 0°C, and nBuLi (3.4 mL, 8.13 mmol, 2.40 M in hexane) was
added. The solution was then slowly warmed to room temperature
and stirred for 2h. N,N’-Diisopropylcarbodiimide (1.3 mL,
8.13 mmol) was added to this solution at 0 °C, stirred for 2 h, and
another equivalent of nBuLi (3.4 mL, 8.13 mmol, 2.40 M in hexane)
was added dropwise. The resulting solution was slowly warmed to
room temperature, stirred for 1 h, and then added slowly to a pale
gray slurry of LaCl; (1.00 g, 4.06 mmol) in THF (20 mL). The
color of the solution changed to yellow. The resulting solution was
then stirred for another 24 h. Removing the THF solvent, washing
the residues with cold hexane, and crystallization from a mixture
of THF and hexane at 0 °C gave the product 1 as colorless crystals
(5.03 g, 85%). CgsH;16Cl4LaLisNGgO o (1455.18): caled. C 54.47, H
8.03, N 5.78, La 9.55; found C 53.44, H 7.69, N 6.05, La 10.03. '"H
NMR (300 MHz, C;Dg0): 0 = 1.04 (br. m, 24 H, CH;), 3.57 [m, 4
H, ~HC(N)(CH3),], 6.20-6.89 (m, 8 H, H-Ph) ppm. *C NMR
(75 MHz, C,Dg0O): 6 = 26.2, 27.2, 27.5, 27.9, 46.3, 68.1, 111.0,
115.5, 122.4, 128.1, 156.2, 177.4 ppm. IR (KBr): ¥ = 3304 (s), 2974
(s), 2869 (m), 1635 (s), 1499 (s), 1461 (s), 1365 (m), 1236 (m), 1100
(m), 1069 (m), 947 (w), 807 (w), 762 (w) cm™'.

[{(iPrN),CINLi(THF);(C¢H,p-CD)]},Nd(n-Cl,) Li(THF),]-2THF (2):
Complex 2 was synthesized by following the standard procedure
described for 1 from p-CICcH4NH, (1.19 g, 9.3 mmol), nBuLi
(3.9 mL, 9.3 mmol, 2.40 M in hexane), N,N'-diisopropylcarbodiim-
ide (1.5 mL, 9.3 mmol), nBuLi (3.9 mL, 9.3 mmol, 2.40 M in hex-
ane), and NdCl; (1.16 g, 4.65 mmol) in THF (30 mL). Complex 2
was isolated as a light blue crystalline solid (4.96g, 73%).
CeH 16Cl4LiIsNgNdO | (1460.51): caled. C 54.28, H 8.01, N 5.75,
Nd 9.88; found C 52.99, H 7.89, N 6.01, Nd 10.03. 'H NMR
(400 MHz, C,DgO): 6 = -9.74 (s), —2.94 (br.), 8.12 (m), 13.87 (m),
27.86 (br) ppm. IR (KBr): ¥ = 3321 (s), 2973 (s), 2869 (m), 1634
(s), 1584 (s), 1497 (s), 1365 (m), 1266 (m), 1125 (m), 1007 (s), 947
(W), 897 (w), 764 (w) cm ™.

[{(iPrN),CINLi(THF)3(CsH4p-CD)},Sm(p-Cl,)Li(THF),]-3THF
(3): Complex 3 was synthesized following the standard procedure
described for 1 from p-CIC4H4NH, (1.61 g, 12.6 mmol), nBuLi
(5.3 mL, 12.6 mmol, 2.40 M in hexane), N,N’-diisopropylcarbodii-
mide (1.97 mL, 12.6 mmol), nBuLi (5.3 mL, 12.6 mmol, 2.40 M in
hexane), and SmCl5(1.62 g, 6.3 mmol) in THF (30 mL). Complex
3 was isolated as a light yellow crystalline solid (6.31 g, 65%).
C0H54CLLI3NgO;Sm (1538.72): caled. C 54.64, H 8.12, N 5.46,
Sm 9.77; found C 53.42, H 7.85, N 5.91, Sm 10.08. 'H NMR
(400 MHz, C;Dg0): 6 = -1.48 (m), 0.86 (br.), 0.06 (s), 1.92 (m),
2.93(m), 4.48 (m), 5.58 (m), 6.81-7.02 (m) ppm. IR (KBr): v = 3314
(s), 2971 (s), 2870 (m), 1634 (s), 1580 (s), 1496 (s), 1365 (m), 1264
(m), 1127 (m), 1048 (s), 897 (w), 858 (w), 810 (w) cm™ .

[{(@PrN),CINLi(THF)3(CsH4p-CD)]}, Yb(n-Cl)Li(THF),]-3THF (4):
Complex 4 was synthesized by following the standard procedure
described for 1 from p-CICcH4NH, (1.21 g, 9.4 mmol), nBuLi
(3.9 mL, 9.4 mmol, 2.40 M in hexane), N,N’-diisopropylcarbodiim-
ide (1.48 mL, 9.4 mmol), nBuLi (3.9 mL, 9.4 mmol, 2.40 M in hex-
ane), and YbCl; (1.31 g, 4.7 mmol) in THF (30 mL). Complex 4
was isolated as a yellow crystalline solid (5.14 g, 70%).
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CroH 124CLLisNgO;, YD (1561.36): caled. C 53.84, H 8.00, N 5.38,
Yb 11.08; found C 52.87, H 7.79, N 5.83, Yb 11.38. IR (KBr): v
= 3318 (s), 2971 (s), 2872 (m), 1628 (s), 1580 (s), 1495 (s), 1388
(m), 1252 (m), 1161 (m), 1050 (s), 907 (w), 859 (w), 714 (w) cm .

[{(iPrN),CINLi(THF)3(C¢Hp-CD]}, Y (n-Cl,)Li(THF),]-3THF (5):
Complex 5 was synthesized by following the standard procedure
described for 1 from p-CICgH4NH, (1.81 g, 14.2 mmol), nBuLi
(5.96 mL, 14.2 mmol, 2.40 M in hexane), N,N’-diisopropylcarbodii-
mide (2.21 mL, 14.2 mmol), nBuLi (5.96 mL, 14.2 mmol, 2.40 M in
hexane), and YCl; (1.39 g, 7.1 mmol) in THF (30 mL). Complex 5
was isolated as a colorless crystalline solid (8.08 g, 77 %).
C;0H 24Cl4L13sNGO Y (1477.23): caled. C 56.91, H 8.46, N 5.69, Y
6.02; found C 56.89, H 8.18, N 6.21, Y 6.65. '"H NMR (300 MHz,
C4Dg0): 0 = 0.85-1.20 (m, 24 H, CH;), 3.35-4.21 (m, 4 H, —
HC(N)(CH3),), 5.95-6.94 (m, 8 H, H-Ph) ppm. !3C NMR
(75 MHz, C4Dg0): ¢ = 23.7, 26.0, 26.5, 27.7, 45.2, 45.4, 46.1, 46 .4,
68.4, 117.1, 122.8, 123.2, 128.5, 128.7, 128.9, 151.7, 156.2,
165.5 ppm. IR (KBr): ¥ = 3304 (s), 2970 (s), 2873 (m), 1627 (s),
1579 (s), 1492 (s), 1388 (m), 1253 (m), 1162 (m), 1048 (m), 907 (w),
859 (w), 811 (w) cm ™.

[{1(iPrN),CN(C¢Hp-Cl)Li],(DME)(LiCl)Nd(OiPr),},]* [{Li-
(DME)3}*1,-3C¢H 4 (6): A solution of NaOiPr (0.31 g, 3.76 mmol)
and LiCl (0.08 g, 1.88 mmol) in THF (10 mL) was added to a solu-
tion of 2 (2.75 g, 1.88 mmol) in THF (20 mL) at 20 °C, and the
reaction mixture was stirred for 24 h. The solution was filtered and
the solvent was evaporated under vacuum. The solid residue was
recrystallized from a mixture of DME and hexane to afford light
blue crystals of 6 (1.38 g, 56%). Cy14H,,,ClsLigN{,Nd,0,,
(2637.74): caled. C 51.91, H 8.48, N 6.37, Nd 10.94; found C 50.84,
H 8.31, N 6.71, Nd 11.21. IR (KBr): ¥ = 3447 (s), 2973 (s), 2869
(m), 1635 (s), 1584 (s), 1499 (s), 1365 (m), 1266 (m), 1164 (m), 1091
(m), 951 (s), 858 (w), 765 (w), 596 (w) cm!.

[{I(iPrN),CN(C¢H p-Cl)Li],(DME)(LiC1)Sm(OiPr),},]*[{Li-
(DME);3}*],-3C¢H 4 (7): This compound was prepared by following
the procedure described above for 6 starting from 3 (1.38 g,
1 mmol) in THF (20 mL), NaOiPr (0.164 g, 2 mmol), and LiCl
(0.042 g, 1 mmol) in THF (10 mL). Compound 7 was isolated as
colorless crystals (0.73 g, 55%). Cy14H2,,ClgLigN;,0,,Sm,
(2649.96): caled. C 51.67, H 8.44, N 6.34, Sm 11.34; found C 51.03,
H 8.13, N 6.88, Sm 11.91. IR (KBr): ¥ = 3345 (s), 2978 (s), 2868
(m), 1631 (s), 1579 (s), 1498 (s), 1368 (m), 1264 (m), 1165 (m), 1078
(m), 947 (s), 847 (w), 764 (w), 587 (w) cm™.

[{I(iPrN),CN(C¢H p-Cl)Li],(DME)(LiCl)Yb(OiPr),},]* [{Li-
(DME);3}*1,-3C¢H 4 (8): This compound was prepared by following
the procedure described above for 6 starting from 4 (2.34 g,
1.67 mmol) in THF (20 mL), NaOiPr (0.273 g, 3.34 mmol), and
LiCl (0.07 g, 1.67 mmol) in THF (10 mL). Compound 8 was iso-
lated as colorless crystals (1.15 g, 51%). C;14H55,ClgLigN{,05,Yb,
(2695.34): caled. C 50.80, H 8.30, N 6.24, Yb 12.84; found C 50.16,
H 7.84, N 6.31, Yb 13.07. IR (KBr): ¥ = 3322 (s), 2966 (s), 2869
(m), 1625 (s), 1578 (s), 1496 (s), 1364 (m), 1259 (m), 1164 (m), 1093
(m), 956 (m), 861 (m), 745 (w), 575 (m) cm L.

[{I(iPrN),CN(CsH p-Cl)Li],(DME)(LiCl)Y(OiPr),},]*[{Li-
(DME);3}*],°3C6H 4 (9): This compound was prepared following
the procedure described above for 6 starting from 5 (2.61 g,
1.99 mmol) in THF (20 mL), NaOiPr (0.326 g, 3.98 mmol), and
LiClI (0.084 g, 1.99 mmol) in THF (10 mL). Compound 9 was iso-
lated as colorless crystals (1.15 g, 46%). C;14H55,ClgLigN{,050Y >
(2527.08): caled. C 54.18, H 8.85, N 6.65, Y 7.03; found C 53.78,
H 8.67, N 6.94, Y 7.21. 'H NMR (400 MHz, C4D30 and C¢Dy):
0 =0.83-1.29 [m, 36 H, CH; (—iPr and —OiPr),] 3.12 (s, 12 H, CH;/
DME), 3.31 (s, 8 H, CH,/DME) 3.21-4.31 [m, 6 H, CH (~iPr and
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~0iPr)], 6.62-7.91 (m, 8 H, H-Ph) ppm. '3C NMR (100 MHz,
C4DyO & CeDy): § = 23.7, 24.3, 24.6, 24.8, 25.0, 25.2, 25.7, 44.0,
44.6, 45.6, 45.8, 58.7, 65.2, 72.2, 116.6, 118.1, 121.6, 123.1, 123.2,
127.8, 128.1, 128.3, 152.1, 156.2, 163.7 ppm. IR (KBr): v = 3305
(), 2968 (s), 2867 (m), 1629 (s), 1579 (s), 1496 (s), 1366 (m), 1257
(m), 1160 (m), 1091 (m), 978 (m), 858 (m), 765 (w), 505 (m) cm .

[{(iPrN),C(NC¢H p-C)Li(DME)(LiCl)},Nd(O#Bu), | {Li(DME)s]|*-
0.5C¢Hy4 (10): A solution of KOzBu (0.39 g, 3.5 mmol) and LiCl
(0.15 g, 3.5 mmol) in THF (10 mL) was added to a solution of 2
(2.45 g, 1.75 mmol) in THF (20 mL) at 20 °C, and the reaction mix-
ture was stirred for 24 h. The solution was filtered and the solvent
was evaporated under vacuum. The solid residue was recrystallized
from a mixture of DME and hexane to afford light blue crystals of
10 (1.17 g, 48%). Cs7H;;;Cl4LisNgNdO1; (1393.26): caled. C 49.14,
H 8.03, N 6.03, Nd 10.35; found C 48.31, H 8.16, N 6.45, Nd
10.78. IR (KBr): v = 3321 (s), 2973 (s), 2869 (m), 1634 (s), 1584
(s), 1498 (s), 1462 (m), 1365 (m), 1190 (m), 1165 (m), 1091 (m), 953
(w), 858 (m), 761 (w), 596 (w) cm .

[{(iPrN),C(NC¢H p-C)Li(DME)(LiCl)},Yb(O¢Bu), [ {Li(DME)|*-
0.5C¢H,4 (11): This compound was prepared by following the pro-
cedure described above for 10 starting from 4 (1.76 g, 1.26 mmol)
in THF (20 mL), KO7Bu (0.282 g, 2.52 mmol), and LiCl (0.107 g,
2.52 mmol) in THF (10 mL). Compound 11 was isolated as color-
less crystals (0.896 g, 50%). Cs;H;;;Cl4LisNgO,Yb (1422.06):
caled. C 48.14, H 7.87, N 5.97, Yb 12.17; found C 47.89, H 7.53,
N 6.18, Yb 12.34. IR (KBr): ¥ = 3341 (s), 2971 (s), 2867 (m), 1629
(s), 1579 (s), 1496 (s), 1460 (m), 1363 (m), 1192 (m), 1162 (m), 1090
(m), 954 (w), 857 (m), 757 (w), 594 (w) cm .

Reaction of 2 with LINHC¢Hs: A solution of LINHC¢Hs in THF
(2.9 mmol) treated with PhNH, (0.26 mL, 2.9 mmol) and nBuLi
(1.2 mL, 2.9 mmol, 2.40 M in hexane) at 0 °C was added to a solu-
tion of 2 (4.24 g, 2.9 mmol) in THF (40 mL), and the reaction mix-
ture was stirred for 48 h at 60 °C. Removing the solvent by vacuum
and extraction with hot toluene to remove the LiCl by centrifuga-
tion led to a dark brown solution. The resulting solution was slowly
concentrated to a quarter of its volume and was then cooled to
—-30 °C. The colorless crystals 12 were washed with cold hexane and
dried under vacuum (1.67 g, 80%). C3,H5,Cl,Li,N4O, (663.61):
caled. C 61.53, H 8.21, N 12.66; found C 61.03, H 8.02, N 12.98.
IR (KBr): ¥ = 3312 (s), 2925 (s), 2870 (s), 1632 (s), 1580 (s), 1520
(s), 1426 (s), 1365 (s), 1327 (s), 1162 (m), 1123 (m), 1034 (m), 939
(m) cm™!.

Reaction of 2 with [LiZPrNC(HNiPr)N(C¢Hs)]: The fresh guanidin-
ate lithium Li[/PrNC(HNiPr)N(Cg¢Hs)] (2.4 mmol), which was gen-
erated by PhNH, (0.22 mL, 2.4 mmol), nBuLi (1.0 mL, 2.4 mmol,
2.40 M in hexane), and N,N’-diisopropylcarbodiimide (0.37 mL,
2.4 mmol), was added to a solution of 2 (3.51 g, 2.4 mmol) in THF
(40 mL), and the reaction mixture was stirred for 48 h at 60 °C.
Removing the solvent by vacuum, extraction with hot toluene, and
removing the LiCl by centrifugation led to a brown solution. The
resulting solution was slowly concentrated at room temperature to
a quarter of its volume and was then cooled to —30 °C. The color-
less crystals 12 were washed with cold hexane and dried under vac-
uum (1.28 g, 81%).

Reaction of YbCl; with 12 and nBuLi: A solution of 12 (6 mmol)
in THF, which was generated by reaction of p-CIPhNH, (0.765 g,
6 mmol) with nBuLi (2.5 mL, 6 mmol, 2.40 M in hexane) and N,N’-
diisopropylcarbodiimide (0.93 mL, 6 mmol) at room temperature,
was added to a solution of YbCl; (0.558 g, 2 mmol) in THF
(20 mL),. After stirring for 6 h, the reaction solution was cooled to
0 °C. A solution of nBuLi (0.83 mL, 2 mmol, 2.40 M) in hexane was
added to the solution at the same temperature, then stirred for 2 h.
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The solution was then slowly warmed to room temperature and
stirred overnight. Removing the solvent by vacuum and extraction
with hot toluene to remove the LiCl by centrifugation led to a
brown yellow solution. The solution was concentrated to a quarter
of its volume at room temperature and then cooled to —30 °C. The
colorless crystals 12 were washed with cold hexane and dried under
vacuum (1.13 g, 85%, based on the second amount of nBuLi used).

Reaction of YbCl; with 12, nBuLi, and Diisopropylcarbodiimide:
Synthesis of [{{PrNHC(NiPr)N(C¢H p-Cl)},Yb{(iPrNC(NiPr),)
N(C¢H4p-C1)C(iPrN)}Li(THF)]-THF (13): A solution of 12
(9 mmol) in THF, which was generated by the reaction of p-
CIPhNH, (1.15 g, 9 mmol) with #BuLi (3.75 mL, 9 mmol, 2.40 m
in hexane) and N,N’-diisopropylcarbodiimide (1.4 mL, 9 mmol) at
room temperature, was added to a solution of YbCl; (0.838 g,
3 mmol) in THF (20 mL). After stirring for 6 h, the reaction solu-
tion was cooled to 0 °C. A solution of nBuLi (1.25 mL, 3 mmol,
2.40 M) in hexane was added to the solution at the same tempera-
ture, then stirred for 20 min. N,N'-diisopropylcarbodiimide
(0.47 mL, 3 mmol) was added. The solution was then slowly
warmed to room temperature and stirred overnight. Removing the
solvent by vacuum and extraction with hot toluene to remove the
LiCl by centrifugation led to a brown yellow solution. The resulting
solution was slowly concentrated and cooled to 0 °C. The yellow
crystals 13 were washed with cold hexane and dried under vacuum
(2.89 g, 80%). Cs4HgsCL3LIN{;O,Yb (1207.67): caled. C 53.70, H
7.18, N 12.76, Yb 14.33; found C 53.43, H 7.01, N 12.88, Yb 14.25.
'H NMR (400 MHz, C¢Dg): 6 = ~10.73 (m), —2.85 (m), 0.67-1.13
(m), 2.12 (m), 3.13 (s), 3.66 (s), 6.82-7.16 (m) ppm. IR (KBr): ¥ =
3401 (s) , 3060 (s), 2982 (s), 2913 (s), 2856 (s), 1640 (s), 1615 (s),
1570 (s), 1533 (s), 1501 (s), 1470 (s), 1354 (m), 1178 (m), 1059 (m),
1031 (m), 948 (m), 850 (m) cm™'.

Reaction of [{{PrNHC(NiPr)(NCsH p-Cl)}3;Yb(THF)] with nBuLi
and /PrN=C=NiPr: Synthesis of [{{PrNHC(NiPr)N(CsH,p-
CD)}, Yb{(iPrNC(NiPr),)N(CsHp-C)C(iPrN)} Li(THF)|-THF (13):
A solution of [{iPrtNHC(NiPr)(NCsH4p-Cl)};Yb(THF)] (2.509 g,
2.5mmol) in toluene (30 mL) was cooled to 0°C, then nBuLi
(1.04 mL, 2.5 mmol, 2.40 M in hexane) was added dropwise, and it
was stirred for 20 min. /PrN=C=NiPr (0.39 mL, 2.5 mmol) was
added to this solution at 0 °C. The resulting solution was slowly
warmed to room temperature and stirred overnight. The solution
was concentrated at room temperature to a quarter of its volume
and then cooled to 0 °C. The yellow crystals 13 were washed with
cold hexane and then dried under vacuum (2.59 g, 86%).

Typical Procedure for the Polymerization Reactions: A 50 mL
Schlenk flask equipped with a magnetic stir bar was charged with
g-caprolactone (0.6 mL) and toluene (5.8 mL). Initiator 7 (10.0 mm
in toluene, 0.18 mL) was added to this solution with a syringe. The
contents of the flask were then stirred vigorously at 20 °C for 2 h,
during which time the mixture became very viscous, which dis-
rupted the stirring. The polymerization was quenched by adding a
5% solution of HCI in methanol. The polymer precipitated from
methanol and was dried under vacuum.

X-ray Crystallography: Crystals suitable for X-ray diffraction of
complexes 1-3 and 6-14 were sealed in a thin-walled glass capillary
filled with argon for structural analysis. Diffraction data were col-
lected with a Rigaku Mercury CCD area detector in the @ scan
mode using Mo-K, radiation (4 = 0.71073 and 0.71075 A). The
diffracted intensities were corrected for Lorentz polarization effects
and empirical absorption corrections. Details of the intensity data
collection and crystal data are given in Tables 1, 2, and 3. The
structures were solved by direct methods and refined by full-matrix
least-squares procedures based on |F]>. All of the non-hydrogen
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atoms were refined anisotropically. The hydrogen atoms in these
complexes were all generated geometrically, assigned appropriate
isotropic thermal parameters, and allowed to ride on their parent
carbon atoms. All of the hydrogen atoms were held stationary and
included in the structure factor calculations in the final stage of
full-matrix least-squares refinement. The structures were refined
using SHELEXL.-97 programs.

CCDC-839061 (for 1), -839062 (for 2) -839063 for (for 3) -839064
(for 6) -839065 (for 7) -839066 (for 8) -839067 (for 9) -839068 (for
10) -839069 (for 11) -839070 (for 12), and -839071 (for 13) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Crystallographic data for compounds 1-3 and 6-13, and
NMR spectra.
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Aminobenzothiazole-functionalised phosphane 1 and its cor-
responding phosphorus(V) analogues 2-4 were synthesised
in high yields. New 1D polymeric salts K[CICgH3NC(S)NP-
(E)Ph;].. (E = O §5; E = S 6) were shown, by using single-
crystal X-ray diffraction, to exhibit unique potassium metal
ion coordination through either x3-N,O tridentate (E = O) or
k2-Nj, bridging (E = S) modes. In contrast, k2-NE chelation (E
=S, Se) was observed upon complexation to a range of metal

fragments including {Ir(n>-Cp*)Cl} (E =S 8; E = Se 9), {Rh(n°-
Cp*)Cl} (E = S 10; E = Se 11), {Ru(n®-p-MeCH,iPr)Cl} (E =
S 12), {Ru(m®-CgMeg)Cl} (E = S 13) and {Pt(PMe,Ph)Cl} (E =
S 14). All new compounds were characterised by a combina-
tion of multinuclear NMR, FTIR and microanalysis. Seven
compounds were structurally characterised by using single-
crystal X-ray crystallography.

Introduction

Chelating anionic ligands, such as the ubiquitous acac
anion (acac = acetylacetonato), have attracted considerable
interest over the years for their importance in many diverse
aspects of coordination chemistry. Aside from acac, many
other bidentate anionic ligands bearing group 15 or 16 do-
nor atoms have been widely documented. Scheme 1 illus-
trates a selection of popular recent examples including: amid-
inate (I),'! guanidinate (II),”) B-diketiminate (nacnac-)
(IID),B! bis(phosphinimino)methanide (IV)* and imidodi-
phosphinate (V)P! ligands (R and R’ denote various alkyl/
silyl/aryl groups; E = O, S, Se, Te). In these examples, the
principal bonding motifs observed are either ¥>-NN- or k-
EE-chelation. Considerable recent interest in sulfur and se-
lenium analogues of V strides from observations that these
complexes are suitable single-source precursors for binary
metal sulfidel> or selenidel®¥ thin semiconducting films.

As part of continuing studies in our group investigating
neutral and singly/doubly deprotonated functionalised terti-
ary phosphanes,® we report here the facile synthesis and
structural characterisation of two unusual potassium salts
of an anionic, benzothiazole-modified amino(phosphane)
oxide and sulfide.l”7 We show, depending on the group 16
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Scheme 1.

donor atom (O or S), two distinct coordination modes uti-
lising a combination of both nitrogen and/or O donor
centres. Furthermore, classical k>-NE-chelation (E = S, Se)
was achieved upon facile complexation to a range of late
transition metal fragments including {M(n>-Cp*)Cl} (M =
Ir, Rh; Cp* = pentamethylcyclopentadienyl), {Ru(n®-p-Me-
CeH4iPr)Cl}, {Ru(n®-CsMeg)Cl} and {Pt(PMe,Ph)Cl}. All
new compounds reported here were characterised by a com-
bination of spectroscopic and crystallographic techniques.

Results and Discussion

Reaction of commercially available 6-chloroaminobenzo-
thiazole with Ph,PCl and NEts, in diethyl ether, gave, after
work-up, amino(phosphane) 1 in excellent (95%) yield.[®]
Under standard conditions,!”®! oxidation with either aque-
ous H,O, (30% w/w), elemental Sg or grey Se afforded the
corresponding phosphorus(V) compounds 2-4 in approxi-
mately 90% yield. The molecular structure of phosphane
oxide 2 was determined (Figure 1) and shows a tautomeric
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arrangement with the NH hydrogen on the endocyclic N(2)
atom. The P(1)-N(1) [1.636(2) A], N(1)-C(1) [1.293(3) A]
and C(1)-N(2) [1.353(3) A] bond lengths provide evidence
of delocalisation in the P(1)-N(1)-C(1)-N(2) backbone.["!
Intermolecular N-H+-O H-bonding links molecules of 2
into a 1D polymeric chain [N(2)--O(1A) 2.696(3) A; N(2)-
H(2)--O(1A) 153(3)°].

Figure 1. Ellipsoid plot of 2. Thermal ellipsoids are drawn at the
50% probability level. All hydrogen atoms except those on N(2),
N(2A) and N(2B) are omitted for clarity. Selected bond lengths [A]
and angles [°]: P(1)-O(1) 1.4935(18), P(1)-N(1) 1.636(2), N(1)-C(1)
1.293(3), C(1)-N(2) 1.353(3), C(1)-S(1) 1.790(2); O(1)-P(1)-N(1)
117.09(10), P(1)-N(1)-C(1) 125.01(18), N(1)-C(1)-N(2) 122.6(2),
N(1)-C(1)-S(1) 128.10(19). Symmetry operator: A = x + 1/2, -y +
1/2, —z + 1.

Metallation of 2-4 was smoothly achieved, at ambient
temperature, with tBuOK in MeOH to generate potassium
salts 5-7. Cleavage of the chloride bridge® of [MCI(u-
ChH(>-Cp*), (M = Ir, Rh), [RuCl(u-Cl)(n°*p-MeCsH,-
iPr)l,, [RuCl(u-Cl)(n®-CsMeg)], or [PtCl(u-Cl)(PMe,Ph)],
with 2 equiv. of 6 or 7 (preformed or generated directly
from 3 or 4/tBuOK) gave the neutral mononuclear metal
complexes Ir(n’-Cp*)CI(6/7) (E = S 8; E = Se 9), Rh(n*-
Cp*)CI(6/7) (E = S 10; E = Se 11), Ru(n®p-MeCH,iPr)-
ClI(6) (12), Ru(n®p-C¢Meg)CI(6) (13) and Pt(PMe,Ph)CIl(6)
(14) in good yields (Scheme 2).

The molecular structures of potassium salts 5 and 6 were
successfully determined by using X-ray crystallography
(Figures 2 and 3). For oxide 5, the asymmetric unit com-
prises two potassium cations, two anionic ligands and half a
chloroform molecule of crystallisation, the latter disordered
over an inversion centre. The unsaturated nitrogen and oxy-
gen atoms of the anionic ligand bridge two potassium
centres, which leads to a centrosymmetric dimer comprising
two K,N,O, units. In contrast, the second N atom brid-
ges’ to an adjacent potassium ion within a second dinu-
clear unit. The K(1)-N(2'A)/K(1)-N(2') bond lengths are
3.057(3)/3.103(3) A with K(1)-O(1'A)/K(1)-O(1’) bond
lengths of 2.623(2)/2.871(2) A; both are in the normal ex-
pected range. Within the 6-chloroaminobenzothiazole
anion, the P(1)-O(1), P(1)-N(1), N(1)-C(1), C(1)-N(2),
C(1)-S(1) bond lengths are 1.494(2), 1.621(2), 1.341(4),
1.310(4), 1.782(3) A, respectively, and a more pronounced
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Scheme 2. Synthesis of compounds 1-14.

N(1)-C(1)-N(2) bond angle of 129.9(3)° (with respect to
sulfide 6, vide infra) was observed.l'”! These metric param-
eters suggest some degree of delocalisation within the O(1)—
P(1)-N(1)-C(1)-N(2) skeletal backbone. The coordination
environment around K(1) is completed by a further K(1)—
N(1) bond [2.820(2) A] from an adjacent dimeric unit and
additional K-+ contacts [K(1)-+C(14) 3.447(3) A; K(1)-
C(19') 3.274(4) A; K(1)+C(19) 3.339(3) A]. Further inter-
molecular contacts are present within the second unique
dimeric unit and comprise K--C [3.392(4) A] and K-S
[3.6260(11) A]. These are significantly shorter than the
van der Waals radii for K/C (ca. 4.5 A) and K/S (ca. 4.5 A)
atoms.!'!]

In contrast to 5, different structural ligating features are
clearly evident for the solvated sulfide analogue 6. Each po-
tassium is sevenfold coordinated by four nitrogen atoms of
the deprotonated 6-chloroaminobenzothiazole ligands and
three MeOH molecules. Moreover, the unsaturated/terminal
amido N atoms of both anionic ligands bridge between two
symmetry-equivalent K metal ions. The resulting dimer is
centrosymmetric and has a K,Ny unit at its centre. Imposed
by symmetry, each four-membered K,N, ring is exactly
planar. The rings exhibit K—N bond lengths of 2.865(2) and
2.920(2) A, with additional longer K-N distances of
3.138(2) and 3.054(2) A.'2 The two K,N, rings form a di-
hedral angle of 58.83(5)°. Within the anionic ligand the
N(1)-C(7) and N(2)-C(7) bond lengths are 1.322(3) and
1.334(3) A, respectively, indicative of delocalisation within
the N-C-N backbone. The P(1)-N(2), P(1)-S(2) and S(1)—
C(7) distances are 1.627(2), 1.9847(9) and 1.799(2) A,

Eur. J. Inorg. Chem. 2012, 859-865
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Figure 2. Ellipsoid plot of 5§ showing the coordination environment
around each potassium metal centre. Thermal ellipsoids are drawn
at the 30% probability level. All C—H hydrogen atoms and phenyl
groups on phosphorus are omitted for clarity. Selected bond
lengths [A] and angles [?]: K(1)-N(1) 2.820(2), K(1)-N(2'A)
3.057(3), K(1)-N(2") 3.103(3), K(1)-O(1'A) 2.623(2), K(1)-O(1")
2.871(2), P(1)-O(1) 1.494(2), P(1)-N(1) 1.621(2), N(1)-C(1)
1.341(4), C(1)-N(2) 1.310(4), C(1)-S(1) 1.782(3); O(1)-P(1)-N(1)
120.34(13), P(1)-N(1)-C(1) 119.6(2), N(1)-C(1)-N(2) 129.9(3).
Symmetry operators: —x + 2, =y, z + 1; x+ 2, -y, 2+ 2; X, y,
+ 1.

Figure 3. Ellipsoid plot of 6 showing part of the 1D chain and
the coordination environment around K(1). Thermal ellipsoids are
drawn at the 50% probability level. All C-H hydrogen atoms except
those on O(1), O(1A) and O(2) are omitted for clarity. Selected
bond lengths [A] and angles [°]: K(1)-N(1) 2.920(2), K(1)-N(2)
3.138(2), K(1)-N(1A) 2.865(2), K(1)-N(2A) 3.054(2), K(1)-O(1)
2.829(2), K(1)-0O(2) 2.6882(19), K(1)-O(1A) 2.779(2), N(1)-C(7)
1.322(3), N(2)-C(7) 1.334(3), S(1)-C(7) 1.799(2), N(2)-P(1)
1.627(2), P(1)-S(2) 1.9851(9); N(1)-K(1)-N(2) 44.93(5), K(1)-
N@2)-C(7) 81.41(13), N(1)-C(7)-N(2) 122.1(2), C(7)-N(1)-K(1)
90.68(14), P(1)-N(2)-C(7) 123.61(18), K(1)-N(2)-P(1) 125.08(10),
N(2)-P(1)-S(2) 117.84(7). Symmetry operators: —x, —y, —z — 1; —x
+1,—p,—z-1;1+xy,z

respectively.'%13] The potassium ion is additionally coordi-
nated by two bridging [K—O 2.779(2) and 2.829(2) A] and
one nonbridging MeOH [K-O 2.6882(19) A] solvent mole-
cules.'¥ As a result, the dimeric units are connected
through K,O, rings to give 1D chains that extend parallel
to the crystallographic a axis. The plane of the K,O, core
forms dihedral angles of 59.70(8) and 68.26(8)° with adja-
cent K,N, rings. Furthermore, the K-+K separations are
3.6938(10) and 4.2659(11) A within the K,N, and K,O,

FEur. J. Inorg. Chem. 2012, 859-865

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur/IC

European Journal
of Inorganic Chemistry

units, respectively. The coordination polyhedron about po-
tassium is a capped trigonal prism in which the four nitro-
gen substituents are exactly planar. There are also two
intermolecular O—H--S hydrogen bonds, which presumably
assist in stabilisation of the unusual 1D chain [O(1)-++S(2)
3.247(2) A;  O(1)-H(1)+-S(2) 169(3)° and O(2)S(2)
3.263(2) A; O(2)-H(2)*S(2) 154(2)°; see Figure 3 and Sup-
porting Information].

The molecular structures of 8 (Supporting Information),
9 and 11 (Figures 4 and 5) are isostructural (Tables 1 and
2) and each reveals a classic piano-stool arrangement com-
prising an n>-Cp*, a chelating 12-N/Se-[CICsH;NC(S)-
NP(E)Ph,] (E =S, Se) anion and a chloride ligand around

Figure 4. Ellipsoid plot of 9. Thermal ellipsoids are drawn at the
50% probability level. All hydrogen atoms are removed for clarity.
Selected bond lengths [A] and angles [°]: Ir(1)-Se(1) 2.5102(4),
Ir(1)-N(1) 2.128(3), Ir(1)-Cl(2) 2.4161(9), Ir(1)-C,, 2.166(4),
Se(1)-P(1) 2.1591(10), P(1)-N(2) 1.610(3), N(2)-C(17) 1.324(4),
N(1)-C(17) 1.335(4); C1(2)-Ir(1)-N(1) 91.24(8), CI1(2)-Ir(1)-Se(1)
82.14(2), N(1)-Ir(1)-Se(l) 88.93(7), Ir(1)-Se(1)-P(1) 97.57(3),
Se(1)-P(1)-N(2) 117.07(12), P(1)-N(2)-C(17) 125.9(3), N(1)-
C(17)-N(2) 130.9(3), Ir(1)-N(1)-C(17) 122.6(2).

Figure 5. Ellipsoid plot of 11. Thermal ellipsoids are drawn at the
50% probability level. All hydrogen atoms are removed for clarity.
Selected bond lengths [A] and angles [°]: Rh(1)-Se(1) 2.5110(7),
Rh(1)-N(1) 2.132(5), Rh(1)-CI(1) 2.4217(16), Rh(1)-C,, 2.167(6),
Se(1)-P(1) 2.1584(17), P(1)-N(2) 1.606(5), N(2)-C(17) 1.332(8),
N(1)-C(17) 1.338(7); CI(1)-Rh(1)-N(1) 93.40(13), CI(1)-Rh(1)-
Se(1) 83.26(4), N(1)-Rh(1)-Se(1) 89.69(12), Rh(1)-Se(1)-P(1)

97.30(5), Se(1)-P(1)-N(2) 117.9(2), P(1)-N(2)-C(17) 126.1(4),
N(1)-C(17)-N(2) 129.8(5), Rh(1)-N(1)-C(17) 123.4(4).
www.eurjic.org 861
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the metal centre. Extensive delocalisation within the M(1)-
E(1)-P(1)-N(2)-C(17)-N(1) (M = Ir, Rh) six-membered
ring is evident, as indicated by the appropriate differences
in bond lengths. Hence the P-Se bond lengths [2.1591(10) A
for 9; 2.1584(17) A for 11] are intermediate between those
expected for P-Se single and P=Se double bonds, which is
supportive of regular charge delocalisation across the
SePCN, framework.!!] The six-membered metallacyclic
ring in 8, 9 and 11 adopts an asymmetric boat conforma-
tion in which atoms N(1), C(17), P(1) and E(1) are essen-

Table 1. Crystallographic data for 2, 5, 6 and 8.

tially coplanar to within approximately +0.04 A and N(2)
and Ir(1) lie in the range 0.244-0.256 and 1.121-1.250 A,
respectively, to the same side of this plane.

The molecular structure of 14 (Figure 6) confirms the 1>-
N/S-bidentate behaviour of the [CICsH3;NC(S)NP(S)Ph,]
anion around the square-planar Pt centre with PMe,Ph/
CI present as auxiliary ligands. Of the two possible geomet-
ric isomers that could be anticipated, the X-ray structure of
14 reveals that the N(1) donor centre is trans to P(2). The
Pt(1)-P(2), Pt(1)-S(1), Pt(1)-N(1) and Pt(1)-Cl(1) bond

Compound 2 5 6 8
Empirical formula C19H14C1N20PS 2(C38H26C12K2N402P2Sz)‘CHCl:), Cz[Hz]ClKN202P52 C29H28C121rN2P52
Formula weight 384.80 1810.98 503.04 762.72
Crystal system orthorhombic triclinic triclinic monoclinic
Space group P2,2,2, Pl Pl P2,/n
a[A] 10.6308(2) 13.1740(2) 7.7261(2) 7.9797(16)
b [A] 12.0146(4) 13.2239(2) 12.8359(3) 16.183(3)

¢ [A] 13.7050(4) 13.6498(2) 13.0946(4) 21.534(4)
a ] 107.8897(10) 68.9510(10)

BI°] 113.0629(8) 80.0470(10) 90.41(3)

7 [°] 91.7783(8) 77.472(2)

Volume [A3] 1750.47(8) 2050.76(5) 1176.66(5) 2780.7(9)
Z 4 1 2 4

T [K] 120(2) 150(2) 150(2) 150(2)
Density (caled.) [Mg/m?] 1.460 1.466 1.420 1.822
Absorption coeff. [mm™']  0.438 0.679 0.605 5.224

Crystal habit, colour
Crystal size [mm?]

block, colourless
0.18X0.10 % 0.08

plate, colourless
0.17x0.17 X 0.10

block, colourless
0.10x0.07 X 0.05

needle, yellow
0.32X0.04 X 0.04

0 Range [°] 3.39-27.54 3.10-25.25 2.95-25.25 2.99-27.49
Independent reflections 4013 7398 4250 6368

Rin 0.0767 0.0433 0.0479 0.0523

Final R, Rwl® 0.0406, 0.0845 0.0491, 0.1372 0.0394, 0.0978 0.0303, 0.0650

[a] R = Z||F,| — |FIZ|F,| for “observed” reflections having F2> 20 (F2). Rw = [Ew(F,> — F.2)*/Zw(F,?)*]"? for all data.

Table 2. Crystallographic data for 9, 11 and 14.

Compound 9 11 14
Empirical formula C29H28C121rN2PSSe ngHnglzNzPRhSSe C27H24C12N2P2Pt52'0.910Et2'0.09CH2C12
Formula weight 809.62 720.33 843.62
Crystal system monoclinic monoclinic monoclinic
Space group P2,/n P2,/n P2\/n
a[A] 8.00540(10) 7.9701(3) 9.7390(19)
b [A] 16.2441(3) 16.3122(8) 15.142(3)
c[A] 21.5752(5) 21.5858(13) 23.176(5)
a[°]

pI°] 90.4909(7) 90.811(2) 97.93(3)

7 [°]

Volume [A3] 2805.55(9) 2806.1(2) 3385.0(12)
zZ 4 4 4

T [K] 150(2) 120(2) 150(2)
Density (caled.) [Mg/m?] 1.917 1.705 1.655
Absorption coeff. [mm™] 6.401 2.251 4.561

Crystal habit, colour
Crystal size [mm?]

0 Range [°] 3.00-26.00 2.99-25.33 2.98-27.46
Independent reflections 5498 5083 7582

Rin 0.0398 0.129 0.0471

Final R, Rwldl 0.0263, 0.0554 0.0530, 0.1067 0.0360, 0.0826

block, orange
0.15%0.10 X 0.08

plate, orange
0.12x0.08 X 0.01

block, colourless
0.15x0.15%0.10

[a] R = Z||F,| — |FJI/Z|F,| for “observed” reflections having F2> 2¢ (F2). Rw = [Zw(F,? — F.2)Zw(F,%)?]'? for all data.
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lengths are broadly as anticipated, and the S(1)-P(1)-N(2)-
C(1)-N(1) distances are similar to those found in 8 (Sup-
porting Information).

Figure 6. Ellipsoid plot of 14. Thermal ellipsoids are drawn at the
50% probability level. All hydrogen atoms are removed for clarity.
Selected bond lengths [A] and angles [°]: Pt(1)-S(1) 2.3177(11),
Pt(1)-N(1) 2.107(3), Pt(1)-Cl(1) 2.3076(11), Pt(1)-P(2) 2.2336(11),
S(1)-P(1) 2.0251(17), P(1)-N(2) 1.599(4), N(2)-C(1) 1.335(5),
C(1)-N(1) 1.338(5); CI(1)-Pt(1)-N(1) 90.07(9), CI(1)-Pt(1)-S(1)
177.78(4), N(1)-Pt(1)-S(1) 89.82(9), Pt(1)-S(1)-P(1) 89.84(5), S(1)-
P(1)-N(2) 116.94(15), P(1)-N(2)-C(1) 125.3(3), N(2)-C(1)-N(1)
129.1(4), Pt(1)-N(1)-C(1) 121.6(3).

Conclusions

We observed three distinct ligating modes for a deriv-
atised benzothiazole anion at a potassium or late transition
metal centre based on Ir™™, Rh™, Ru'! or Pt!!. Further stud-
ies are underway and will be reported in due course.

Experimental Section

Materials: The syntheses of compounds 1-4 were conducted under
a nitrogen atmosphere whilst all other reactions were carried out
under aerobic conditions. Dichloromethane was previously distilled
from CaH,, diethyl ether from sodium/benzophenone, thf and hex-
anes from sodium. The chlorido-bridged dimers [IrCl(u-Cl)(n>-
Cp®)LU'  [RhCl(u-ChH(n>-Cp*)L," [RuCl(p-ClY(n®-p-Me-
CeH4iPr),'7 [RuCl(p-Cl)(n6-CsMee),!'1  and  [PtCl(u-Cl)-
(PMe,Ph)],!"”! were synthesised according to published methods.
All other solvents and chemicals were obtained from commercial
suppliers. With the exception of Ph,PCl, which was distilled under
high vacuum prior to use, all other solvents and chemicals were
used without any further purification.

Instrumentation: Fourier transform infrared (FTIR) spectra were
recorded within pressed KBr pellets by using either a Perkin—Elmer
system 2000 (over the range 4000-400 cm™') or Spectrum 100S
(over the range 4000-250 cm™!) Fourier-transform spectrometer. 'H
NMR and 3'P{'"H} NMR spectra were recorded with a JEOL
FX90Q, Bruker AC250 FT, Bruker FX 400 or Bruker DPX-400
FT spectrometer with chemical shifts (0) reported relative to either
external tetramethylsilane (TMS) or 85% H3;PO,4. Coupling con-
stants (J) were recorded in Hertz. All NMR spectra were recorded
in CDCl; unless otherwise stated. Elemental analyses (Perkin—
Elmer 2400 or Exeter Analytical Inc. CE-440 CHN Elemental Ana-
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lysers) were performed by the Loughborough University Analytical
Services within the Department of Chemistry. The mass spectra for
1, 2, 4 and 12-14 were analysed (JEOL SX102 instrument) by fast
atom bombardment (FAB) in a positive ionisation mode by using
a 3-nitrobenzyl alcohol (NOBA) matrix. Compounds 3, 5, 6, 8 and
9 were analysed (Thermofisher LTQ Orbitrap XL) by nano-electro-
spray (nano-ESI) in a positive ionisation mode with CH,Cl,/
CH3O0H as solvent and NH4[OACc].

Compound 1: To a stirred solution of 6-chloroaminobenzothiazole
(4.181 g, 22.64 mmol) and NEt; (2.507 g, 24.78 mmol) in diethyl
ether (50 mL) at 0 °C was added dropwise a solution of Ph,PCI
(4.948 g, 22.43 mmol) over 30 min. The resulting white suspension
was stirred for 18 h and concentrated to dryness, and degassed dis-
tilled water (50 mL) was added. Solid 1 was collected by suction
filtration, washed with distilled water (50 mL), n-hexane (50 mL),
absolute ethanol (2X30mL) and dried in vacuo. Yield: 7.986 g
(95%). 3'P{'H} NMR (CDCl,): § = 42.5 ppm. 'H NMR: J = 7.50
(s, arom. H), 7.41-7.29 (m, arom. H), 7.20 (s, arom. H), 7.08 (s,
arom. H) ppm. FTIR: ¥ = 3113 (NH), 1594 (CN), 924 (PN) cm™..
FAB-MS: m/z = 369 [M]*. C;oH 4CIN,PS (368.8): calcd. C 61.88,
H 3.83, N 7.60; found C 61.52, H 3.80, N 7.54.

Compound 2: To a stirred solution of 1 (0.192 g, 0.517 mmol) in thf
(10 mL) was added aqueous H,O, (30% w/w, 0.1 mL, 0.88 mmol).
The solution was stirred for approximately 1 h, the volume was
reduced to approximately 5 mL, and diethyl ether (30 mL) was
added. The solid was collected by suction filtration, washed with
diethyl ether (S5mL) and dried in vacuo. Yield: 0.193 g (97%).
3SIP{'H} NMR (CDCls): 6 = 26.5 ppm. 'H NMR: 6 = 7.82-7.77
(m, arom. H), 7.47-7.30 (arom. H), 7.14 (dd, J = 8.6, J = 2 Hz,
arom. H), 7.04 (d, J = 8.6 Hz, arom. H) ppm. FTIR: ¥ = 3076
(NH), 1631 (CN), 1163 (PO), 957 (PN) cm™'. FAB-MS: m/z = 385
[M]*. CoH4CIN,OPS (384.8): caled. C 59.30, H 3.67, N 7.28;
found C 59.25, H 3.63, N 7.12.

Compound 3: The solids 1 (1.000 g, 2.696 mmol) and Sg (0.086 g,
2.682 mmol) were stirred in thf (20 mL) for 4 h. The solvent was
concentrated in vacuo to approximately 1-2 mL, and addition of
diethyl ether (30 mL) resulted in a pale yellow solid 3. The product
was collected by suction filtration, washed with diethyl ether
(5mL) and dried in vacuo. Yield: 1.028 g (95%). 3'P{'H} NMR
(CDCl3): 6 = 49.5ppm. 'H NMR: 6 = 8.01-7.87 (m, arom. H),
7.41-7.33 (arom. H), 7.17 (dd, J = 8.6, J = 2 Hz, arom. H), 7.01
(d, J = 8.6 Hz, arom. H) ppm. FTIR: ¥ = 3181 (NH), 1624 (CN),
948 (PN), 626 (PS) cm!. FAB-MS: m/z = 401 [M]".
C9H 4CIN,PS,; (400.9): calcd. C 56.93, H 3.52, N 6.99; found C
56.92, H 3.61, N 6.84.

Compound 4: The solids 1 (0.165g, 0.445 mmol) and grey Se
(0.036 g, 0.456 mmol) were stirred in thf (20 mL) for 4 h. Unreacted
Se was removed by filtration through a Celite pad. The solvent was
concentrated in vacuo to approximately 1-2 mL, and addition of
diethyl ether (30 mL) resulted in a colourless solid 4. The product
was collected by suction filtration, washed with diethyl ether
(5mL) and dried in vacuo. Yield: 0.175 g (88%). 3'P{'H} NMR
[CDCI5/(CD3),S0]: 6 = 43.9 (1Jps. = 726 Hz) ppm. 'H NMR: § =
7.92-7.87 (m, arom. H), 7.37-7.35 (arom. H), 7.18 (dd, J = 8.5, J
= 2 Hz, arom. H), 7.02 (d, J = 8.5 Hz, arom. H) ppm. FTIR: ¥ =
3070 (NH), 1619 (CN), 948 (PN), 586 (PSe) cm™'. FAB-MS: m/z =
449 IM]*. C9H4CIN,PSSe (447.8): caled. C 50.96, H 3.15, N 6.26;
found C 51.11, H 2.94, N, 6.12.

Potassium Salts 5-7: An illustrative example is given here for the
synthesis of compound 5. To a suspension of 2 (0.100 g,
0.260 mmol) in MeOH (10 mL) was added rBuOK (0.029 g,
0.258 mmol). The solution was stirred for 18 h and concentrated to
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dryness to afford the moisture-sensitive solid 5. Yield: 0.087 g
(65%). Selected data for 5: 3'P{'H} NMR (CD;0D): 6§ = 23.8 ppm.
'H NMR (CD;OD): 6 = 7.91-7.07 (arom. H) ppm. FTIR: Vv =
1220 (PO), 965 (PN) cm™!. FAB-MS: m/z = 385 [M — K + 2H]".
CoH3CIKN,OPS-0.5CHCI; (482.6): calcd. C 48.53, H 2.83, N
5.81; found C 49.17, H 2.70, N 5.47. The sulfide analogue 6 was
prepared in 67% yield. Selected data for 6: 3'P{'H} NMR
(CD;0D): 6 = 47.4 ppm. 'H NMR: 6 = 8.05-7.02 (arom. H) ppm.
FTIR: v = 962 (PN), 610 (PS) cm™!. FAB-MS: m/z = 401 [M —
K(CH;0H),]*. CoH3CIKN,PS,-2H,0 (475.0): calcd. C 48.04, H
3.61, N 5.90; found C 47.49, H 3.50, N 5.48. The selenide analogue
7 was similarly prepared in quantitative yield from 4. Selected data
for 7: 3'P{'H} NMR [(CD3),SO]: 6 = 33.3 (1Jps. = 697 Hz) ppm.
'H NMR: § = 7.95-7.05 (arom. H) ppm. C,;oH,3CIKN,PSSe-4H,0
(557.9): caled. C 40.90, H 3.80, N 5.02; found C 40.61, H 2.39, N
4.57.

Complexes 8-14: An illustrative example is given here for the syn-
thesis of compound 9. To an orange suspension of [IrCl(u-Cl)(n>-
Cp*)]> (0.058 g, 0.073 mmol) in thf (10 mL) were added 4 (0.065 g,
0.145 mmol) and /BuOK (0.017 g, 0.151 mmol). The orange solu-
tion was stirred at room temp. for approximately 3 h and concen-
trated to dryness under reduced pressure. The residue was extracted
into CH,Cl, (10 mL), filtered through a Celite plug and concen-
trated to approximately 1 mL. Addition of diethyl ether (20 mL)
afforded a yellow solid, which was collected by suction filtration
and dried in vacuo. Yield: 0.098 g (80%). Selected data for 9:
3SIP{TH} NMR (CDCl3): 6 = 11.9 (Jpg. = 554 Hz) ppm. '"H NMR:
0 =822 (d, J = 8.8 Hz, arom. H), 8.10 (m, arom. H), 7.66 (m,
arom. H), 7.45 (m, arom. H), 7.29 (d, J = 2.4 Hz, arom. H), 7.23
(m, arom. H), 7.13 (dd, J = 8.8, J = 2.1 Hz, arom. H), 1.30 (Cp*)
ppm. FTIR: ¥ = 1492 (CN), 577 (PSe) cm™'. FAB-MS: m/z = 775
[M — CI]*. CyoH,5CLIrN,PSSe (810.4): caled. C 42.98, H 3.49, N
3.46; found C 42.72, H 3.47, N 3.41. In a similar manner, complex
8 was prepared in 78% yield. Selected data for 8: 3'P{'H} NMR
(CDCl;): 6 = 23.1 ppm. 'H NMR: § = 8.13-8.08 (m, arom. H),
7.72 (m, arom. H), 7.46 (m, arom. H), 7.29-7.21 (m, arom. H), 7.12
(dd, J = 8.8, J = 2.4 Hz, arom. H), 1.30 (Cp*) ppm. FTIR: V =
1493 (CN), 601 (PS) cm™!. FAB-MS: m/z = 726 [M — CI|*.
C,oH,3CLIrN,PS, (763.5): caled. C 45.62, H 3.70, N 3.67; found
C 4545, H 3.47, N 3.45. Complexes 10-14 were prepared from the
isolated potassium salts 6 or 7 and the appropriate chlorido-
bridged dimer (isolated yields given in parentheses): 10 (77%), 11
(56%), 12 (84%), 13 (75%), 14 (60 %). Selected data for 10: 3'P{'H}
NMR (CDCl,): 6 = 27.8 ppm. 'H NMR: 6 = 8.31 (d, / = 8.8 Hz,
arom. H), 8.12 (m, arom. H), 7.71 (m, arom. H), 7.45 (m, arom.
H), 7.30 (d, J = 2.2 Hz, arom. H), 7.14 (dd, J = 8.8, J = 2.2 Hz,
arom. H), 1.31 (Cp*) ppm. FTIR: ¥ = 1494 (CN), 601 (PS) cm .
CooHygCLN,PRAS, (673.5): caled. C 51.71, H 4.20, N 4.16; found
C 51.43, H 4.17, N 3.94. Selected data for 11: 3'P{'H} NMR
(CDClL): 6 = 16.7 ("Jpge 564 Hz, 2Jpgy, 3.8 Hz) ppm. '"H NMR: ¢
=8.44 (d, J = 8.9 Hz, arom. H), 8.14 (m, arom. H), 7.65 (m, arom.
H), 7.46 (m, arom. H), 7.32 (d, J = 2.2 Hz, arom. H), 7.16 (dd, J
=8.9,J=2.2Hz, arom. H), 1.32 (Cp*) ppm. FTIR: ¥ = 1487 (CN),
576 (PSe) cm™!. CyoH,5CI,N,PRhSSe (720.26): caled. C 48.36, H
3.93, N 3.89; found C 48.10, H 3.76, N 3.86. Selected data for 12:
3SIP{'H} NMR (CDCls): 6 = 31.7 ppm. '"H NMR: 6 = 8.34 (d, J =
8.9 Hz, arom. H), 8.28-7.21 (m, arom. H), 7.15 (dd, J = 8.9, J =
2.2 Hz, arom. H), 5.54 (d, J = 5.4 Hz, cym), 5.24 (d, J = 6.1 Hz,
cym), 5.13 (d, J = 5.4 Hz, cym), 4.44 (d, J = 5.8 Hz, cym), 2.77
(sept, CH), 2.10 (s, CH3), 1.50 (Cp*), 1.13 (virtual t, CH3) ppm.
FTIR: v = 1493 (CN), 606 (PS) cm™!. FAB-MS: m/z = 670 [M]*.
C,oH,,CLN,PRuUS, (670.7): caled. C 51.93, H 4.07, N 4.18; found
C 52.11, H 4.25, N 3.76. Selected data for 13: 3'P{'H} NMR
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(CDCl5): 6 = 27.3 ppm. '"H NMR: § = 8.29 (d, J = 8.8 Hz, arom.
H), 8.11 (m, arom. H), 7.63 (m, arom. H), 7.44 (m, arom. H), 7.29
(d, J = 2.3 Hz, arom. H), 7.14 (m, arom. H), 1.76 (s, CH3) ppm.
FTIR: v = 1486 (CN), 602 (PS) cm!. FAB-MS: m/z = 698 [M]".
C5;H3,CLLN,PRuS, (698.7): caled. C 53.29, H 4.48, N 4.01; found
C 53.17, H 4.33, N 3.83. Selected data for 14: 3'P{'H} NMR
(CDCly): 6 = —20.3 ("Jpp, = 3385 Hz), 27.1 (2Jpp, = 138 Hz) ppm.
'H NMR: 6 = 7.94 (d, J = 8.8 Hz, arom. H), 7.83 (m, arom. H),
7.49-7.27 (m, arom. H), 7.14 (dd, J = 8.8, J = 2.2 Hz, arom. H),
1.49 (br. s, CHz) ppm. FTIR: ¥ = 1496 (CN), 597 (PS) cm . FAB-
MS: m/z = 767 [M]*. C;H,CLLN,P,PtS; (768.6): caled. C 42.19,
H 3.15, N 3.65; found C 42.58, H 3.57, N 3.40.

Single-Crystal X-ray Structure Determinations: Slow diffusion of
hexanes into a CDCl; solution of 2 gave suitable crystals. Vapour
diffusion of Et,O into a CDCl3/MeCN solution of 5 gave suitable
crystals. Slow concentration of a MeOH solution of 6 gave suitable
crystals. X-ray quality crystals of 8, 9 and 11 were obtained upon
slow diffusion of petroleum ether (b.p. 60-80 °C) into a CDCl;
solution. Vapour diffusion of Et,O into a CDCl; solution of 14
gave suitable crystals. Measurements for 2, 5, 6, 8, 9, 11 and 14
were obtained with a Nonius k¥ CCD area-detector diffractometer
mounted at the window of a rotating molybdenum anode, and Q
scans were employed such that 95% of the unique data were re-
corded at least once. Data collection and processing were carried
out with the programs COLLECT!?"l and DENZO,?! and an em-
pirical absorption correction was applied with SORTAV.??l The
structures were solved by direct methods or Patterson synthe-
sist?324 and refined by full-matrix least-squares®! on F?. Non-
hydrogen atoms were refined anisotropically, and hydrogen atoms
were treated by using a riding model, except for OH in 6, for which
coordinates were freely refined. Disordered CH,Cl, (9%) in 14 was
isotropically modelled. CCDC-223295 (for 14), -838885 (for 5),
-838886 (for 6), -838887 (for 9), -852752 (for 2), -852753 (for 8)
and -852754 (for 11) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Additional X-ray figures for 5, 6 and 8.
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N,N'-Dimethylhydrazine and several of its salts with ener-
getic anions were synthesized and fully characterized by ele-
mental analysis, DSC, mass spectrometry, multinuclear NMR
(*H, 3C, and ®N) spectroscopy, and vibrational (Raman, IR)
spectroscopy. According to the DSC measurements, the com-
pounds exhibit good thermal stabilities, and the nitrate (2)
and dicyanamide (4) salts belong to the ionic-liquid type (i.e.,
T < 100 °C). Additionally, the solid-state crystal structure of
the nitrate [2: triclinic, P1, a = 5.360(2) A, b = 5.806(2) A, ¢ =
6.866(2) A, a = 113.73(2)°, f = 92.44(2)°, 7 = 90.08(2)°, V =
195.4(1) A3], perchlorate [3: orthorhombic, Phca, a
11.774(2) A, b = 11.072(3)A, ¢ = 14.0503)A, V =
1831.6(7) A3], sulfate [5: monoclinic, P2,/n, a = 5.913(1) A, b
=9.509(1) A, ¢ = 10.351(1) A, § = 90.29(1)°, V = 582.0(1) A3],

monopicrate [6b: monoclinic, P2;/c, a = 10.910(1) A, b =
6.7436(1) A, c = 16.442(2) A, p=103.40(1)°, V = 1176.7(2) A3],
and dipicrate dihydrate [6-2H,O: monoclinic, P2;/n, a =
8.230(1) A, b =13.024(1) A, ¢ = 10.642(1) A, p = 104.43(1)°, V
=1104.7(2) A3] salts were determined. Furthermore, a natural
bond orbital (NBO) analysis of the structure of the [MeNH,—
NH,Me]?* cation was performed. Standard tests were used
to examine the sensitivity of the compounds towards impact,
friction, and electrostatic discharge. Lastly, the heats of for-
mation of the compounds were calculated by means of quan-
tum chemical calculations and used to determine the detona-
tion parameters and specific impulses of the compounds and
those of mixtures with an oxidizer.

Introduction

Hydrazine (H,N-NH,) and methylated hydrazines such
as MeNH-NH, (MMH = monomethylhydrazine) or
Me,N-NH, (UDMH = unsymmetrical dimethylhydrazine)
(Figure 1) are widely used as hypergolic bipropellants in
combination with oxidizers such as N,O4 (NTO = nitrogen
tetroxide), RFNA (red fuming nitric acid), or LOX (liquid
oxygen). However, many concerns have been raised in the
recent past about the explosive nature of high-purity liquid
hydrazines in the presence of an oxidizer and, in particular,
the relationship with the high toxicity and carcinogenic
character of these compounds.[!]

On the other hand, commonly used high explosives such
as TNT (2,4,6-trinitrotoluene) or RDX (1,3,5-trinitroperhy-
dro-1,3,5-triazine) generally suffer from high sensitivities,
low performances, detrimental decomposition gases, high
production costs, and incompatibility issues. In comparison
to neutral compounds, salt-based materials are often advan-
tageous due to their lower vapor pressures and higher densi-
ties.”] Additionally, salt-based energetic materials tend to
form extensive hydrogen-bonded networks, which results in
lower sensitivities and higher thermal and chemical stabili-
ties than commonly used high explosives.
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N N
oN” > o,
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Figure 1. Formula drawings of (a) hydrazine, (b) monomethyl-
hydrazine (MMH), (c) unsymmetrical dimethylhydrazine
(UDMH), (d) symmetrical dimethylhydrazine (SDMH), (e) 2,4,6-
trinitrotoluene (TNT), and (f) 1,3,5-trinitroperhydro-1,3,5-triazine
(RDX).

In this context, the synthesis of salt-based compounds
has been the focus of much attention in the last few years.]’]
The anion can be of inorganic nature (e.g., nitrate, perchlor-
ate, and azide)™ as well as organic (e.g., picrate,™! 5,5'-
azotetrazolate,!’! and 3-nitrotriazolate).”! Although many
salt-based energetic derivatives of hydrazine,® MeNH-
NH,,”! and Me,N-NH,!"% are known, energetic salts of the
less readily available MeNH-NHMe (SDMH = symmetri-
cal dimethylhydrazine) have only been poorly studied if at
all. To the best of our knowledge, the only examples of salts
of MeNH-NHMe reported in the international literature
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are the 5,5-azotetrazolate!'!! and azidel'?! salts of the
[MeNH,-NHMe]* cation and the sulfate (synthesis in the
gas phase)’¥ and chloridel" salts that contain the
[MeNH,-NH,Me]** cation. Therefore, in view of their pos-
sible interest for energetic applications, we decided to
undertake the synthesis, full characterization, and study of
the energetic properties of salts of MeNH-NHMe with
energetic anions that have previously been considered for
the synthesis of energetic salts.

Results and Discussion
Syntheses

The metathesis reaction of the chloride salt {{MeNH,—
NH,Me|Cl, (1)} with a suitable silver salt in water or
alcohol led, upon filtration of the insoluble silver chloride,
to the isolation of the nitrate {{MeNH,-NH,Me][NOs],
(2)}, perchlorate {{[MeNH,-NH-,Me][ClO4], (3)}, dicyan-
amide {[MeNH,-NH,Me][N(CN),]» (4)}, and sulfate
{I[MeNH,-NH->M¢][SO,4] (5)} salts. Subsequent treatment
of the sulfate salt (5) with barium picrate hexahydrate led
to the formation of insoluble barium sulfate and the isola-
tion of the corresponding picrate salt {{MeNH,-NH,Me]-
[(NO,);Ph-0O] (6)} (see Scheme 1). Alternatively, 6 could be
conveniently prepared by the deprotonation of 1 with so-
dium hydroxide to form the MeNH-NHMe free base,
which was added to a suspension of picric acid in ether,
thereby leading to the precipitation of 6 in high purity and
quantitative yield. Lastly, two methods for the synthesis of
the 5-aminotetrazolate salt (7) in analogy to those used for
the picrate salt 6 were used. However, in both cases, 5-
amino-1H-tetrazole monohydrate was recovered (see the
Experimental Section).

Compounds 1-6 are readily soluble in DMSO, water, and
alcohols such as methanol, ethanol, or iPrOH, and insolu-
ble in apolar or less-polar solvents such as ether or cyclo-
hexane.

Vibrational and NMR Spectroscopy
Computational Details

The (gas-phase) geometry of the [MeNH,—-NH,Me]**
cation was fully optimized using DFT calculations

Eur/IC
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(B3LYP)!'>-10] at the 6-311+G(d,p) level of theory. The opti-
mized geometry was a minimum on the potential-energy
surface and no imaginary frequencies were found. The opti-
mized structure was used to calculate the vibrational fre-
quencies with the corresponding infrared (IR) intensities
and Raman activities (Gaussian 03W package).['”l The ob-
tained raw frequencies were scaled (by a factor of 0.9613
for the B3LYP method) as suggested by Scott et al.['8]
Table S1 in the Supporting Information contains the re-
sults of the frequency calculations (i.e., scaled frequencies
with IR intensities and Raman activities) together with
averaged values found experimentally for the salts of the
[MeNH,-NH,Me]** cation in this work and assignment of
the vibration modes. As expected, the calculated frequencies
tend to systematically overestimate the experimental val-
ues.'T However, there is little difference in the frequencies
obtained from the IR and Raman measurements of all com-
pounds, thus indicating important similarities in the solid-
state structure of the [MeNH,—NH,Me]** cation in the dif-
ferent salts, as confirmed by X-ray diffraction analysis (see
discussion below). The most intense band in the Raman
spectra of the salts of the synthesized [MeNH,~NH,Me]**
cation corresponds to the vibration modes of the different
anions, observed at 1050 cm™' [nitrate, v(NO3)],2 931 and
459 cm ! [perchlorate, v(ClO4) and §(ClO,4)],?Y 2177 cm™!
[dicyanamide, v(CN)],??1 971 cm™! [sulfate, v(SO,)],[>3 and
1344 and 1296 cm™! [picrate, V(NO,)].’Y As for the
[MeNH,-NH,Me]** cation, the most intense band in the
Raman spectra corresponds to a combined C-H torsion
and N-H rocking vibration observed at ¥ = 1070 cm™!. On
the other hand, the IR spectra are dominated by bands of
medium intensity that obscure the vibrations of the anion
and the most intense vibration corresponds to the out-of-
plane bending of the N-H and C-H bonds (v = 1290 cm ™).
The remainder of the vibrations are of lower intensity and
can be assigned as follows (v = stretching, 6 = in-plane
bending, ¥ = out-of-plane bending, ® = in-plane rocking, t
= torsion, s = symmetric, as = antisymmetric): 2950-3005
[vs(N-H) and v,(N-H)], 2750-2860 [v{(C-H) and v,(C-
H)], 1550-1760 [64(N-H) and 6,,(N-H)], 1270-1490 [y(N-
H)], 1450-1500 [6,(C-H) and 8,,(C-H)], 1435 [t¢(C-H) and
©(N-H)], 920-1400 [y(C-H)], 1030-1120 [t(C-H) and t(N—
H)], <820 [o(N-H) and o(C-H)], and 730-860 cm™' [v(C—
N) + v(N-N)].[>’] Note that the free base MeNH-NHMe

H H H H H3C CH
I+ |4 a- _AGX Ly |t - NaO_»H o
HaC—N—N—CHz [Xlp3 =——— H;C—N—N—CH, [CII> NN
|| H,0 | H,0 H H
H H H H
X% =NO;"(2), cI0,~ (3), 1 HY
N(CN),™ (4) SO,* (5)
H,0 H H
5 + BaY Nt 2
ay, HsC—N—N—CHj; [Y]2
—BaSO, L

Y~ = [(NO,);Ph-0J” (6), fHaN=CNz}~(7)

Scheme 1. Reaction scheme for the synthesis of salts of the [MeNH,~NH,Me]** cation.
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Table 1. 'H, '3C, and >N NMR spectroscopic chemical shifts [ppm] for the [MeNH,-NH,Me]** cation in compounds 1-6.

'H NMR 13C NMR ISN NMR!IP®I

N-CH, NH N-CH, N-CHj,
MeNH-NHMe 2.36 4.07 36.9 +97.5
[MeNH,-NH,Me|Cl, (1) 2.57 9.26 34.6
[MeNH,-NH,Me][NO;], (2) 2.55 10.15 35.1 +75.2 (-22.3)1
[MeNH,-NH,Me][N(CN),], (4) 2.57 7.89 35.2
[MeNH, NH,Me][SO,] (5) 2.58 7.76 35.0
[MeNH, NH,Me][(NO,);Ph-O] (6) 2.60 8.46 34.8

[a] In [Dg]DMSO. [b] NH; was used as an external standard. [c] PIS [ppm].

shows similar IR frequencies (see the Experimental Sec-
tion); however, it suffers from Raman fluorescence.

Multinuclear NMR spectroscopic studies ('H, 3C, and
I5N) were used to obtain information about the [MeNH,—
NH,MeJ?* cation in solution. These results are summarized
in Table 1 together with the corresponding shifts for
MeNH-NHMe. In the 'H NMR spectra of salts 1-6 in
[D]DMSO, two resonances are observed. The —CHj;
groups resonate at approximately ¢ = 2.60 ppm, whereas
the -NH groups have broad resonances in the range be-
tween approximately 7.70 and 10.20 ppm. Both these sig-
nals are shifted to low field in comparison to the analogous
signals in MeNH-NHMe [6 =2.36 (-CH3) and 4.07 ppm
(N-H)]. In the '3C NMR spectra, the -CHj groups of com-
pounds 1-6 have very consistent resonances at approxi-
mately 35.0 ppm, which are shifted to high field relative to
the free base (5 =36.9 ppm). Additionally, the ''’N  NMR
spectrum of the nitrate salt (2) was measured (see Figure 2)
as a representative example of a salt that contained the
[MeNH,-NH,Me]** cation. In comparison to MeNH-
NHMe, the nitrogen atoms in 2 show a proton-induced
shift (PIS)1?%! of § = —22.3 ppm.

15
NO," N NMR
H H
|+ + —
HsC—N—N—CH; [NOs],
H H
[N—CH3
| ) T T T | T T T T | T T T T | T T T T |
400 300 200 100 0
8/ ppm

Figure 2. N NMR spectrum of [MeNH,~NH,Me][NOs], (2) in
[Dg]DMSO.

Crystal Structures

Low-temperature X-ray diffraction analysis was used to
determine the solid-state structure of the salts of MeNH-
NHMe, 2, 3, 5, 6b, and 6-2H,O. X-ray-quality single crys-
tals were grown as described below (see the Experimental
Section). An Oxford Diffraction Xcalibur 3 diffractometer
equipped with a CCD detector using the CrysAlis CCD

868 www.eurjic.org
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software was used for the measurements,'*’! and the Crys-
Alis RED software was used to reduce the data.l?®! All data
were collected using graphite-monochromated Mo-K,, radi-
ation (1 = 0.71073 A). The structures were solved by direct
methods and refined by means of full-matrix least-squares
procedures using WinGX and the available software in the
package.?*321 Finally, the structures were checked using
PLATON.3 The absorption corrections were performed
using a SCALE3 ABSPACK multiscan method.’# All non-
hydrogen atoms were refined anisotropically, whereas the
hydrogen atoms were located from difference Fourier elec-
tron density maps and refined isotropically.

The crystal-structure solution and refinement data of
salts 2, 3, 5, 6b, and 6:2H,O are summarized in Table 2. A
record of the C-N and N-N bond lengths and angles of
the [MeNH,-NH,Me]** cation ((MeNH,-NHMe]* cation
for 6b) has been collected in Table 3 together with the DFT-
optimized parameters using a B3LYP/6-311+G(d,p) basis
set. Additionally, the geometry of medium to strong hydro-
gen bonds found in the structure of the compounds as well
as the results of the graph-set analysis can be found in the
Supporting Information (see Tables S2, S3, S4, S5, S6, and
S7, respectively). Lastly, the CIF files of the compounds
have been deposited at the Cambridge Crystallographic
Data Centre.[*%

To the best of our knowledge, the only salt of MeNH-
NHMe that has been structurally characterized is its
monoazide [MeNH,-NHMe][N;].l'*! No crystallographic
reports that describe compounds based on [RNH,-
NH,R'J** (with R and R’ = alkyl, aryl, acyl, and so on)
can be found among the CCDC data, and in addition to
the azide report mentioned above, only four matches can be
found for salts based on a [RNH,—NHR']* cation.[*¥ For
example, the solid-state structure of pyrazolidinium azide
was reported by Klapotke et al.[30d]

Apart from compounds 2 and 3, which have a triclinic
and an orthorhombic cell of the space groups P1 and Pbca,
respectively (see Table 2), the remainder of the compounds
crystallize in monoclinic cells of the space group P2,/n (5
and 6:2H,0) and P2,/c (6b).

To obtain a better understanding of the structure of the
[MeNH,-NH,Me]** cation, its gas-phase structure was op-
timized by using B3LYP functional analyses with a 6-
311+G(d,p) basis set.?”! As can be expected from the lack
of molecular packing in the gas phase, the computed bond
lengths and angles for the [MeNH,~NH,Me]** cation over-

Eur. J. Inorg. Chem. 2012, 866-877
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Table 2. Crystal-structure solution and refinement of salts of MeNH-HMe.!

2 3 5 6b 6-2H,0
Formula C2H10N406 CzHl()NzCleg C2H10N204S Cng 1N507 C14H18N8016
M, 186.14 261.02 158.18 289.20 554.34
T K] 293(2) 293(2) 110(2) 110(2) 110(2)
Crystal shape needles block plate needles plate
Color colorless colorless colorless yellow yellow
Crystal size 0.052X0.167X0.550  0.073x0.118 X0.216  0.496X0.407 X 0.089  0.403x0.148X0.104  0.483x0.233 X0.157
Crystal system triclinic orthorhombic monoclinic monoclinic monoclinic
Space group Pl Pbca P2i/n P2/c P2/n
a[A] 5.360(2) 11.774(2) 5.913(1) 10.910(1) 8.230(1)
b [nA] 5.806(2) 11.072(3) 9.509(1) 6.743(1) 13.024(1)
c[A] 6.866(2) 14.050(3) 10.351(1) 16.442(2) 10.642(1)
a [7] 113.73(2) 90 90 90 90
S0 92.44(2) 90 90.29(1) 103.40(1) 104.43(1)
7 [°] 90.08(2) 90 90 90 90
VA3 195.4(1) 1831.6(7) 582.0(1) 1176.7(2) 1104.7(2)
V4 1 8 4 4 2
Deaiea. [gem ™3] 1.582 1.893 1.805 1.632 1.666
u fem™] 1.383 6.746 0.502 1.264 1.361
F(000) 98 1072 336 600 572
0 range [°] 7.05-66.29 6.30-66.71 3.93-29.46 4.16-66.68 5.47-66.47
hkl range -6=h=6 -13=h=12 =h=7 -12=h=12 9=h=8
-6=k=6 -13=k=8 -13=k=13 I=k=7 -15=k=15
8=/=8 -l16=/=16 -l4=/=14 -18=/=19 -12=/=12
Reflns. measd. 2096 4974 8603 8336 7477
Unique reflns. 684 1582 1505 2059 1923
Ry 0.045 0.073 0.064 0.063 0.052
Data/restr./param.  684/0/55 1582/0/127 1505/0/83 2059/0/182 1923/0/173
R(F)wR(F?) 0.056/0.152 0.061/0.160 0.057/0.159 0.048/0.118 0.045/0.124
(all data)
GoF (F?) 1.006 1.011 1.047 0.930 1.033
Aprin [eA7] -0.41/0.41 -1.18/0.70 -0.75/0.62 -0.33/0.32 -0.35/0.31

[a] Symmetry codes: Rl = Z||F,| — |FIZ|F,; R, = [Z(F2 — F2IEwW(F,)2]1/2; w = [62(F2) + (xP)2 + yP] -1, P = (I2 — 2F2)/3.

Table 3. Experimental (X-ray) selected bond lengths [A] and angles [°] in the crystal structure of salts of the [MeNH,—NH,Me]** cation
and computed values for the optimized structure using DFT calculations [B3LYP/6-311+G(d,p)].

20l 3 SADI 5B 6blc) 6-2H,01! B3LYP
CI-N2 1.485(3) 1.490(5) 1.482(4) 1.488(4) 1.472(2) 1.485(2) 1.501
N2-N3 1.447(3) 1.445(5) 1.438(5) 1.447(5) 1.458(2) 1.452(2) 1.452
N3-C4 1.485(3) 1.492(6) 1.482(4) 1.488(4) 1.476(2) 1.485(2) 1.501
N3-N2 Cl 111.5(2) 111.6(3) 111.7(2) 111.4(2) 109.9(1) 111.3(1) 114.6
N2-N3-C4 111.5(2) 112.4(3) 111.7(2) 111.4(2) 110.3(1) 111.3(1) 114.6

[a] For 2: N3 = N2! and C4 = C1'; symmetry code (2): (i) 2 —x, 2 —, 1 — z. [b] For 5A: N3 = N2/ and C4 = C1}; for 5B: C1 = C2, N2 =
N3, N3 = N3 and C4 = C2; symmetry codes [SA and 5B]: i) 1 —x, 1 —y, 1 —z; (ii)) 1 —x, 1 — y, —z. [c] Compound 6b is a salt of the
[MeNH,~NHMe]* cation. [d] For 6:2H,0O: N3 = N2! and C4 = C1'; symmetry code (6:2H,0): (i) 1 — x, —, —z.

estimate the (X-ray) experimental results. In any case, the A natural bond orbital (NBO) analysis (Gaussian
optimized geometry of the gas-phase structure of the 03W)['”l was performed on the optimized structure of the
[MeNH,-NH,Me]** cation is in good agreement with the [MeNH,-NH,Me]** cation. The results have been summa-
(solid-state) X-ray diffraction results. The average N2-N3 rized in Figure 4. Due to the symmetry of the molecule, the
bond length (ca. 1.445 A) is very close to the expected N— NBO analysis predicts identical charges for the two nitro-
N single bond length (1.450 A)38! and in agreement with

the analogous distance in Me,N-NH,*! and N,N’-dimeth-

ylhydrazinium diazide'?! (see Figure 3 and Table 3). ‘B &
¢ 2
Cl1y 0 9 jca
J
c1 II|+ i?+ c4 -0.535 N2 N3 -0.535
H3C—N—N—CHj3 -0.428 -0.428
NZIL I1|N3

Figure 4. Optimized geometry and charge distribution in the
Figure 3. X-ray labeling scheme for the [MeNH,~NH,Me]** cation =~ [MeNH,-NH,Me]** cation as found with NBO analysis [B3LYP/
(see Table 3). 6-31+G(d,p)].
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gen atoms (N2 and N3 = -0.428 ¢) and for the two carbon
atoms (Cl and C4 = -0.535¢). These results suggest the
possibility of extensive hydrogen bonding in the gas phase,
which is in keeping with the (solid-state) X-ray diffraction
results (see Table S2 in the Supporting Information).

[MeNH,-NH;Me][NO;], (2) crystallizes and forms non-
planar layers with the two methyl groups of the [MeNH,—
NH,Me]?>* cation pointing upwards and downwards from
the plane of the layers, respectively. Apart from covalent
forces with the methyl groups, there exists no significant
interaction between layers. Figure 5 shows a view of one of
the nonplanar layers with the hydrogen-bonding and label-
ing scheme. As represented in Figure 6, the packing in the
structure of the compound is characterized by extensive hy-
drogen bonding between cations and anions. In total, seven
hydrogen bonds are formed (see Table S2 in the Supporting
Information): five are between anions and cations, and the
remaining two hydrogen bonds are nonclassical hydrogen
bonds, which are formed between the methyl groups of the
cation and the oxygen atoms of the nitrate anion. The ex-
tensive hydrogen bonding found in the crystal structure of
the compound accounts for the relatively high density of
the nitrate salt (Degeq. = 1.582 gem™) relative to the analo-
gous azide salt (Dgyeq. = 1.227 gem3).[12]

Figure 5. View of a nonplanar layer in the crystal structure of
[MeNH,-NH,Me][NOs], (2) with hydrogen bonding (dotted lines)
and the labeling scheme. Diamond ellipsoids are represented at
50% probability.

The formalism of graph-set analysis*?! is useful to de-
scribe the complex hydrogen-bonding networks found in
the structure of the compounds in this work. For salt 2, the
computer program RPLUTO identified the five (classical)
hydrogen bonds in Table S2 in the Supporting Information
as forming dimeric chains so that the unitary hydrogen-
bonding network is described by N; = 5*D1,1(2)[D2,2(6)]
(see Table S3 in the Supporting Information). At the sec-
ondary level, these finite chain interactions combine to
form infinite chains with the labels C1,2(X) (X = 4, 5) and
C2,2(X) (X = 5, 6) in addition to ring networks with the
descriptors R1,2(5), R2,1(X) (X = 3, 4), R2,2(X) (X = 4,
6), R2,4(X) (X = 8, 10), and R4,4(X) (X = 7, 10, 12, 14).
Some of these ring graph sets are represented in Figure 5,
for example, the R2,1(4) graph sets are formed by two hy-
drogen bonds between one cation and one anion [N2--04
= 2.783(3) A and N2-+05 = 2.893(3) A]; two cations and
two anions interact to form R2,2(4) graph sets [N2--O5 =
2.923(3) A and N2--05i = 2.699(3) A; symmetry code: (iii)
1 +x,z].
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Figure 6. Packing in the 2X2X2 [-1 — +1] supercell of [MeNH,—
NH>Me][NO;s], (2, view along the ¢ axis) with extensive hydrogen
bonding (dotted lines).

[MeNH,-NH,Me|[ClO4]; (3) crystallizes with the highest
calculated density of all compounds in this work (D.ueq. =
1.893 gem3). Figure 7 shows the asymmetric unit (ASU) of
the compound with the labeling scheme. The ASU is made
up of one cation and two crystallographically independent
perchlorate anions. Similar to the nitrate salt, the com-
pound is involved in the formation of extensive hydrogen
bonding (see Table S2 in the Supporting Information).
Compound 3 participates in the formation of up to nine
hydrogen bonds: two nonclassical hydrogen bonds between
methyl groups and anions, and seven classical hydrogen
bonds between cations and anions.

06 o7

 CI10

“
014 013 011 ¢

Figure 7. Asymetric unit of [MeNH,-NH,Me][ClO,], (3) and label-
ing scheme. Diamond ellipsoids are represented at the 50% prob-
ability.

The complex hydrogen-bonding patterns found in the
structure of the compound are represented in Figure 8. The
unitary network is described exclusively by dimeric interac-
tions [N; = 7*D1,1(2)], which combine at the secondary
level to form other dimeric interactions of the type D2,1(3)
and D2,2(X) (X = 5, 6), C2,2(X) infinite chains, and one
R2,1(4) ring motif (Table S4 in the Supporting Infor-
mation). The latter graph set, formed by interaction of the —
NH,* moieties of the cation with two oxygen atoms of the
same anion [N3--O13" = 2811(6) A and N3--0l14 =
2.988(6) A; symmetry code: (i) x, 0.5 — y, 0.5 + z] is analo-
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gous to that found in the nitrate salt (see discussion above)
and common for salts with anions that contain an —XO, (X
= N, CI) unit.F#e-3

Figure 8. Packing in the crystal structure of [MeNH,-NH,Me]-
[C1O4]» (3). The dashed lines represent hydrogen bonding.

[MeNH,-NH,Me][SO4] (5) crystallizes with a high calcu-
lated density (Dgaicq. = 1.805 cm™3). The asymmetric unit is
made up of one SO,> anion and 2.5 [MeNH,-NH,Me]**
cations so that the global charge is zero. The 2.5 cations lay
on a symmetry plane so that the other half of the cation
can be generated by symmetry [symmetry codes: (i) 1 — x,
1-y 1—z(@i)l-x,1-y —z]. In analogy to the nitrate and
perchlorate salts, a total of seven classical hydrogen bonds
between cations and anions are formed (see Table S2 in the
Supporting Information). The extensive hydrogen-bonding
networks found in the structure of the compound can be
described as Ny = 7*D1,1(2) [D2,2(6)] at the primary level.
At the secondary level, in addition to dimeric patterns with
the descriptors D1,2(3) and D2,2(5), there exist also infinite
chains of the type C2,1(4) and C2,2(X) (X = 6, 7), and
R1,2(X) (X =4, 5), R2,2(7), R2,4(8), and R4,4(X) (X = 12,
14) ring graph sets (see Table S5 in the Supporting Infor-
mation). Figure 9 shows the two types of R2,2(7) ring graph
sets found in the structure of the compound, which are
formed between the hydrogen bonds labeled A and C
[N2-+09 = 3.040(3) A and N2--O7V = 2.683(3) A; sym-
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Figure 9. Packing in the unit cell of [MeNH-NHMe][SO,] (5) with
the labeling scheme view along the a axis. The dashed lines repre-

sent hydrogen bonding. Diamond ellipsoids are represented at 50%
probability.
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metry code: (iv) 1 — x, 1 — y, 1 — z] and between D and G
[N3--09¥ = 2.974(3) A and N3--08 = 2.658(3) A; sym-
metry code: (v) 1 — x, 1 — y, —z]. In addition, R3,4(6) net-
works are also formed at the quaternary level (i.e., they in-
volve the combination of four hydrogen bonds, namely, A,
B, D, and E). These latter motifs (not included in Table S5)
are also depicted in Figure 9.

After recrystallization from ethanol of the dipicrate salt
[MeNH,-NH,Me][(NO,);Ph-0], (6), single crystals of the
monopicrate [MeNH,~-NHMe][(NO,);Ph-O] (6b) were ob-
tained. Figure 10 shows the asymmetric unit of the com-
pound with the labeling scheme and the hydrogen bonding
between cations and anions. Similar to what is found in the
crystal structure of 6:2H,O (see discussion below), the p-
NO, group of the picrate anion is almost coplanar to the
benzene ring [C8—C9-N15-016 = 3.7(2)°], whereas the o-
NO, groups are considerably deviated [C10-C11-N18-O19
= 36.2(2)° and C6-C7-N12-013 = 34.2(2)°].

Figure 10. Labeling scheme in the crystal structure of [MeNH,-
NHMe][(NO,);Ph-O] (6b) and hydrogen bonding (dotted lines).
Diamond ellipsoids are represented at 50% probability.

In the unit cell (Figure 11), the picrate anions form non-
planar layers, which are connected by hydrogen bonding
with the formally negatively charged oxygen atom OS5
[N3--05i = 2.797(3) A, symmetry code: (i) x, 1 + y, z].
The lack of water of crystallization in the structure of the
compound accounts for two fewer hydrogen bonds, namely,
three, in comparison with the hydrated dipicrate salt
6-2H,0O (Table S2 in the Supporting Information). The pri-
mary hydrogen-bonding network is described by N; =
3*D1,1(2) (Table S6 in the Supporting Information). At the
secondary level, there exist two infinite chain graph sets of
the type C1,2(4) and C2,2(11) and one ring network with
the label R4,4(22). This last hydrogen-bonding motif is rep-
resented in Figure 10 and is formed by the hydrogen bond
between layers mentioned above (N3+--O5") and the hydro-
gen bond formed by the p-NO, group [N2:--O17V =
3.054(3) A; symmetry code: (iv) 2 — x, 1 — y, 1 — z]. In ad-
dition, one of the C—H groups in the anion is involved in
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nonclassical hydrogen bonding with the 0-NO, groups
[C10--014' = 3.421(3) A; symmetry code: (i) x, 0.5 — y, 0.5
+ z].

Figure 11. View of the unit cell of [MeNH,~NHMZe][(NO,);Ph-O]
(6b) along the a axis with the hydrogen bonding between nonplanar
layers (dotted lines).

After recrystallization from water of the dipicrate salt
[MeNH,-NH,Me][(NO,);Ph-O], (6), single crystals of the
dihydrated species [MeNH,-NH,Me][(NO,);Ph-O],:2H,O
(6:2H,0) were obtained. Figure 12 shows the molecular for-
mula of the compound in the solid state. Half of the mole-
cule can be generated by symmetry [symmetry code: (i) 1 —
X, =y, —z]. Whereas the p-NO, group of the picrate anion is
almost coplanar with the benzene ring [C6-C7-N13-0O15 =
8.2(2)°], the 0-NO, groups are considerably deviated [C6—
C5-N10-012 = 33.8(2)° and C8-C9-N16-017 = 34.9(2)°].
As pointed out above, this situation is analogous to that
found in the monopicrate salt 6b; however, it is in contrast
to a report on the crystal structure of azolium saltsP in
which two nitro groups are approximately coplanar with the
benzene ring and one of the 0-NO, groups is more signifi-
cantly tilted. These differences might be related to packing
effects.

molecular
NH>Me][(NO,);Ph-0],2H,O (6:2H,0) with hydrogen bonding
(dotted lines) and the labeling scheme. Diamond ellipsoids are rep-
resented at 50% probability.

Figure 12. View of the formula of [MeNH,-

In analogy to the nitrate and perchlorate salts described
above, all four N-H hydrogen atoms in the cation are in-
volved in hydrogen bonding to form three out of the six
important interactions found in the structure of the com-
pound (see Table S2 in the Supporting Information). In ad-
dition, a nonclassical hydrogen bond is formed between one
of the C-H groups in the anion and one of the 0-NO,
groups [C6+-O17' = 3.383(2) A; symmetry code: (i) 1 + x,
¥, z], whereas the two molecules of water are involved in
two hydrogen bonds, which link the picrate anions along
the ¢ direction to form wavy layers (Figure 13). Two consec-
utive layers are connected by hydrogen bonding over the
[MeNH,-NH,Me]*" cations and the water molecules,
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whereas the aromatic rings interact through m stacking
[des ¢7 = 3.834(2) A]. The primary hydrogen-bonding net-
work is described by N, = 5¥*D1,1(2) (Table S7 in the Sup-
porting Information). At the secondary level, there exist
many dimer interactions of the type D2,2(X) (X = 4-7, 9),
chain graph sets with the label C2,2(10), and ring networks
with the descriptor R2,1(6). The latter are formed by the
interaction of one cation and one anion [N2:-03 =
2.598(2) A and N2--O11 = 2.846(2) A] and are represented
in Figure 12. Lastly, the density of the picrate salt (Dgaieq.
=1.666 gcm ) is similar to that of recently reported picrate
salts with azolium cations.[>]

Figure 13. Nonplanar layers formed by the picrate anions in the
crystal  structure of [MeNH,-NH,Me][(NO,);Ph-O],:2H,0
(6-2H,0, view along the « axis) with the hydrogen bonding (dotted
lines).

DSC Analysis, Sensitivity Tests, and Predicted Performance

MP2 Calculations

The Moller—Plesset perturbation theory truncated at the
second order (MP2)*!l with a correlation-consistent polar-
ized valence double-{ basis set (cc-pVDZ)#>41 was used to
calculate the electronic energies of the [MeNH,—NH,Me]**
cation and the different anions in this study. An approxi-
mation of the lattice enthalpy was used for the calculations,
as described previously by Jenkins and co-workers.[*¥] These
values were used unscaled as provided by the Gaussian 03W
program.[!”]

Differential scanning calorimetry (DSC) was used to as-
sess the thermal stability of the salts of MeNH-NHMe in
this work (see Table 4). At a heating rate of = 5°Cmin !,
compound 3 does not show a defined melting point,
whereas the remainder of the materials melt at defined tem-
peratures far below the decomposition points. Compound
4 exhibits the largest liquid range (i.e., the largest difference
between melting and decomposition temperatures) at
143 °C and, together with the nitrate salt 2, they belong to
the ionic liquid class (i.e., T, < 100 °C). As expected, the
picrate salt 6 shows the highest thermal stability and de-
composes at temperatures above 225°C. In addition to
DSC analysis, the compounds were loaded on a metal spat-
ula and submitted to a thermal shock in the flame of a
Bunsen burner. Under these conditions all of the com-
pounds failed to explode; however, salts 2 and 3, based on
an oxidizing anion, namely, nitrate and perchlorate, showed
a significantly more vigorous reaction with an easy burn-
ing-to-deflagration transition.
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Table 4. Physical and chemical properties of energetic salts of the [MeNH,~NH,Me]?>* cation (2, 3, 4, and 6) and of the [MeNH,—~

NHMe]" cation (6b).

2 3 4 6 6b
Formula C2H10N4O6 C2H10N208C12 C6H10N8 C14H14N8014 Cng 1N5O7
M, [gmol ] 186.12 261.01 194.19 518.31 289.20
T/ T, [PCJ& 98 - 37 112 123
T, [°CJ®! 220 175 180 225 211
Q [%] 26 0 140 65 69
Peatea. [gem 1.582 1.893 1.420 1.666 1.632
AH [kJ mol ] 1590 1528 1531 1236 461
AU; [kJ kg '] 1162 3205 2957 258 268
AH; [k kg '] 1029 3120 2842 -345 171

[a] Phase-transition temperature. [b] Decomposition point (from DSC onsets) with measurements at f# = 5 °Cmin'. [c] Oxygen balance.
[d] Density from pycnometer (4) or X-ray (2, 3, 6, and 6b) measurements (the X-ray density of 6 was approximated to that of 6:2H,0).
[e] Lattice enthalpy. [f] Computed (MP2) energy of formation. [g] Computed (MP2) enthalpy of formation.

Standardized Bundesanstalt fiir Materialforschung und
-priifung (BAM)*48] procedures were also used to assess
the sensitivity of the salts of MeNH-NHMe towards im-
pact, friction, and electrostatic discharge. These results have
been summarized in Table 5 together with relevant perform-
ance data for the same compounds. In the BAM drop ham-
mer and friction tests, compounds 2, 3, 4, 6, and 6b all
showed decreased sensitivity towards impact and friction.
The perchlorate salt 3 showed particularly high explosive
power and shattered the ceramic plate used for the friction
test (see Figure S1 in the Supporting Information). Com-
pounds 4, 6, and 6b, which are based on a less oxidizing
anion, did not show any sign of decomposition at the maxi-
mum loading of these tests (i.e., i > 40J and f > 360 N);
however, salts 2 and 3, based both on typically oxidizing
anions, decomposed explosively at lower loadings, in par-
ticular, the better oxygen-balanced salt 3 ( = 20J and f
=150 N). The electrostatic sensitivity test was conducted
by placing the compounds on a metallic plate and applying
the electrostatic discharge of a Tesla coil. No explosion was
observed for any of the compounds tested.

With the exception of perchlorate salt 3, the low sensitiv-
ity of the salts of MeNH-NHMe in this work provides a
clear advantage over commonly used explosives such as
TNT (2,4,6-trinitrotoluene), which is significantly more sen-
sitive towards impact (i = 15J); for salts 4, 6, and 6b, it is

also more friction-sensitive (f = 355 N).[*! Furthermore,
the compounds in this study also present lower sensitivities
than recently reported hydrazinium salts with nitrogen- or
oxygen-rich anions.’%-521

The (MP2)-calculated electronic energies of the
[MeNH,-NH,Me]** cation {{MeNH,-NHMe]|" cation for
salt 6b} and the different anions used were combined to
obtain the energies of combustion of the compounds in this
work. Subsequently, the energies of formation were calcu-
lated on the basis of the combustion equations of salts 2,
3, 4, 6, and 6b (see below) by using Hess’ law and the
known standard heats of formation for dioxygen, carbon
dioxide, water, dinitrogen, and hydrogen chloride.’? Except
for salt 6 (AHy = -345 kJkg™"), all compounds in this work
including 6b are predicted to have positive heats of forma-
tion, which vary between 171 (for 6b) and 3120 kJkg! (for
3). These values are comparable to those of previously re-
ported energetic salts based on picrate,>° nitrate, perchlor-
ate,1*®># and dicyanamide anions.?? Note the higher (posi-
tive) heat of formation of the monopicrate salt 6b than the
dipicrate salt 6, which is as expected, since the enthalpy of
formation is inversely proportional to the lattice enthalpy
and salt 6, based on a divalent cation, has a significantly
higher predicted lattice enthalpy than compound 6b, which
is based on a monovalent cation (AH; = 1236 and
461 kJmol!, respectively).

Table 5. Relevant performance parameters (calculated using EXPLOS) and results of the sensitivity tests of salts of the [MeNH,~NH,-
Me]?* cation (2, 3, 4, and 6) and of the [MeNH,~NHMe]* cation (6b).

Toxpr. KT Vo [Lkg '™ Py [kbar]® D [ms ' I, [s]®)  Impact [J]  Friction [N]! ESD (+/-)l&!  Thermal shock!™
2 4745 893 241 8117 225 >30 >360 - burns fast
3 6755 756 387 8624 249 <2 <42 - deflagrates
4 2375 671 159 6885 199 >40 >360 - burns slowly
6 3691 627 237 7576 211 >40 >360 - burns slowly
6b 3579 681 237 7769 216 >40 >360 - burns slowly

[a] Temperature of the explosion gases. [b] Volume of the explosion gases. [c] Pressure. [d] Velocity of detonation (detonation run, 1%
TFNA = trifluorotrinitroazahexane was added for perchlorate salt 3). [e] Specific impulse (isobaric combustion for the pure compound
at a chamber pressure = 60.0 bar). [f] Impact and friction sensitivity values (according to BAM methods). The nitrate salt 2 decomposed
without explosion at this friction load. [g] Rough sensitivity to electrostatic discharge using a Tesla coil (ca. 20 kV), + sensitive, — insensi-
tive. [h] Response to fast heating in the flame test.
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2: [MeNH,-NH,>Me][NO;s], (s) + 1.50, — 2CO, (g) + SH,O () +
2N; (2)

3: [MeNH, NH,Me][CIO,], (s) + 00, — 2CO, (g) + 4H,0 (I) +
2HCI (g) + N; (g)

4: [MeNH, NH,Me][N(CN),], (s) + 8.50, — 6CO, (g) + 5H,O (1)
+ 4N, (g)

6: [MeNH, NH,Me][(NO,);Ph-OJ, (s) + 10.50, — 14CO, (g) +
7H,O (1) + 4N, (g)

6b: [MeNH,-NHMe][(NO,);Ph-O] (s) + 7.250, — 8CO, (g) +
5.5H,0 (1) + 2.5N, (g)

The computer program EXPLO5P! was used to estimate
the detonation parameters and specific impulses of the salts
of the [MeNH,-NH,Me]?** cation. The following values for
the Becker—Kistiakowsky—Wilson!®! equation of state were
used: @ = 0.5, p = 0.176, k = 14.71, and 0 = 6620. The
detonation parameters (i.e., detonation pressure and veloc-
ity) of compounds 2, 3, 4, 6, and 6b vary between Py, =
159 (4) and 387 kbar (3) and D = 6885 (4) and 8624 ms™!
(3), respectively. Note that the detonation parameters, cal-
culated from the energies of formation obtained from MP2-
calculated electronic energies of the cation and anion, tend
to overestimate the real values.>’! In any case, the predicted
detonation parameters are comparable to those of com-
monly used explosives such as TNT (P4 = 205 kbar and
D = 7171 ms') and RDX (P4, = 340kbar and D =
8885 ms!).*1 On the other hand, the specific impulses
vary between 199 (4) and 249 s (3), which are comparable
or superior to those of recently reported salts that contain
a 1,1-dimethylhydrazinium cation.?

The performance of an energetic compound is basically
a function of the density, the heat of formation, and the
oxygen balance.’® The densities of the salts of MeNH-
NHDMe vary between moderate (1.420 gcm ™ for compound
4) and high (1.893 cm™ for compound 3) and are signifi-
cantly higher than that of the azide salt.'?l However, the
oxygen balances are neutral in the case of the perchlorate
salt 3 and negative for the remainder of the materials.
Therefore, it can be anticipated that improving the oxygen
balance of the compounds in this work should result in bet-
ter performances. Along these lines, we calculated the per-
formances of mixtures of the compounds with a negative
oxygen balance (i.e., 2, 4, and 6) with two commonly used
oxidizers, namely, AN = ammonium nitrate and ADN =
ammonium dinitramide. The mixtures were chosen such
that the oxygen balance of the mixture was as close to neu-
tral as possible. The results of these calculations have been
collected in the Supporting Information (Tables S8 and S9).
Formulations of compounds 2, 3, 4, 6, and 6b with AN or
ADN are predicted to have higher detonation parameters
and specific impulses than the values reported in Table 5
for the stand-alone materials. Mixtures of 2, 3, 4, 6, and 6b
with AN are predicted to perform in the range Py, = 266
(4 + AN) to 317 kbar (2 + AN), D = 8171 (4 + AN) to
8767ms ! (2 + AN), and I, = 227 (4 + AN) to 256s (2
+ AN). On the other hand, formulations with ADN are
anticipated to have better performances that vary between
Pye. = 337 (6 + ADN) to 363 kbar (2 + ADN), D = 8743
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(6 + ADN) to 9159 ms™! (2 + ADN), and [, = 247 (6 +
ADN) to 268 s (2 + ADN). Note the more significant in-
crease in performance for the formulations of the a priori
lower-performing dicyanamide salt 4.

Conclusion

High-yield and straightforward syntheses of salts of
MeNH-NHMe with energetic anions including nitrate, per-
chlorate, dicyanamide, and picrate, are presented, which al-
lowed us to obtain the materials in high purities. All com-
pounds were characterized by analytical (mass spectrometry
and elemental analysis) and spectroscopic (NMR, IR and
Raman) methods, including '>’N NMR spectroscopic mea-
surements (compound 2). The structure of the [MeNH,—
NH,Me]>*/[MeNH,-NHMe]* cation in the solid state of
salts 2, 3, 5, 6b, and 6:2H,O was solved by low-temperature
single-crystal X-ray experiments. Description of the exten-
sive hydrogen-bonded networks found in the crystal struc-
ture of the salts was facilitated by graph-set analysis. In ad-
dition, differential scanning calorimetry measurements
show a good thermal stability of the [MeNH,—NH,Me]**/
[MeNH,-NHMe]* cation up to 225 °C (6), and salts 2 and
4 classify as ionic liquids (i.e., T, < 100 °C). According to
standard BAM tests and with the exception of perchlorate
salt 3, the compounds exhibit low or no sensitivity against
impact, friction, and electrostatics, which are clear advan-
tages over commonly used energetic compounds such as
TNT or RDX. Furthermore, the MP2 method was used as
a starting point to calculate the detonation parameters and
specific impulses of the materials using the EXPLOS com-
puter software. These calculations showed moderate to high
predicted performances, which were expected to improve for
oxygen-balanced mixtures with an oxidizer (i.e., ammonium
nitrate or dinitramide). Current work focuses on the study
of the vapor pressures of the ionic compounds in this work
with an eye toward possible energetic applications. This will
be the focus of a future communication from our group.

Experimental Section

Caution! Although the compounds described in this work exhibit
low friction and impact sensitivities, they are nevertheless (except
for salt 6) endothermic materials and should be regarded as poten-
tially explosive. We recommend the synthesis and handling of this
type of compounds to be carried out only by expert personnel with
the best safety practices.

General Procedure: All chemicals used in this work were obtained
either from Acros Organics or from Sigma-Aldrich Fine Chemicals
Inc. and were used without further purification. Barium picrate
hexahydrate!l®! and MeNH-NHMel®! were prepared according to
modified literature procedures as described in the Supporting In-
formation. The syntheses of silver dicyanamide and of the sulfate
salt 5 are also presented in the Supporting Information. The 'H,
13C, 33Cl, and N NMR spectra were recorded with a Bruker in-
strument at or near 25 °C. The chemical shifts are given relative to
tetramethylsilane ('H, '*C{'H}), sodium chloride (**Cl), and am-
monia ('’N) as external standards. Infrared (IR) spectra of all com-
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pounds were recorded with a Perkin—Elmer Spectrum 100 FTIR
spectrometer equipped with a universal ATR sampling accessory
at or near 25 °C. The IR intensities are described in parentheses as
w = weak, m = medium, and s = strong. Raman spectra were re-
corded with a KAISER RXN1 (Nd:YAG laser at 785 nm) instru-
ment equipped with an optic fiber of silicon and a sapphire probe.
Raman activities are reported relative to the most intense peak and
given in parentheses. For all solid substances, melting and/or de-
composition points were determined by differential scanning calo-
rimetry with a DSC 131 Setaram instrument (calibrated with stan-
dard pure indium and zinc). Measurements were performed in
closed aluminum sample pans with a 1 um hole in the top for gas
release with a nitrogen flow of 20 mLmin !. An empty identical
aluminum sample pan was used as the reference.

Synthesis of [MeNH,~-NH,Me|[NOj;|, (2): N,N'-Dimethylhydrazin-
ium dichloride (2.000 g, 15.04 mmol) was dissolved in distilled
water (20 mL) and treated at room temperature with a solution
of silver nitrate (5.108 g, 30.07 mmol) in distilled water (20 mL).
Immediate precipitation of white silver chloride was observed, and
the reaction mixture was stirred for around 2 h under the exclusion
of light. After this time, the insoluble material was filtered under
gravity and washed with a little water. The solvents were then re-
moved under reduced pressure with a rotary evaporator and the
powder thus obtained was dried under high vacuum to give a color-
less compound. No further purification was necessary (2.724 g,
97%). Single crystals suitable for X-ray analysis were grown by
slow evaporation of a solution of the compound in methanol. p.,jcq.
(X-ray) = 1.582 gem 3. C,H (N4Oq4 (186.12): caled. C 1291, H
5.41, N 30.10; found C 12.96, H 5.51, N 30.28. DSC (5 °Cmin™!):
98 °C (m.p.), 220 °C (decomp. with explosion). MS (ESI*): m/z:
192.9 (10), 183.9 (4) [2Cat* + A7), 174.9 (3), 124.0 (2) [Cat®* + A,
120.9 (6), 108.0 (12), 102.1 (3), 62.0 (4), 61.0 (100) [Cat>" — H*].
MS (ESI): m/z: 487.0 (45) [6A~ + 5Na™], 480.7 (45), 474.7 (31),
450.7 (15), 401.8 (23) [SA~ + 4Na*], 396.0 (22), 389.8 (24), 317.0
(9) [4A~ + 3Na™], 310.8 (11), 231.8 (34), [3A~ + 2Na™], 226.1 (100),
147.1 (29) [2A~ + Na'], 62.0 (8) [A]. 'H NMR ([Dg]DMSO,
400.18 MHz, TMS): 6 = 2.55 (s, 6 H, -CHs;), 10.15 (s, 4 H, *NH,)
ppm. 3C NMR ([Dg]DMSO, 100.52 MHz, TMS): 6 = 35.1 (2 C,
N-CH;) ppm. N NMR ([Dg]DMSO, 40.51 MHz, NH;): § = +
369.0 (s, 2 N, NO3 ), +75.2 (s, 2 N, N-CH3) ppm. IR (Raman) (rel.
int.): ¥ = 2950 (23), 2863 (3), 2823 (2), 2117 (18), 1683 (4), 1621
(4), 1526 (5), 1491 (7), 1436 (10), 1383 (5), 1345 (4), 1310 (3), 1275
(3), 1229 (4), 1118 (2), 1066 (28), 1050 (100), 1023 (3), 991 (2), 735
(11), 719 (9), 670 (39), 614 (9), 374 (7), 332 (5) cm'. IR: ¥ = (golden
gate, rel. int.): 3038 (w), 2664 (w), 2419 (w), 1745 (w), 1584 (w),
1398 (s), 1287 (s), 1095 (m), 1034 (m), 976 (m), 920 (m), 813 (m),
732 (m), 706 (w) cm .

Synthesis of [MeNH,-NH,Me|[ClOy], (3): N,N'-Dimethylhydrazin-
ium dichloride (1.000 g, 7.52 mmol) was dissolved in distilled water
(10 mL) and treated at room temperature with a solution of 97%
anhydrous silver perchlorate (3.214 g, 15.04 mmol) in distilled
water (10 mL). Immediate precipitation of white silver chloride was
observed and the reaction mixture was stirred for around 30 min
under the exclusion of light. After this time, the insoluble material
was filtered under gravity and washed with a little water. The sol-
vents were then carefully removed under high vacuum at 50 °C and
a colorless polycrystalline solid was obtained. No further purifica-
tion was necessary (1.887 g, 96%). Single crystals of the compound
suitable for X-ray analysis were grown when 3 was dissolved in
methanol and the solvent was left to slowly evaporate under the
nitrogen atmosphere of a glovebox. peaicq. (X-ray) = 1.893 gcm 3.
C,H(CLLN,054 (261.01): caled. C 8.09, H 4.75, N 9.43; found C
8.07, H 4.66, N 9.34. DSC (5 °Cmin™!): 175 °C (decomp. with ex-
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plosion). MS (*¢ ESI): m/z: 220.9 (100), 222.9 (25) [2C - 2H + AT,
380.7 (20), 382.7 (11) [3C — 3H + 2A7]*, 540.6 (82), 542.6 (62) [4C —
4H + 3A7, 662.7 (25), 664.6 (27), 700.5 (46), 702.6 (62) [5C — 5SH
+ 4A71". MS (¢ ESI): m/z: 99.0 (99) [A], 101.0 (32), 221.0 (28),
219.0 (20), 258.9 (51) [C?* + 2A~ — H], 260.9 (20), 418.6 (35) [2C>*
+3A~ - 2HJ, 420.7 (32), 578.6 (10) [3C?* + 4A~ — 3H]", 580.6 (14),
738.5 (45), [4C?* + 5A- — 4H], 740.4 (100). 'H NMR ([D4]DMSO,
400.18 MHz, TMS): ¢ = 2.58 (s, 6 H, -CH3), 10.21 (s, 4 H, *NH,)
ppm. 3C NMR ([Dg]DMSO, 100.52 MHz, TMS): 6 = 35.1 (2 C,
N-CH3) ppm. 3Cl NMR ([Dg]DMSO, 49.03 MHz, NaCl): § =
1011 (ClO4) ppm. *Cl NMR ([D¢]DMSO, 39.21 MHz, NaCl): §
= 1012 (JCIO4]) ppm. IR (Raman) (rel. int.): ¥ = 3056 (2), 2979
(7), 2935 (4), 1760 (5), 1603 (11), 1459 (7), 931 (100), 625 (9), 459
(12), 238 (8). IR: ¥ = (golden gate, rel. int.): 3061 (m), 2773 (m),
2410 (w), 2050 (w), 1629 (w), 1542 (m), 1465 (m), 1413 (m), 1030
(vs), 954 (m), 930 (m), 859 (m), 615 (s) cm™.

Synthesis of [MeNH,-NH,Me][N(CN),], (4): After the reaction
mixture that contained silver dicyanamide [prepared as described
above from 96% sodium dicyanoamide (1.000 g, 10.78 mmol) and
silver nitrate (1.830 g, 10.78 mmol)] had been stirred for 30 min,
the precipitate was washed with distilled water (20 mL) two times
and taken up into distilled water (15 mL) before it was treated with
a solution of N,N’'-dimethylhydrazinium dichloride (0.623 g,
4.68 mmol) in distilled water (10 mL). The reaction mixture was
then stirred overnight under the exclusion of light, the insolubles
were filtered and discarded, and the solvent was stripped under low
pressure to give the crude product as a sticky mass. This compound
was washed with acetone (5 mL three times) with subsequent dry-
ing under high vacuum to give the pure product as a colorless pow-
der (0.723 g, 73%). peatea. (17.6°C) = 1.420 gcm3. CgH oNg
(194.19): caled. C 37.11, H 5.19, N 57.70; found C 37.26, H 5.21,
N 57.38. DSC (5 °Cmin!): 37 °C (m.p.), 180 °C (decomp.). MS (*c
ESID): m/z: 128.1 (100) [C** + A7]*. MS (¢ ESI): m/z: 108.0 (62),
147.1 (100), 151.0 (99), 175.1 (40), 210.1 (95), 213.9 (65), 236.0 (41),
242.1 (27), 260.0 (20) [C?** + 3A], 303.0 (38). '"H NMR ([Dg]-
DMSO, 400.18 MHz, TMS): 0 = 2.57 (s, 6 H, -CHj3), 7.89 (s, 4 H,
*NH,) ppm. '*C NMR ([D¢]DMSO, 100.52 MHz, TMS): 6 = 35.2
(2 C, N-CH3), 119.23 (2 C, -CN) ppm. “N NMR ([D¢]DMSO,
40.51 MHz, NH;): 0 = 334.6 (s, 2 N, -CN) ppm. IR (Raman) (rel.
int.): ¥ = 2950 (16), 2863 (5), 2823 (3), 2177 (12), 1683 (5), 1621
(6), 1526 (8), 1491 (10), 1435 (11), 1383 (6), 1345 (5), 1310 (4), 1275
(3), 1229 (4), 1118 (1), 1066 (25), 1050 (100), 1023 (2), 991 (1), 735
(8), 719 (5), 670 (45), 614 (6), 375 (5), 332 (3). IR (golden gate, rel.
int.): ¥ = 3415 (w), 3382 (w), 3281 (w), 3120 (m), 2255 (w), 2154
(m), 1979 (w), 1696 (m), 1656 (m), 1618 (m), 1576 (m), 1538 (m),
1488 (m), 1437 (m), 1341 (s), 1226 (m), 1177 (m), 1108 (m), 1087
(m), 1025 (w), 981 (w), 915 (w), 823 (w), 786 (w), 750 (w), 736 (W),
695 (m), 671 (w) cm L.

[MeNH,-NH,Me|[(NO,);Ph-O], (6): Method 1: Barium picrate
hexahydrate (0.700 g, 1.00 mmol) and 5 (0.158 g, 1.00 mmol) were
dissolved and stirred in distilled water (10 mL). After approxi-
mately 3 h, the insoluble barium sulfate that formed was filtered
through a plug of Celite. The Celite was washed thoroughly with
fresh solvent, and the combined filtrates were stripped under re-
duced pressure. Recrystallization of the crude product from etha-
nol/ether yielded the pure compound as a crystalline yellow powder
(0.411 g, 79%). Method 2: Alternatively, N,N'-dimethylhydrazine
(0.120 g, 2.00 mmol) was dissolved in diethyl ether (5 mL) and
treated with neat picric acid (0.804 g, 3.51 mmol). Immediate pre-
cipitation of a yellow powder was observed, and the reaction mix-
ture was stirred for 20 min at room temperature. After this time,
the insoluble solid was filtered from the bright yellow solution,
washed with cold ether, and dried under vacuum to yield the pure
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title compound (0.789 g, 87%). Single crystals of the dihydrate
(6-2H,0) suitable for X-ray analysis were grown by recrystallization
of the compound from hot water, whereas recrystallization from
hot ethanol rendered X-ray-quality single crystals of N,N’'-dimeth-
ylhydrazinium monopicrate (6b). peaeq. (dihydrate, X-ray) =
1.666 gcm 3. C14H4NgO4 (518.31): caled. C 32.44, H 2.72, N
21.62; found C 32.41, H 2.57, N 21.52. DSC (5 °C min!): 112°C
(m.p.), >225°C (decomp.). MS (ESI*): m/z: 61.0 (100) [Cat*]. MS
(ESIY): m/z: 228.2 (100) [A7], 478.9 (54) [2A- + Na*]. 'H NMR
([Dg]DMSO, 400.18 MHz, TMS): 6 = 2.60 (s, 6 H, -CH3), 8.46 (br.
s, 4 H, N-H), 8.60 (s, 4 H, Ar-H) ppm. '*C NMR ([D¢]DMSO,
100.52 MHz, TMS): 0 = 160.6 (1 C, Cl1), 141.8 (2 C, C2), 125.1 (2
C, C3), 1244 (1 C, C4), 34.8 (4 C, CH;) ppm. IR (Raman) (rel.
int.): ¥ = 3281 (3), 3113 (1), 3064 (1), 3020 (1), 2974 (2), 1633 (4),
1614 (3),1547 (15), 1490 (4), 1344 (96), 1296 (100), 1168 (14), 1086
(7), 1009 (1), 942 (9), 916 (3), 822 (21), 747 (4), 701 (4), 527 (2),
474 (3), 400 (3), 330 (9), 201 (8). IR (golden gate, rel. int.): V =
3277 (w), 3056 (w), 2972 (w), 2856 (w), 2827 (w), 2796 (w), 2766
(w), 2482 (w), 2256 (w), 2108 (w), 1885 (w), 1831 (w), 1628 (w),
1605 (m), 1566 (m), 1539 (m), 1515 (m), 1481 (m), 1464 (m), 1455
(m), 1432 (m), 1417 (w), 1403 (w), 1364 (m), 1341 (s), 1320 (s),
1282 (s), 1270 (s), 1166 (s), 1102 (w), 1085 (m), 1061 (w), 1005 (m),
961 (m), 941 (m), 911 (s), 838 (m), 828 (s), 792 (s), 747 (m), 739
(m), 709 (s), 700 (s) cm™'.

Attempted Synthesis of [MeNH,—~NH,Me][H,N-CNy|, (7): Method
1: 98% Barium hydroxide octahydrate (0.731 g, 2.27 mmol) and
97% 5-amino-1H-tetrazole monohydrate (0.482 g, 4.54 mmol) were
dissolved in distilled water (15 mL) and the mixture was boiled
overnight. After this time, the insoluble barium carbonate was fil-
tered and neat 5 (0.360 g, 2.27 mmol) was added to the filtrate at
room temperature. The reaction mixture was stirred for 2.5 h and
the insoluble barium sulfate was filtered through a plug of Celite.
The solvent was then stripped under reduced pressure to leave be-
hind a white powder (0.429 g). The IR of this product was almost
identical to that of a pure sample of 97% S5-amino-1H-tetrazole
monohydrate. Method 2: Alternatively, N,N’-dimethylhydrazine
(0.105 g, 1.75 mmol) and 97% S-amino-1H-tetrazole monohydrate
(0.369 g, 3.47 mmol) were suspended in ethanol (10 mL), and the
reaction mixture was boiled for 2.5 h. After this time, the volatiles
were eliminated under reduced pressure to give a white solid, which
was dried under high vacuum (0.347 g). IR analysis and X-ray mea-
surements of crystals grown by slow evaporation of an ethanolic
solution showed the compound isolated to be 5-amino-1H-tetra-
zole monohydrate. IR (golden gate, rel. int.): ¥ = 3469 (w), 3335
(m), 3270 (m), 3188 (m), 2933 (w), 2769 (w), 2643 (w), 2454 (w),
2164 (w), 2144 (w), 2026 (w), 1979 (w), 1941 (w), 1778 (w), 1637
(s), 1520 (m), 1448 (m), 1297 (m), 1248 (w), 1222 (w), 1157 (m),
1108 (w), 1054 (m), 1013 (m), 993 (m), 907 (m), 755 (m), 740 (m),
689 (w), 677 (W) cm !, X-ray (Mo-K,): a = 640 A, b=727A, ¢ =
9.86 A, f=90.2°, V' = 458.8 A3.

Supporting Information (see footnote on the first page of this arti-
cle): Tables that contain calculated frequencies for the [MeNH,—
NH,Me]** cation, hydrogen-bonding geometry, the results of the
graph-set analysis, performance data for the formulations with AN
and ADN, pictures of the friction test, and synthesis of the starting
materials.
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A new, easily obtainable silver—pyrrolidone complex that is
suitable for printing applications was synthesized by the re-
action of silver nitrate and 2-pyrrolidone (Pyl) at room tem-
perature. According to single-crystal X-ray crystallographic
studies, the product [Ag(Pyl),]NOj; crystallizes in the mono-
clinic space group C2/c (no. 15) [a = 5.358(1) A, b =
15.217(3) A, ¢ = 14.986(3) A, f = 99.296(6)°]. Highly concen-
trated solutions of the complex can be obtained in an etha-
nol/water mixture, thereby allowing for the manufacture of

thin films by means of dip coating. Subsequent UV irradia-
tion and moderate-temperature treatment yielded compact
films of elemental silver with thicknesses of about 100 nm
and sheet resistances down to 6.5 Q. Furthermore, microcon-
tact printing (pcp) and embossing of [Ag(Pyl),]NO3; were per-
formed, also followed by UV treatment. By means of the pho-
toreduction of the complex and subsequent moderate-ther-
mal treatment, defined structures of elemental silver lines
were obtained.

Introduction

Transparent conductive films play a key role in several
optoelectronic applications such as flat-panel displays, or-
ganic light-emitting diodes (OLEDs), and photovoltaics
(PV).l'41 With increasing demand for structured trans-
parent electrodes, printings of functional materials like
transparent conductive oxides,>%! conductive polymers,!”]
carbon-based materials,’®®! or metals!'%!!! have attracted
much attention in recent years.['213]

In particular, silver-based materials have been studied
due to their advantages like very low resistivity, stability,
and flexibility compared to transparent conductive oxides
or polymers and carbon-based materials. However, the
challenge in using silver is the fabrication of transparent
materials. Due to that fact, several methods for the prepara-
tion of ultrathin films such as chemical vapor deposition or
vacuum-thermal evaporation techniques have been investi-
gated.['*161 Also, different printing techniques of metallic
materials to obtain structured patterns with higher trans-
parency have been reported recently. One way is to use sim-
ple metal solutions such as silver nitrate, which can be con-
verted into silver at high temperatures (above 400 °C).l'71 A
second way is to use metallo-organic precursors or stabi-
lized metal solutions, which can be converted into metals at
lower temperatures.'82% Another well-known method is
the generation of silver-nanoparticle suspensions stabilized
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with polymers such as poly(N-vinyl-2-pyrrolidone) (PVP)
or others.”!-22l In addition to their stabilizing effect, PVP
or pyrrolidone derivatives support the photoreduction of
silver ions to elemental silver.[>’] Based on these conditions,
we created an easily obtainable complex of silver nitrate and
2-pyrrolidone. Both silver nitrate and 2-pyrrolidone are
highly soluble in water or water/ethanol mixtures. Similar
to PVP, the organic 2-pyrrolidone ligand should have a sta-
bilizing effect and support photoreduction. Due to these
facts, the generated complex can be used as an ink for direct
soft printing methods such as microcontact printing (pcp)
or embossing processes that offer a way to fabricate con-
ductive transparent substrates.

In the following we describe the structure of the new,
easily obtainable silver complex synthesized by mixing sil-
ver nitrate and 2-pyrrolidone (Pyl) in water. In addition, we
demonstrate its suitability as an ink by using dip coating for
compact silver films and soft print methods for structured
coatings.

Results and Discussion

Synthesis and Structural Characterization of [Ag(Pyl);]NO;

The reaction between aqueous solutions of silver nitrate
and 2-pyrrolidone at room temperature under exclusion of
light led to the formation of colorless crystals of [Ag(Pyl),]-
NO; (Scheme 1).

o]

AgNO; + 2 IifNH 0, agPyNO,
Scheme 1. Synthesis of the [Ag(Pyl),]NOs.
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The linear 1D polymeric silver complex poly-[Ag(Pyl),]-
NO; crystallizes in the monoclinic space group C2/c¢ (no.
15) with four formula units per unit cell. The formula unit
contains the 2-pyrrolidone molecules, one silver atom, and
one nitrate anion. The silver atom and the nitrate anion
occupy special positions on twofold axes. The Ag atom ex-
hibits an irregular AgOg4 coordination geometry, which con-
sists of two oxygen atoms from monodentate-coordinated
2-pyrrolidone molecules and four oxygen atoms from two
bidentate-coordinated nitrate anions. The Ag-O distances
are in the range of 2.358(2)-2.683(4) A. The nitrate anions
have a linker function and connect the structure into 1D
polymeric chains, which are located along the [100] direc-
tion (Figure 1). The silver atoms are connected to a linear
polymeric chain by 1,-O bridging oxygen atoms O4 with a
significantly longer Agl-O4 distance [2.683(1) A] than
Agl-02 [2.536(4) A]. In the crystal structure, the 1D poly-
meric chains are connected into the 2D network by inter-
molecular N-H-+-O hydrogen bonds (Figure2) [N2-
H3N--O1': D-A 2.952(4) A, D-H-A 163°;i: 0.5 — x, 0.5 —
¥, —z].

©Ag
®°
oN ..
@H e
¢cC 4
b

Figure 1. Linker function of the nitrate ion connecting the structure
into 1D polymeric chains.

Figure 2. Two-dimensional network of —[Ag(Pyl),]NOs, which is
connected through intermolecular N-H---O hydrogen bonds in the
1D polymeric chains.

As shown in Figure 3, the powder X-ray pattern of the
silver complex conforms to the calculated one from the
solved structure. The differences in intensity between sev-
eral peaks are due to the preferred orientation of the acicu-
lar crystallites in the powdered sample. According to ther-
mogravimetric analysis (see the Supporting Information),
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the silver complex decomposes in two steps (see the Sup-
porting Information, Figure a), whereas the major organic
part (>60%) evaporates up to a temperature of 220 °C.
This mass loss can be attributed to the 2-pyrrolidone ligand
and parts of the nitrate. The second step at about 400-
440 °C results in the volatilization of the residual nitrate.
The final residue could be identified as elemental silver by
using powder X-ray diffraction (PXRD) and supports the
results from the elemental analysis (see the Supporting In-
formation, Figures b and d).

2
)
[
8
£
S
) non = ﬁh' é ]
TR TH N ' H
_______ SRV AR v'-_.au!-‘.} s
5 15 25 35 45
2 theta [°]

Figure 3. PXRD pattern of the silver complex (black) compared to
the pattern that was calculated from the solved structure (dashed
line).

Preparation of Compact, Thin Silver Films

The suitability of [Ag(Pyl),]NO; as an ink for the fabri-
cation of thin, conductive silver films through soft printing
techniques was tested by the preparation of thin, compact
silver films. For this purpose, glass substrates were coated
with an aqueous/ethanolic solution of the silver complex by
means of dip coating (Scheme 2). Subsequently, the sub-
strates were irradiated with UV light to obtain compact sil-
ver films. To achieve an optimal adhesion of the complex
solution, the microscope slides were pretreated with a pira-
nha solution. With this pretreatment, it was possible to ob-
tain thin, homogeneously coated substrates.

substrate

withdraw
direction

- ) = Ay

thin complex film

/

complex solution

Scheme 2. Schematic description of the dip-coating process to fab-
ricate thin, compact silver coatings.

The photoreduction of the silver complex was examined
by recording XRD patterns and SEM pictures after dif-
ferent periods of UV irradiation. As shown in the XRD of
879
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Figure 4 (light gray line) and the respective photo, there is
no complete conversion into elemental silver without UV
irradiation. Additionally, the films are not homogeneous
(Figure 5a). After 10 min of UV irradiation, elemental sil-
ver resulted (Figure 4, gray line), but as shown in the SEM
image (Figure 5b), the layer is not homogeneous. An opti-
mal silver coating was obtained after 20 min of irradiation
(black line in the XRD of Figure 4, SEM image in Fig-
ure 5¢). The broad signal in the thin-film XRDs from 26 =
20 to 30° results from the glass substrate. Additionally, a
thermogravimetric analysis of the UV-reduced sample was
carried out (see the Supporting Information, Figure c). In
contrast to the complex that was not irradiated, the decom-
position took place in only one step at 220 °C, and no fur-
ther decomposition was observed at about 400440 °C, thus
indicating the decomposition of the nitrate during the UV
reduction. The residual mass fits the content of silver in a
“nitrate-free” complex. Since the thermogravimetric analy-
sis of the UV-reduced sample shows complete decomposi-
tion at 220 °C, the coated substrates were additionally
treated at a temperature of 220 °C after UV irradiation. The
necessity of this additional temperature treatment is dem-
onstrated, for example, in a thicker layer with an UV-irradi-
ation period of 20 min. As shown in Figure 6, the untreated
layer (gray line) shows a slight crystallinity compared to the

rel. intensity
£
]
3
P
S
-

10 30 50 70 90
2 theta [°]

Figure 4. XRD patterns of the reduced complex with the following
irradiation times: 0 min (light gray), 10 min (gray), 20 min (black);
dashed lines: reference of silver [4-783]; photos of the substrates
without UV irradiation (bottom) and after 20 min irradiation (top).
Additionally, all coated substrates were treated at 220 °C for
60 min.

x 50000

Figure 5. SEM images of the reduced complex with the following
irradiation times: (a) 0, (b) 10, and (c) 20 min. All samples were
treated after reduction at 220 °C.
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sample treated at 220 °C (black line). Furthermore, without
the temperature treatment, the dip-coated layers did not
show good values in sheet resistance due to the presence of
the organic ligand. To avoid an abrupt vaporization of any
volatile components after UV irradiation, the samples were
heated slowly to 220 °C at a rate of 5 Kmin'.

rel. intensity

10 30 50 70 90 110
2 theta [°]

Figure 6. XRD pattern of the reduced complex without thermal
treatment (gray) compared to that with thermal treatment (black);
dashed lines: reference of silver ICSD [4-783].

To examine the thickness and surface morphology of the
compact silver films, atomic force microscopy (AFM) and
SEM measurements were used. In Figure 7a, an AFM im-
age of a produced silver coating with optimized reduction
conditions is shown. As seen in the picture, the surface of
the film shows roughness. Surface roughness values were
calculated with R, = 12.6 nm/R,,; = 17.3 nm. Due to that,
the values of sheet resistance were measured by means of a
four-point method spread between 6.5 and 20 Q in one
sample. However, for the calculation of the specific electri-
cal resistance, we determined the thickness of the silver lay-
ers by means of AFM. In Figure 7b and c, the measurement
of a scratch made with a scalpel with a resulting film thick-

Ah =100 nm

x 50000 4.00 kv

500 nm

x [um]

Figure 7. (a) AFM image of a compact dip-coated silver film that
was UV-irradiated for 20 min and treated at 220 °C; (b) and (c)
height profile of an AFM micrograph of the compact film
scratched with a scalpel. The AFM cross section (c) shows the
scratched zero level on the substrate and the silver film. To calcu-
late the height, average values of both levels were estimated (dashed
lines). (d) An SEM image of the edge of the silver film on the glass
substrate with a determined film thickness of 114.1 nm.
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ness of about 100 nm is shown. For the evaluation of the
thickness, the values for both areas (the silver layer and the
scratched area) were averaged (dashed lines) and the differ-
ence in height was estimated. By considering an average
film thickness of about 100 nm, specific electrical resist-
ances of 6.5X107Qm (6.5X107° Qcm) to 2X10°Qm
(2X10* Qcm, relative to the sheet resistances between 6.5
and 20 Q) could be estimated. Compared to the resistance
of the bulk material (1.587 X 10~ Qm),*¥l the films show a
reduced performance that could be due to the roughness of
the film surface but also grain boundaries in the nanopart-
iculate film with a mean particle size of about 40 nm [calcu-
lated from the single peak widths in the powder pattern of
Figure 4 (black) and the SEM picture of Figure 5¢]. To ver-
ify these results, SEM images at a cut edge of the silver film
were recorded. As shown in the picture of Figure 7d, a film
thickness of about 114 nm was examined, which is similar
to the results of the AFM measurements. Slight differences
are due to the surface roughness or the error limit of both
methods.

Printed Silver Films

With the new silver complex, an ink for printing applica-
tions was synthesized. To prove this suitability, we tested
the ink in soft printing techniques. We obtained patterned
silver films with two different processes. In Scheme 3i, the
microcontact printing (pcp) process is shown. The precur-
sor solution was adjusted (A) with a polydimethylsiloxane
(PDMS) stamp. Afterwards, the inked stamp was pressed
onto the substrate (B) and the ink had to be transferred to
the substrate (C). With a subsequent precursor—metal trans-
formation, the silver-coated substrate could be obtained. By
using a procedure similar to an embossing process
(Scheme 3ii),[!3 the substrate could be coated with a com-
pact precursor solution (A). Subsequently, the PDMS
stamp was pressed into the compact film (B), and after re-
moving a structured coating, the silver complex was ob-
tained (C). Finally, a precursor-metal transformation re-
sulted in the structured silver film.
i).:>ll[>:>- N W

coated substrate
substrate

e S

substrate

H N .
coated substrate

ii)
D

Scheme 3. Schematical description of (i) the microcontact printing
and (ii) the embossing process.

With both these soft printing processes, we were able to
obtain structured silver coatings. To avoid crystallization of
the complex during the printing process, a small amount
(10 wt.-%) of an alkyl derivative of the ligand, 1-tert-butyl-
pyrrolidin-2-one, was added to the reaction mixture. Fig-
ure 8a shows an optical microscope picture of silver lines
with a line width of 20 pm and a distance of 20 um between

FEur. J. Inorg. Chem. 2012, 878-883
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the lines, which was printed by using the embossing tech-
nique. SEM measurements (Figure 8b) provide evidence of
the compactness of elemental silver in the line that is com-
parable to the compact silver films (Figure 5c¢). The struc-
turing can also be followed in an energy-dispersive X-ray
(EDX) mapping (Figure 8c). For comparison, the mapping
was made for silver and oxygen. As seen in the picture, sil-
ver is present only at the lines, and oxygen (from the glass
substrate) is only visible between the lines. There are only
minor amounts of silver between the lines due to an incom-
plete takeup of the ink in the printing process.

a)

1pm 4,00 kV

x 30000

c)

Figure 8. (a) Photo of the silver lines made by using an optical
microscope. (b) SEM image measured in the line to show the com-
pactness of silver in the lines. (¢) EDX mapping of silver and oxy-
gen on the structured substrate to show silver only in the printed
area.

By using the pcp technique, it was also possible to obtain
structured silver lines (Figure 9). On the left, an optical
microscope picture of the obtained silver lines is shown. As
seen in the picture, the line width is slightly enlarged relative
to the distances between the lines, which could be due to
smearing of the ink. That was previously observed in the
embossing process but to a lesser extent. The structuring of
silver was again verified by means of EDX mapping.

b)

—

Figure 9. (a) Photo of the silver lines made by using an optical
microscope. (b) EDX mapping on the structured substrate to show
silver only in the printed area.

To conclude, patterned silver films could be obtained
with both methods. With the embossing process, we were
able to obtain homogeneous structuring. The compactness
in the silver lines was included by using SEM analysis. EDX
mapping shows silver only in the printed area. Minor
amounts of silver between the lines could be due to an in-
complete displacement or takeup of the ink. When using
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the pep technique, there is no silver between the lines but,
as shown in Figure 9, the smearing of the ink is enlarged
relative to the embossing process. With regards to the fabri-
cation of transparent electrodes, the printing process has to
be optimized in terms of the nano dimension of the line
width.

Conclusion

A simple reaction was used for the synthesis of a silver—
pyrrolidone complex. The preparation of colorless crystals
of [Ag(Pyl),]NO; was possible, and the corresponding crys-
tal structure was solved and refined. Photoreduction by
using UV irradiation and a subsequent thermal treatment
at moderate temperatures allowed for the formation of ele-
mental silver. This precursor-metal transformation was
used in the preparation of thin compact films as well as
structured silver films. For the compact silver coatings, we
measured sheet resistances down to 6.5 Q on films irradi-
ated with UV light for 20 min and treated at 220 °C for
60 min. These values correspond to specific electrical resist-
ances of down to 6.5 X 107> Qcm by a calculated film thick-
ness of about 100 nm. Structured silver coatings were ob-
tained by using soft printing techniques.

Experimental Section

General Remarks: Triethylamine for the synthesis of zerz-butyl-
pyrrolidone was dried with CaH,. THF was dried with an M.
Braun MB SPS-800 instrument. All other reagents and solvents
were used as received without further purification. PXRD data
were collected in transmission geometry with a Stoe Stadi-P pow-
der diffractometer and Cu-K,; radiation. XRD patterns of thin
films were recorded in Bragg-Brentano geometry with a Panalyt-
ical X’Pert Pro diffractometer, also with Cu-K,; radiation [1 =
0.154(05) nm]. For crystallite size determinations, the single-line
size/strain analysis (WinXPow, Stoe) was used. For correction of
the instrumental broadening, a LaBy standard sample was used.
The sheet resistance of compact silver coatings was measured by
means of a four-point method with a Keithley 2400 source meter
coupled with a four-point probe cascade by Cascade Microtech.
For scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy, a ZEISS DSM-982 Gemini was used. EDX evalu-
ations of the films were performed by applying an acceleration volt-
age of 12 kV at a magnification of 1000 X. The surface morphology
and thickness of the silver films were evaluated with a Dimension
3100 atomic force microscope controlled by a Nanoscope IV SPM
controller from Veeco Digital Instruments. The measurements were
performed in tapping mode with a Veeco Nanoprobe RTESP7 tip.
NMR spectra were recorded with a Bruker DRX 500 P (‘H:
500 MHz). Elemental analysis for the elements C, H, and N was
performed with a CHNS 932 analyzer from Leco. The respective
metal content was determined with an ICP-OES Vista RL appara-
tus from Varian Inc.

X-ray Crystallography: Single-crystal X-ray diffraction data for
[Ag(Pyl),]NO; were recorded with a Bruker APEX-II CCD and
Mo-K,,; radiation. The structure was solved and refined with the
help of SHELX-97 software.?>! Further details of the structural
analysis are summarized in Table 1. CCDC-842454 ([Ag(Pyl),]-
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NO;) contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Table 1. Crystallographic data for [Ag(Pyl),]NOs.
[Ag(Pyl),]NO;
Ag CsH14N;05

Empirical formula

M, 340.09
Space group (no.) C2/c (15)
a[A] 5.3583(10)
b [A] 15.217(3)
c[A] 14.986(3)
al] 90

BI°] 99.296(6)
7 [°] 90

v [AY 1205.9(4)
z 4
Reflections collected/independent 5080/1364
O 27.50
GoF on F? 1.098

Rine 0.0207

Ry, wR, 0.0299, 0.0854

Max., min. peaks [eA3] 0.727, -0.471

Preparation of [Ag(Pyl),]NOg3: Silver nitrate (0.34 g, 2 mmol,
99.5%, Sigma Aldrich) was dissolved in water (1 mL). 2-Pyrrol-
idone (0.34 g, 4 mmol, 99.0%, Sigma Aldrich) was added to the
solution, and the mixture was stored under exclusion of light. The
product was crystallized by slowly evaporating the solvent after a
few days at room temperature.

Reduction of [Ag(Pyl);,]NO; and Preparation of Thin Films: To re-
duce the silver complex, solutions of [Ag(Pyl),]NO; in ethanol/
water (4:1) were prepared. Photoreduction was carried out by UV
irradiation for 20 min. Subsequent treatment at 7= 220 °C yielded
highly crystalline elemental silver. Compact films of silver were pre-
pared by means of dip coating complex solutions (0.8 M) on pre-
treated glass substrates and subsequent reduction.

Synthesis of 1-tert-Butylpyrrolidin-2-one:*°! THF (20 mL), triethyl-
amine (3.5g, 34.5 mmol, Acros Organics), and tert-butylamine
(2.52 g, 34.5 mmol, 99.5%, Sigma Aldrich) were mixed in an argon-
flushed flask and cooled to 0 °C. 4-Chlorobutyryl chloride (4.85 g,
34.5 mmol, 99.0%, Sigma Aldrich) was added very slowly under
vigorous stirring, and the mixture was stirred at 0 °C for 2 h. After-
wards, deposited triethylamine hydrochloride was filtered off,
washed two times with THF (10 mL), and the filtrate was concen-
trated under reduced pressure. The raw product was mixed with
ethyl acetate (90 mL), transferred into a separating funnel, and
washed with HCI (1 M, 10 mL) and two times with brine (10 mL).
The organic layer was dried with MgSO,, and the solvent was re-
moved under reduced pressure.

The obtained tert-butyl-4-chlorobutanamide (6 g, 33.8 mmol) dis-
solved in THF (10 mL) was added to a solution of potassium zert-
butoxide (3.9 g, 35 mmol, 99.99% sublimated grade, Sigma Ald-
rich) in THF (25 mL) with vigorous stirring very slowly at 0 °C
(Ar). After 2 h of stirring in an ice bath, the mixture was transfer-
red into a separating funnel, mixed with ethyl acetate (50 mL), and
washed two times with brine (20 mL). The organic layer was dried
with MgSOy, and the solvent was removed under reduced pressure.
After distillation under reduced pressure (14 mbar) at 75 °C, the
product was obtained as a colorless liquid (yield: 60%). "H NMR
spectroscopic analysis provided evidence of the purity of the prod-
uct compared to the data in the literature.[?%]
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Nanoimprint Lithography (NIL) and Microcontact Printing (ucp):
Printed structures were fabricated with a GeSiM p-contact printer
3.0. As stamp material, a Sylgard 184 PDMS cross-linked by stan-
dard procedure (1 h at 80 °C) was used. The silicon masters were
manufactured by standard e-beam lithography techniques. To pre-
pare defined structures, the solutions of the silver complex were
printed on pretreated glass substrates by using pcp and NIL tech-
niques. Afterwards, the printed substrates were reduced analo-
gously to the compact films.

Pretreatment of the Glass Substrates: To obtain an optimal ad-
hesion for homogeneous thin films on the glass substrates, it was
necessary to pretreat them. First, the glass slides were cleaned by
sonication in ethanol for 15 min. Then they were placed in a pira-
nha solution (1 part 30% H,0,, 3 parts concd. H,SOy) for 30 min.
Finally, the slides were washed with MilliQ water and carefully
dried under a slight nitrogen flow.

Supporting Information (see footnote on the first page of this arti-
cle): TG analysis of the silver complex and the UV reduced sample,
the elemental analysis of the silver complex, and a PXRD pattern
of silver after the TG analysis.
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