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» Predictions are difficult, especially if they concern the future.”

Mark Twain

To my families



PREFACE

This dissertation is written in a manuscript style, each chapter can be read independently, yet
they are interacting.

Each chapter contains a separate introduction, results and discussion part, conclusion,
experimental section and literature references. It is noted that repetition of certain facts,
experimental descriptions and citation of literature from chapter to chapter is useful under
these circumstances and cannot be avoided for the sake of independence and clarity within
each individual chapter.

In the ,, General Introduction® an overview of ,, Copper Catalyzed Oxidative Transformations®
is given, whereas more details about specific topics are discussed in the introduction of the
relevant chapter.

Whenever separate results of further investigations are reported which are not part of the
publication, an appendix organized in an analogous manner as the manuscript is supplied.
Finally, an overall summary which sets the separate chapters and its results in context to each
other is provided (in English and German language).
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INTRODUCTORY EXPLANATIONS

Abbreviations

APCI Atmospheric Pressure Chemical lonization
tBu tert-Butyl
DMPG Dimethyl propyleneguanidine
DMSO Dimethylsulfoxide
El Electron lonization
Et Ethyl
Ether Diethyl ether (Et,O)
ESI Electrospray lonization
FD Field Desorption
HMPT Hexamethylphosphoric acid triamide
L Ligand
M Metal
Me Methyl
NMR Nuclear Magnetic Resonance
Ph Phenyl
R Alkyl
RT Room temperature
oTf Triflate, Trifuormethanesulfonate (CF;SOz3)
THF Tetrahydrofurane
TMG Tetramethylguanidine
Ts p-Toluenesulfonyl
X Monoanionic ligand
Numbers

Complexes, ligands and compounds are |abeled with full-size, bold numbers, e.g. 1.

Elevated numbers in plain text format indicate a reference (e.g. articlé'?).
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Zusammenfassung

ZUSAMMENFASSUNG

Die vorliegende Arbeit offenbart neue Perspektiven in der Chemie von Peralkylguanidinen.
Einige mehrzéhnige chirde oder tripodale Oligoguanidine wurden synthetisiert, deren
Kupfer(l/11)-Komplexe dargestellt und ihr Potenzial in oxidativen Nitren- bzw. OR-Radikal-

Ubertragungsreaktionen untersucht.

Kapitel 1. In der asymmetrischen Aziridinierung von Styrol wurden gute Ausbeuten von bis
Zu 98% erreicht, wohingegen der Enantiomerentiberschuss leider auf einem unbefriedigenden
Niveau von < 8% ee im Fale des besten Katalysatorsystems [TMG,BN x Cu(l)ClIO,]
verblieb (Abbildung 1).

L*Cux 1S
PhI=NTs ® O N
Ph” X > [ L*Cu—NTs } X — VAN
L* = chirales Ph
Bisguanidin
? Ausbeute ... 98 %
ee % .. 8%

Abbildung 1. Kupfer-katalysierte, asymmetrische Aziridinierung von Styrol.

Die hohe Aktivitét, begleitet von geringer Enantioselektivitét, wird der Tatsache
zugeschrieben, dass Cu(l) ene lineare und nicht tetraedrische Koordinationschemie
bevorzugt, so dass unsere C,-symmetrischen, chiralen Guanidine keine Chelatkomplexe mit
Kupfer (1) ausbilden (Abbildung 2). Gemal? einer Kristallstrukturbestimmung trifft dies
jedoch fur Kupfer(ll) zu (Abbildung 3).

Abbildung 2. Molekiilstruktur von [Cu'{ (u?-L)Cu'Cl} 5] [Cu'Cl,].
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Abbildung 3. Molekiilstruktur von [(L)Cu"Cl].

Kapitel 2. Peralkylguanidin-Kupferkomplexe zeigen darlber hinaus ihre Fahigkeit zur
Aktivierung von molekularem Sauerstoff in der katalytischen, oxidativen Carbonylierung von
Methanol zu Dimethylcarbonat (DMC) (Abbildung 4). Im Vergleich zu unkoordiniertem
Kupfer(ll)-chlorid, ein hdufig in Patenten angewendeter Katalysator, ergab die Katalyse mit
dem tripodalen Guanidinkomplex [(TM Ggstren)CuClI]Cl eine Verdopplung des Umsatzes von
15 auf 29% bei ebenfalls erhdhter Selektivitat (46 vs. 55%). Die hochste Aktivitét (55%
Umsatz) und Selektivitat (95%) wurde jedoch mit einem L,CuCl, Komplex erreicht, der
N-methylimidazol als Liganden enthalt. Dieses Ergebnis konnte durch den Einsatz von 3A
Molsieb als wasserentziehendes Mittel nochmals auf 87% Umsatz, alerdings bel geringerer
Selektivitét von 75%, gesteigert werden. Die Optimierung mehrerer Parameter innerhalb
dieser homogenen Oxidationskatalyse fuhrte zur hochsten Aktivitdt und Selektivitét, die je fur
die DM C-Synthese berichtet wurde.

@]
L,CuX )J\
2 MeOH + CO + 0.5 O, > +H,0
L = N donor MeO OMe
X = Halogen DMC

Abbildung 4. Kupfer-katalysierte, oxidative Carbonylierung von MeOH zu DMC.
2
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Kapitel 3 und 4. Unser Interesse eine Koordinationschemie mit biomimetischen 3d-
Ubergangsmetallen wie Kupfer, Mangan, Eisen und Zink zu entwickeln, welche al's Precursor
in der Aktivierung, z.B. von molekularem Sauerstoff, dienen kdnnten, fihrte uns zur Synthese
und strukturellen Charakterisierung einer Reihe von Komplexen mit dem Liganden TM Gstren
(Abbildung 5, Abbildung 6). Insbesondere die trigonal-monopyramidalen Cu(l)-Komplexe
sind in dieser Hinsicht viel versprechend, da sie ein bemerkenswertes Strukturmerkmal

aufweisen - eine freie Koordinationsstelle am Kupferzentrum innerhalb der TMGgtren

Ligand-, Tasche".

Abbildung 5. Molekilstrukturen von [(TMGstren)Cu''CI]CI (A) und [(DM PGstren)Cu']ClO4
(B).

M = Cu|/||’ Mn”’ Fe”’ Zn”

Abbildung 6. Ubergangsmetal lkomplexe mit dem Trisguanidin TM Gatren.
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Erste Ergebnisse in der Sauerstoffaktivierung wurden bereits durch UV/Vis und Resonance-
Raman Spektroskopie erhalten, welche die reversible Aushbildung eines monomeren, end-on
gebundenen Superoxo-Komplexes enthillte (Abbildung 7). Weitere Untersuchungen und

Bestrebungen Einkristalle fir eine Rontgenstrukturanalyse zu erhalten sind im Gange.

~ N/l\\l ~ N/I\\l
N gI(/ N CI(/
T e A
T 2 S .
N----- Cu N----- CU\O/O

Abbildung 7. Reversible Reaktion von [(TMGstren)CulX mit Sauerstoff zu einem

mononuklearen, end-on gebundenen Superoxo-Komplex.

Kapitel 5.1. Schliefdlich wurde das generelle Konzept, der Entwicklung multifunktionaler
Metallkation- und Protonen-Rezeptoren, durch die Synthese eines neuen , Protonen-
schwamms® mit chelatisierenden, superbasischen Tetramethylguanidinfunktionen erweitert.
Der , Protonenschwamm® TMGN basiert auf dem Gerist des 1,8-Diaminonaphthalins
(Abbildung 8). TMGN besitzt nicht nur einen extrem hohen pKgy+-Wert von 25.1 (MeCN),
sondern zeigt zusétzlich zu seiner hohen thermodynamischen Basizitét auch noch eine
ungewdhnlich hohe kinetische Basizitét, was diese Superbase aul3erordentlich attraktiv fir
basenkatalysierte Anwendungen erscheinen [&3t. Die protonierten Formen zeigen
faszinierende Koaleszenzphanomene in deren Tieftemperatur *H NMR Spektren, welche
Einsicht in die Bindungssituation des Guanidinsystems, sowie der Kinetik des Protonen-
Sel bstaustausches gewahren (Abbildung 9).



Zusammenfassung

Abbildung 9. Dynamisches Verhalten von monoprotoniertem TMGN.

Im Zuge der Untersuchungen an Peralkyl-
guanidinen  konnte ein  struktureller
Parameter p = 2a/ (b + ¢) (Quotient der
mittleren C=N vs. C-NR, Bindungslange)
abgeleitet werden, der die Abschétzung der
Ladungs-delokalisation in Abhangigkeit vom
Elektrophil (E) innerhalb der Guanidin-
funktion erlaubt (Abbildung 10).

&,
) C——NR,
/b
R,N
E = M+, H+, R*

Abbildung 10. C-N Bindungen a, bund c

zur Bestimmung des Quotienten p.



Zusammenfassung

Kapitel 5.2. Letztlich konnte noch ein
weiterer  superbasischer  Phosphazen-
» Protonenschwamm® synthetisiert
werden, der zwel Iminophosphoran-
gruppen as chelatiserende Protonen-
akzeptoren trégt (Abbildung 11). Seine
Eigenschaften sind noch Gegenstand
weiterer Untersuchungen, es kann aber
angenommen werden, dass HMPIN einen
pKeu+-Wert  aufweisen  sollte  der
nochmals 2-3 Groféenordnungen hoher

liegt als der des Guanidin-Vertreters.

Abbildung 11. Superbasischer Imino-
phosphoran ,, Protonenschwamm® HMPIN.
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GENERAL INTRODUCTION AND OBJECTIVE

Copper is the transition metal of choice in numerous catalytic processes involving oxidative
transfer of either oxygen or nitrogen (Scheme 1). Industrial applications of copper catalystsin
homogeneous phase and oxygen as oxidizing agent have been reviewed by Tolman,”
Rossi,”? and Sheldon.¥! One example is the copper mediated oxidative decarboxylation of
benzoic acid to phenol which was patented by Dow Chemical in 1955 and was recently
reinvestigated in terms of mechanistic aspects by Reedijk et al.!” Behind the Cumol process it
is the second most important process (200,000 t/a) in industrial phenol production. Also of
technical interest is the oxidation of aromatic substrates® such as phenols to quinones,!”®
e.g. 2,3,6-trimethylphenol to trimethyl-p-benzoquinone, an important vitamin E precursor,
that had been claimed by a patent of the Mitsubishi Gas Corp. in the mid 80's.” Aerobic
oxidation of catechols to o-quinones™ and the hydroxylation of arenes*” are just two more
copper induced catalytic processes that are currently studied. The oxidative carbonylation of
alcohols attracted particular attention in the past because a row of products (eg.
polyurethanes, polycarbonates) are based on the organic carbonates that are formed in that
catalysis.!*¥ Ongoing patent activity can be observed for the production of dimethyl carbonate
from MeOH, CO and O, with copper catalysts (Enichem, Italy: 8,000 t/a; General Electric,
Japan: 12,000 t/a, Scheme 1).*¥ Furthermore, the oxidation of unsaturated alcohols™¥
mediated by copper catalysts, or olefins in combination with Pd salts (Wacker proc&es),[ls] IS
considered an important route to aldehydes and ketones. In turn, aldehydes can be oxidized to

carboxylic acids of industrial use.[®

Further perspectives in fine chemical and pharmaceutical synthesis are provided by the
asymmetric aziridination of olefins with chiral copper complexes as nitrene transfer
catalysts.!*"*® Other transition metals also proved to be capable of catalyzing the aziridine
formation and the synthetic goal is to achieve high selectivities along with good conversion
and cheap nitrene sources. So far, a method incorporating all these demands remains to be
explored, whereas the analogous oxo transfer reactions in the preparation of epoxidesis well-
established in organic synthesis!*® The versatility of copper catalysts is emphasized in
reactions such as the benzylic and allylic amination®® aong with its oxo counterpart the

alylic oxidation.?"
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R Catalytic

& i Applications
Ts
| _ _ 0O

% x Model

Chemistry
/C:)\

[LCuzNR} LCu\C:)/CuL

Scheme 1. Versatile applications of N donor ligated (L) copper in catalytic oxidative
transfomations. i) Olefin, Phl=NTs; ii) Olefin, N,CHCOOR,; iii) MeOH, CO, O,; iv)
R’'RCHOH, Oy; v) Oy; vi) X=NR.

Ligands used to stabilize copper in the oxidation states Cu(l/Il/111) are often based on the
amine functionality. If the concept of using amines and polyamines receives widespread
appreciation - how about introducing peralkyl guanidines instead? Due to their high basicity
guanidines practically occur only in protonated form in nature.”? As such, they are known for
their capability as anion receptors via hydrogen bonds, eg. in peptide chemistry
(arginine).’”*2% The question arises whether novel oligoguanidines might also show potential
as cation receptors, e.g. in ,, proton sponges* and lewis acid complexes, and moreover - could

complexes of that type be utilized in catalytic applications?
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The objective of this Thesis was to develop the largely unexplored chemistry of multidentate

peralkyl guanidine cation receptors for transition metal ions and protons.

In a first approach a set of new chiral, C, symmetric peralkyl bisguanidines are to be

synthesized (Scheme 2),?® their copper complexes prepared, and evaluated in the asymmetric

aziridination of styrene (Chapter 1).

CH

R=R'=Me

R=Me, R'=-(CH,),;- DMPG

DPE

BN

TMG

Scheme 2. Novel C, symmetric target ligands for the asymmetric aziridination of styrene.

R
)

—N
R'RN N\ NRR'
NRR'
R'RN
R=R'=Me TMG,tren
R =Me, R' = -(CH,)- DMPG,tren

Scheme 3. Superbasic N ligand for the

DMC-Catalysis.

In Chapter 2 the use of a tripoda
trisguanidine based on the tren backbone
(Scheme 3) is to be evauated in the
technicaly relevant copper catayzed
oxidative carbonylation of MeOH to
dimethyl  carbonate @ (DMC).  Other
superbasic ligands, such as N-methyl
imidazole and DMAP are to be compared in
their activity as promotors in this CO

oxidation process.
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Stimulated by the success in both, the oxidative
transfer of nitrogen and oxygen (via OR
radicals), we set out to synthesize and
structurally characterize model complexes of

copper(l/I1) and other biomimetically relevant

transition metals (Mn, Fe, Zn, and Mo, Scheme

4, Chapter 3.1 and 4). Emphasis is put on the

M= CUI/”, Mnll’ Fell’ anl

modeling of the active site of copper, e.g. its

reactivity towards molecular oxygen and other

oxidants (Chapter 3.2).

Scheme 4. Guanidine tren complexes.

X Finaly, the know-how in the synthesis of
R’ multifunctional bisguanidinesisto be usedin

)\ Y /K the creation of novel ,, proton sponges’ based
SN N UNRR' on the 1,8-diaminonaphthalene spacer

l O (Scheme 5, Chapter 5).

Scheme 5. Guanidine ,, proton sponge".
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— Chapter 1 —
Preparation of New Chiral, C, Symmetric
Peralkylguanidine Ligands, Copper Complexation, and

Evaluation in the Aziridination of Styrene

Keywords. N ligands « Bidentate ligands ¢ Chira ligands ¢ Guanidines « Coordination

chemistry « Copper « Asymmetric olefin aziridination

Abstract

The preparation and full spectroscopic characterization of a set of new chiral, C, symmetric
peralkyl bisguanidine  ligands is  described. (1R 2R)-(-)-1,2-Bis[N*(1,1,3,3-
tetramethylguanidino)]cyclohexane  (TMG,CH, 1a), (1R2R)-(+)-1,2-BigN*(1,1,3,3-
tetramethylguanidino)]diphenylethane  (TMG,DPE, 2a), R(+)-2,2 -Big[N*(1,1,3,3-
tetramethylguanidino)]-1,1"-binaphthalene (TMG,BN, 3a), as wel as ther cyclic
bi s(dimethyl propyleneguanidino) analogues (DMPG,CH (1b), DMPG,DPE (2b), DMPG;BN
(3b)) were synthesized by condensation of the Vilsmeyer sats [ClI-C(NMe,),]Cl and [Cl-
C(NMe)2(CH)3]Cl, respectively, with the corresponding primary amine. The activity of the
copper complexes of these novel chiral bisguanidines was evaluated in the asymmetric
aziridination of styrene by PhI=NTs. Although good activity and yields of N-tosylaziridine up
to 98% were achieved, enantioselectivity remained at a level of only 5-7% ee at the best
results. In an attempt to explain the poor selectivity, representative coordination compounds
of 1a with Cu(l) and Cu(ll) as well as their hydrolytic reactions were examined. The crystal
structures of an 1:2 complex [Cu{ (u?-1a)Cu'Cl},][CU'Cl,] (5), an 1:1 complex [(1a)Cu"Cl,]
(6), and the protonated ligand 1b x 2 HCIO, (1c) are described.

I ntroduction
The most common neutral nitrogen chelate ligands® used in asymmetric synthesis® are
typically either alkaoids® or derivatives of azaaromatic compounds, e.g., bipyridines,* or
imines such as bis(oxazolines) (box),>° phosphinooxazolines,’ corrins,? or salen-type’ ligands
(Scheme 1). However, chiral guanidines as ligands in coordination chemistry and catalytic

transformations are unknown. In previous investigations we explored the donor properties of

1
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tridentate and tetradentate peralkylguanidine ligands based on the tame and tren backbone. ™
A set of achiral neutral superbases (pKgn+ > 24) with a constraint geometry for trigonal
bipyramidal complexes was synthesized and coordination compounds with Fe, Mn, Zn, Mo

and Cu structurally characterized.

< Q
o\fg/o
| | H H
<r“ v/
R R Ar Ar
bis(oxazoline)-type "box" salen-type

CH (1)

DPE (2)

R=R'=Me
R = Me, R' = -(CH,),-

TMG (a)
DMPG (b)

Scheme 1. C, symmetric ligands for the asymmetric olefin aziridination.

Chiral ligands are valuable tools in asymmetric synthesis and catalysis.**** Numerous ligands
based on various skeletons and applications have evolved among which the asymmetric

pabaldll are most common for the evaluation of

aziridination'® and cyclopropanation
stereoselectivity of their complexes. Optically active aziridines are useful building blocks for
nitrogen containing compounds.'® Furthermore, aziridines occur in several natural products as
subunits and their biological activities are influenced by the stereochemistry of the aziridine
moiety.*>*® While the development of catalysts for the alkene cyclopropanation belonged to
the first examples of enantioselective meta catalysis mediated by a chiral Schiff base Cu(l)

" examples of reactions that involve catalytic enantioselective nitrogen-group

complex,*
transfer of either a nitrene species to an olefin or starting from imines have emerged only over
the past decade.®**281° prominent ligands in asymmetric aziridinations were introduced by
Evans et al.® and Jacobsen et al.° and belong to the bis(oxazoline)- (box) and salen-type. In
combination with preferably Cu(l) (Rh(I1),**%%€ Mn(111),%2*¢" and Fe(111)'*? salts have also

been investigated), these ligands catalyze the asymmetric aziridination of olefins by [N-(p-
2
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toluenesulfonyl)imino] phenyliodinane (PhI=NTs).?° The best results achieved in the copper-
catalyzed aziridination of styrene with PhI=NTs are the landmarks set by Evans et a.*
(yield%/ee%: 89/57) and Jacobsen et al.®® (79/66) (Scheme 2). The results are very much
dependent on the specific character of the ligands, as it is expressed by the deviation in terms

of yield and enantiomeric excess, which in turn also depends on the substrate.

Ts
5 mol% L*CuX N
©/\ 1 eq. PhI=NTs ©/<1
Yield: 79 %
ee: 66 %

Scheme 2. Asymmetric aziridination of styrene with PhI=NTs in the presence of copper and a

chiral ligand (L* = salen-type) as catalyst.™

As for the mechanistic elucidation,® %22

intermediate has been postulated by Jacobsen et a. indicating that a Cu(l)/Cu(lll)-cycle

the involvement of a discrete Cu(lll)-nitrene

participates in the catalysis.®* These findings suggest a remarkable similarity in the

1424 and aziridination, 8?5

geometries of the transient species in asymmetric cyclopropanation
PhI=NTs still seems to remain the nitrogen source of choice for the catalysis, athough a
number of endeavours have been undertaken in the search for alternatives. One attempt was
the application of PhI=NSO,Ar (Ar = PhOMe) by Andersson and coworkers,?®® which gave
higher ee’s (78%), along with good yields (86%). Other examples are e.g. PhI=NSO,Ar (Ar =
PhNO,, PhOMe, etc.),®® PhI=NSO,R (R = 1-methylimidazolyl, 2-pyridyl, etc.),>” Phi=NSes

(TMS-ethanesulfonyl),?® chloramine-T,?® bromamine-T,* and tert-butyl sulfonamide.**

A recent paper describes a different approach to the stereoselective aziridination of alkenes
viaachiral nitrido-manganese complex.** Other recent advances for commercial catalystsin a
heterogenous processes involve the usage of microporous materials such as zeolite and result
in respectable enantioselectivities of up to 61% ee when chiral modifiers e.g. bis(oxazolines)

are employed.®
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Peralkylated guanidines belong to the strongest organic neutral bases known.* They are
several magnitudes superior in basicity than tertiary amines due to the excellent stabilization
of the positive charge in their resonance stabilized cations.® This trend may be demonstrated
by the pKgu+ (MeCN) values of the 1,2,2,6,6-pentamethyl piperidinium cation (18.62), the
parent guanidinium cation (23.3), and the pentamethyl guanidinium cation (25.00).%*° We set
out to sythesize a new class of superbasic, C, symmetric ligands as chiral, peralkyl guanidine
chelators, to test the new ligands in the asymmetric aziridination, and to structuraly
characterize complexes with Cu(l) and Cu(ll). So far, all attempts to model this reaction, e.g.
with achiral tris(pyrazolylborate) copper complexes, failed.?? We intended to provide aligand
which due to the superbasic character of guanidines might stabilize the proposed Cu(lll)

nitrene species in order to gain insight in the mechanism.

Results and Discussion

Ligand preparation. The chira ligands L* (1a-3b) were synthesized analogous to a method
previously published.’® The main problen associated with this synthesis is that
polyguanidines as well as their hydrochlorides are extremely hygroscopic. Typically, they
cannot be purified by destillation or sublimation without decomposition, and may not be
subjected to column chromatography on polar phases (SiO,, Al;O3). Therefore, high
selectivity of the reaction was essential. By reaction of the corresponding primary amine with
the Vilsmeyer salts [CI-C(NMe&,)2]Cl and [CI-C(NMe)2(CH>)3] Cl, respectively, in acetonitrile
solution and triethylamine as auxiliary base at elevated temperatures, a nearly quantitative
transformation was accomplished (Scheme 3). This method was first described by Eilingsfeld
and Seefelder® and later improved by Kantlehner et al.*’ for monoguanidines. The Vilsmeyer
sdlts are obtained by reaction of the ureas with phosgene® or oxalyl chloride in toluene.®
Separation from the by-product HNEt3Cl is accomplished by the addition of 1 eq. of NaOH
per guanidine functionality and removal of the NEt; and NaCl by crystalization from
acetonitrile / diethyl ether. Deprotonation of the guanidinium hydrochlorides with 50% KOH
yield the free guanidine bases in 75 - 89%. The DMPG analogues are difficult to be liberated
from water and therefore are better deprotonated with 10 eq. NaH in dry THF. The ligands are
air-stable but slowly hydrolyze within days when exposed to aqueous media under the

formation of the corresponding ureas.
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Mezl\)i\ TMG,CH  (la)
1) MeCN, DMPG,CH (1b)

NH 3 h reflux NMe, 2

2 Cl ¢  2)50%KOH
‘o . TMG,DPE  (2a)
* _—
R,N"+ NR, DMPG,DPE (2b)
NH, N

§—NMe, TMG,BN  (3a)
Me,N DMPG,BN (3b)

Scheme 3. Synthesis of chiral ligands L* for asymmetric copper-catalyzed aziridination.

Spectroscopic studies. EI mass spectra of the ligands display the molecular ions of 1 - 3.
Their IR spectra reveal a strong single absorption at wavenumbers of 1630-1580 cm™, which
is assigned to the v(C=N) vibration. *"H NMR spectra of 1 and 2 show two singlets for the N-
methyl groups, while for ligand 3 only one singlet is observed at room temperature. The rt
200 MHz **C NMR spectra of 1 reveal two methyl signals, 2 and 3 exhibit just one methyl
resonance. The appearance of two chemically inequivalent methyl groups is due to hindered
rotation about the C=N double bond of pentaalkylguanidines leading to the literature known
syn/anti-isomerization (Scheme 4).***“° This barrier to rotation is markedly lowered by

protonation or by increased steric demand of the alkyl groups.

R\NO QN/R
A, = N

) Me,N NMe,

Scheme 4. The syn/anti-isomerization of pentasubstituted guanidines.

Aziridination studies. According to Evans’ procedure® the copper complexes were formed
in situ prior to combination with the suspension containing PhI=NTs as nitrene source and
styrene in the corresponding solvent. A calibration experiment with box and CuOTf was
carried out, the analytic protocol verified within an experimental error of 1-2% (entries 1, 2
compared to entries 5-7), and the results of the aziridination reactions including entries with
literature known ligands summarized in Table 1. From the literature it is known that ligand-
free Cu salts with noncoordinating anions (entries 0a) promote the formation of aziridines

well in comparison to Cu salts with coordinating anions (entries Ob).
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In CgHg nearly quantitative yields and at the same time literaly no enantioselectivities were
obtained, regardless of the catalyst applied (entries 8-10, 12-14, 16, 18, 20, 22, 24). This may
have occured because of the poor solubility of the catalyst - thus inhomogenous and
containing uncoordinated copper centers - a fast, non-enantiosel ective reaction takes place. In
MeCN good solubility was achieved at the expense of styrene conversion, yields of just up to
48-65% after workup were achieved, yet ee’s remained at a low level of <2-7% (entries 11,
15, 17, 19, 21, 23). This behavior can be interpreted in such way that contrary to the reactions
performed in benzene, no free copper centers are present in acetonitrile solutions. It is
assumed that in MeCN solution copper is chelated by the ligand (although this supposition
has not quite been established for all complexesin the solid state and has even been disproved
for complex 5, Figure 1) and due to the steric hindrance induced by the guanidine ligands,
approach of the substrate molecule styrene to the copper-nitrene species™® is limited.?
Neither employing 2.2 eg. of ligand (entries 29-31) instead of the typically used 1.2 eg. nor
solvents of medium polarity (CH,Cl,, Me,CO, entries 27, 28, 30), nor working at lower
temperatures (entries 25-33) did significantly improve the enantioselecitivity. Application of
other nitrene sources such as p-toluenesulfonyl azide or BOC azide aso proved to be
ineffective (entries 34-37 and 38, 39). Nevertheless, we still believe that these ligands unfold
a higher potential in other asymmetric catalytic reactions, such as the cyclopropanation or
epoxidation of akenes, as is known for other ligands with limited utility as aziridination
catalysts.*! In summary, it can be said that no trend of ligand inhibition rather than a certain
degree of ligand acceleration was observed to approximately 5% higher yield, compared to

the blind experiment without ligands.®®

Table 1. Aziridination of styrene with copper catalyst and chiral ligands.?

Catalyst
Entry L* CuX Solvent Time(Temp) Yield[%]° ee[%]°
Oa (lit.)® - CuClO, CH.Cl, n.n. (RT) 90 -
Oa (lit.)™ - CuOTf CH,Cl, n.n. (RT) 92 -
Oa (lit.)™ . Cu(OTf),  MeCN n.n. (RT) 92 -
Ob (lit.)®™ - CuCl CH,Cl, n.n. (RT) 61 -
Ob (lit.)™ . CuBr CH.Cl, n.n. (RT) 56 -
1 (lit)® box CuOTf CeHe 10 h (21 °C) 99 57
2 (lit.) box CuOTf styrene  2.5h(0°C) 89 63
3(lit.)* salen CuPFs CH.Cl, (10°C) R 41°
4 (lit.)% salen CuOTf CH,Cl, (-78°C) 79 66

6
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5 (own) box CuOTf CeHs 12 h (RT) 98 58
6 (own) box Cu(OTf), CeHs 18 h (RT) 97 56
7 (own) box CuClO, MeCN  36h(-18 °C) 98 55

8 TMG,CH CuOTf CeHs 12 h (RT) 98 2
9 TMG,CH  Cu(OTf), CsHs 12 h (RT) 97 3
10 ™ GzCH CUPF@ C6H6 10h (RT) 95 <2
11 TMG,CH CuPF MeCN 20 h (RT) 65 <2
12 DMPG,CH  CuOTf CeHs 12 h (RT) 97 3
13 DMPG,CH  Cu(OTf), CsHs 18 h (RT) 95 5
14 TMG,DPE  CuOTf CeHs 12 h (RT) 96 <2
15 TMG,DPE ~ CuOTf MeCN 12 h (RT) 53 3
16  DMPG,DPE  CuOTf CeHs 12 h (RT) 96 <2
17 DMPG,DPE  CuOTf MeCN 12 h (RT) 48 <2
18 TMG,BN CuOTf CeHs 12 h (RT) 98 4
19 TMG,BN CuOTf MeCN 12 h (RT) 62 5
20 TMG2BN CU(OTf)z CsHs 12h (RT) 96 <2
21 TMG,BN  Cu(OTf),  MeCN 12 h (RT) 59 3
22 DMPG,BN  CuOTf CeHs 12 h (RT) 93 3
23 DMPG,BN  CuOTf MeCN 12 h (RT) 54 2
24 DMPG,BN  Cu(OTf), CeHs 12 h (RT) 95 <2
25 TMG,BN CuClO, MeCN  36h(-18 °C) 17 3
26 TMG,CH CuClO, MeCN  36h(-18°C) 10 <2
27 TMG,CH CuClO,  CH.Cl, 36h(-18°C) 8 <2
28 TMG,CH CuClO, MeCO  36h(-18°C) 9 3
29 TMG,BN CuClOy MeCN  36h(-18°C) 11 8
30 TMG,BN CuClO,  CH.Cl, 36h(-18°C) 9 6
32 TMG,BN CuClO, Mix® 36 h (-18°C) 9 4
33 TMG,BN  Cu(ClO,), MeCN  36h(-18°C) 8 3
31 TMG,BN CuClOy MeCN 36 h (RT) 51 7
34" TMG,CH CuPFs MeCN 3 h (reflux) 58 <2
35" TMG,CH CuPFs MeCN 15 h (RT) <1 n.d.
36" TMG,CH CuPFs CsHs 15 h (RT) <2 n.d.
37" TMG,CH CuPFg CesHs 15 h (reflux) 32 <2
38 TMG,CH CuPFs MeCN 18 h (RT) 0 n.d.
3 h (reflux) 0 n.d.
39 TMG,CH CuOTf CeHs 15 h (RT) 0 n.d.
Cu(OTf), MeCN 0 n.d.

2 Typical experiment: styrene : PhI=NTs: CuX : L* =5:2:0.1: 0.12. ® Values represent isolated
yields of aziridine based on PhI=NTs as limiting reagent. ¢ Enantiomeric excess was determined by
'H NMR chiral shift reagents, absolute configurations not distinguished / ¢ not reported / © chiral
HPLC. 2.2 eq. of L*. 9 CsHg/ MeCN (1:1). " Nitrene source: TsNs. ' Nitrene source: BOCNG.
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Complex formation. The poor enantioselectivity observed in the asymmetric aziridination
reactions gave rise to the question of the coordination geometry of the copper complexes
employed as catalysts. With the aim to isolate well defined 1:1 complexes equimolar amounts
of the ligands L and dehydrated copper (I/11) chlorides, triflates or perchlorates dissolved in
dry, degassed MeCN were combined. The complexes were precipitated by addition of diethyl
ether to the MeCN solution. The precipitates were perfectly soluble in MeCN, however,
sparingly soluble in Me,CO. Decomposition in DM SO or in protic solvents such as DO or
EtOH occurs. The triflate derived complexes turned out to be difficult to characterize because
they did not tend to crystallize and because of intrinsic problems associated with their
combustion analysis. Better reproducible results were obtained with chloro or perchlorate
derived complexes. With CuCl and la well defined coordination compounds of the
composition (CuCl)L and (CuCl),L but no counterpart (CuCl)L, have been isolated (Scheme
5).

Me,N
)/\NMeZ
Cu(l) CU\L coordination motif for Cu(l):
* L linear geometry
Me N /Cu'/ with bridging guanidine
2 N
}\ 7\/NMe2
NMe,
N Me,N
MeCN
*
Me,N
NQ?/NMeZ T\
2 —~NMe,
Me,N N L .
’ Cu(ln) N ol coordination motif for Cu(ll):
* Cu. istorted square planar geometry
: di d I
J S with chelating guanidine
N
7\/NMe2
Me,N

Scheme 5. Schematic synthesis of chiral copper (1/11) complexes.

The Cu(l) complexes are nearly colorless and extremely sensitive to air while the Cu(ll)
complexes appear in green color. In general, it was observed that metal hydroxides along with
the protonated ligand were formed when the complexes were exposed to aqueous solvent
mixtures. These findings are explained by the extremely high proton affinity of guanidines:
Deprotonation of an aqua ligand irreversibly induces the hydrolytic cleavage of the metal-

nitrogen bond, a pattern that is also typical for amido complexes (Scheme 6).
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Scheme 6. Hydrolytic cleavage of the metal-nitrogen bond.

Spectroscopic studies. The copper complexes could not be detected by EI mass
spectroscopy. The parent molecular ions or a ligand-Cu fragment were detected by FD mass
spectroscopy. In some cases the ligand as cluster together with the anion provided by the
copper salt was detected, either along with the parent molecular ion or by itself. In the case of
the unusual 1:2 tetranuclear complex [Cu'{ (u?-1a)Cu'Cl},][CU'Cl,] (5), APCI proved to be a

powerful method of mass spectroscopy to confirm its structure (see below).

While correct elemental analyses were received for 4-7, al other attempts of complex
synthesisin a copper salt to ligand ratio of 1:1 yielded reproducible results that hint formation

of more complex compounds despite showing the correct fragment in the FD mass spectra.

As expected the Cu(ll) complexes are paramagnetic, whereas the Cu(l) complexes are
diamagnetic and colorless. Their 200 MHz room temperature *H and *C NMR spectra in
CD3CN show one broad resonance for the guanidine N-methyl protons in contrast to a series
of tripod copper complexes'® which exhibit two signals for the NMe, protons. This behavior
is explained by a rigid >C=N- bonding axis on the NMR time scale rendering one NMe,
group cis and the other one trans with respect to the Cu substituent. Obviously, when the
charge of the metal cation is distributed over three guanidine groups the individual bond
characters remain more pronounced and the barrier to rotation is higher than in the
noncoordinated bisguanidine. There is probably also an increased steric congestion in
complexes. By lowering the temperature, coalescence of the proton signalsis observed at 301
K for 7 (1a x Cu'ClO,) (500 MHz, CDsCN). The barrier to rotation about the C=N bond
could not be estimated because in the low temperature region other coalescence phenomena

occurred and made its determination impossible.*?
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In their IR spectra, the copper complexes show a split of the absorption for the v(C=N)
vibration. A similar behavior is observed for the protonated ligand 1c. This splitting is a
typical feature due to lowering of the molecular symmetry in guanidinium cations. It is aso

found in the hexamethylguanidinium cation.*

Molecular structure of [Cu'{(u*1a)Cu'Cl};][Cu'Cly] (5) (Figure 1). Selected bond lengths
and angles arelisted in Table 2. Light green single crystals of 5 were obtained by diffusion of
dry ether into saturated acetonitrile solution.

Figure 1. ORTEP Plot of [Cu'{(u?1a)Cu'Cl};][CU'Cl,] (5), thermal ellipsoids a 50%
probability level, H atoms omitted for clarity.®?

The structure of 5 confirms the tendency of copper(l) to form complexes with linear
coordination geometry.*** Four linearly coordinated copper(l) centers, three each with
different counterparts, are realized. One lies in between of two bridging ligand molecules
(Cu(2): 178.1°), the second guanidine function of each la linearly binds another copper atom
(Cu(1): 174.4°) which carries aterminal chlorine atom. Finally, the structure contains a linear
[CU'Cl,]" anion (Cu(3): 179.6°) for electroneutrality. Interestingly, the Cu-N distances N-Cu-
N and N-Cu-ClI are nearly equal despite of having different co-ligands (N(4)-Cu(2): 188.2 pm
and N(1)-Cu(1): 187.9 pm). They are of typical length for biscoordinated copper(l), the Cu-Cl
distances (208.5 pm) also do not show any abnormality. The configuration (R) of theligand is
preserved in the complex, while the cyclohexane rings of the two ligand molecules and
guanidine groups N-Cu-N are located in an almost ecliptical positions. The remaining two
guanidine units (N-Cu-Cl) are situated at maximal distance to each other, trans relative to the
N-Cu-N axis (Figure 1B). The situation of the guanidine functionality can be summarized by

reviewing the quotient p (see below, Figure 4, Table 5). A value of 0.97 symbolizes a rather
10
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strong effect of positive charge from the copper atom to the guanidine, including the

consequences mentioned below.

Table 2. Selected bonding distances [pm], angles, dihedral angles and sum of bond angles[°]
in [Cu'{ (u*-1a)CU'Cl}5][CU'Cl,] (5); crystallographic standard deviations in parentheses.

Cu(1)-N(2) 188.2(3) Cu(2)-N(4) 187.9(3)
Cu(1)-Cl(1) 208.5(1) Cu(3)-Cl(3) 208.5(1)
N(1)-C(7) 132.0(5) N(4)-C(12) 132.5(5)
N(2)-C(7) 136.7(5) N(5)-C(12) 136.9(6)
N(3)-C(7) 135.5(5) N(6)-C(12) 135.5(6)
N(1)-C(1) 148.5(5) N(4)-C(2) 145.6(5)
N(2)-C(8) 145.7(5) N(5)-C(13) 147.3(6)
N(2)-C(9) 145.6(7) N(5)-C(14) 145.1(7)
N(3)-C(10) 144.6(7) N(6)-C(15) 146.5(7)
N(3)-C(11) 146.2(6) N(6)-C(16) 145.6(7)
N(1)-Cu(1)-CI(2) 174.43(10) CI(3)-Cu(3)-Cl(3a) 179.59(11)
N(4)-Cu(2)-N(4a) 178.1(2)
N(1)-C(1)-C(2)-N(4) -62.7(4)
N(1)-C(7)-N(2)-C(8) -144.5(4) N(4)-C(12)-N(5)-C(13) -138.7(5)
N(1)-C(7)-N(2)-C(9) 46.0(6) N(4)-C(12)-N(5)-C(14) 27.0(6)
N(1)-C(7)-N(3)-C(10) 22.6(6) N(4)-C(12)-N(6)-C(15) -145.9(5)
N(1)-C(7)-N(3)-C(11) -140.0(4) N(4)-C(12)-N(6)-C(16) 37.2(7)
>°C(7) 360.0 >°C(12) 360.0
>°N(1) 359.9 >°N(4) 359.1
>°N(2) 359.3 >°N(5) 358.6
>°N(3) 357.9 >°N(6) 359.9

A contrary example, bearing an identical backbone to ligand 1, was found by Stack et a.*® In

this structure Cu(l) possesses an unusual trigona planar geometry with peralkylated amine
functions of a cyclohexane diamine ligand and one molecule of acetonitrile. In a complex
published by Evans et al., it is hinted that the bidentate, and usually chelating bisoxazoline

ligand, forms a helical structure with linear coordination of the copper(l) centers by two N

11
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atoms of two different ligand molecules.*” A 1:1 complex of la with Cu'Cl could not be
crystallized so far which is probably because of the known difficulties in crystallization of
helical structures. The proposed structure of a 1:1 complex based on the molecular structure

of the 1:2 complex is shown in Scheme 7.

/4
Cu

[Cu'CL]

L —1n

Scheme 7. Proposed helical structure of a1:1 complex of 1a and Cu'Cl.

Molecular structure of [(1a)Cu''Cl,] (6) (Figure 2). Selected bond lengths and angles are
listed in Table 2. Complex 6 was prepared as 1:1 complex of 1a and CuCl,, and X-ray quality
crystals were obtained by slow diffusion of dry diethyl ether into saturated acetonitrile

solution.

Figure 2. ORTEP Plot of [(1a)Cu''Cl,] (6), thermal ellipsoids at 50% probability level, H

atoms omitted for clarity.®

12
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Table 3. Selected bonding distances [pm], angles, dihedral angles and sum of bond angles[°]
in[(1a)Cu''Cl,] (6); crystallographic standard deviations in parentheses.

Cu(1)-N(2) 196.7(6) Cu(1)-CI(2) 224.2(3)
Cu(1)-N(4) 197.9(6) Cu(1)-Cl(2) 223.9(2)
N(1)-C(2) 145.9(9) N(4)-C(6) 146.1(10)
C(7)-N()) 130.6(10) C(12)-N(4) 132.1(10)
C(7)-N(2) 138.3(10) C(12)-N(5) 139.4(11)
C(7)-N(@3) 135.5(10) C(12)-N(6) 134.0(11)

N(1)-Cu(1)-N(4) 83.5(3) Cl(1)-Cu(1)-CI(2) 102.12(11)
N(1)-Cu(1)-CI(2) 142.4(2) N(4)-Cu(1)-Cl(2) 143.8(2)
N(1)-Cu(1)-CI(2) 97.9(2) N(4)-Cu(1)-Cl(2) 98.0(2)
C(1)-N(1)-Cu(2) 111.6(5) C(6)-N(4)-Cu(1) 110.5(5)
C(1)-N(2)-C(7) 122.0(6) C(6)-N(4)-C(12) 122.4(7)

N(1)-C(1)-C(6)-N(4) -51.6(8)

N(1)-C(7)-N(2)-C(8) -32.5(12) N(4)-C(12)-N(5)-C(13) 139.0(10)

N(1)-C(7)-N(2)-C(9) 138.5(8) N(4)-C(12)-N(5)-C(14) -40.3(13)

N(1)-C(7)-N(3)-C(10) 145.4(8) N(4)-C(12)-N(6)-C(16) 145.7(9)

N(1)-C(7)-N(3)-C(11) -14.7(11) N(4)-C(12)-N(6)-C(16) -13.2(14)

>°C(7) 360.0 >°C(12) 359.9
Z°N(1) 356.5 >°N(4) 353.2
>°N(2) 359.4 S°N(5) 360.0
>°N(3) 357.2 S°N(6) 356.8

Chapter 1

In contrast to the copper(l) structure, the copper(ll) cation is coordinated by a chelating ligand

in a C, symmetric distorted square planar coordination with an interplanar angle of 50.4°
between the planes defined by N(1)-Cu(1)-N(4) and CI(1)-Cu(1)-ClI(2). The average Cu-N
distance in 6 (197.3 pm) is about 9 pm longer than the average Cu-N distance in 5 (188.1

pm). At the same time, the average Cu-Cl distance is amost 16 pm longer than the

corresponding distance in the Cu(l) structure (224.1 vs. 208.5 pm). The p values of 6 are

dlightly lower compared to the Cu(l) complex 5 (0.96 vs. 0.97). This is due to two anionic

chloro ligands that lower the effective charge at the Cu(ll) atom in 6 and result in less

delocalization effects in the guanidine group. The latter is consistent with the p quotients of

13
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copper (1/11) complexes and the tripodal ligand TMGgtren™ (second section Table 5). In these
complexes Cu(l) shows the lower value (0.94 in Cu(l) vs. 0.96 in Cu(ll)) as expected for the

lower effective charge at a Cu(l) center.

In another structural example, a Cu(ll) core is coordinated by 2 or even 3 ligand molecules of
1,2-diaminocyclohexane.® This behavior could not be verified in case of our sterically
demanding guanidines 1-3. Even if atwofold excess of ligand 1-3 was employed, a maximum

of 2 guanidine N atoms per Cu center is realized.

Molecular structure of protonated ligand 1b x 2 HCIO, (1c). Selected bond lengths and
angles are listed in Table 4, the H atom positions were calculated. The hydrolytic reaction of
the copper complexes was studied. Proof for the above mentioned mechanism was obtained
by the X-ray determination of the crystal structure of 1c. The guanidinium hydroperchlorate
was received by reaction of 1b and Cu(l)CIO,4 in the presence of traces of water and
crystallization from MeCN / Et,O. A mixture of insoluble copper hydroxides was formed

during the reaction as green precipitate and removed by filtration.

Figure 3. ORTEP Plot of 1b x 2 HCIO, (1c), thermal ellipsoids at 50% probability level, H
atoms (except H1A and H4A) omitted for clarity.®?

The structure shows the six-membered cyclohexane ring in atypical chair conformation while
the two guanidine groups as well as the attached H atoms (H1A and H4A) are located anti to
each other with a torsion angle N(1)-C(1)-C(2)-N(4) of -56.8° (Figure 3B). The p value
(Table 5) is calculated to 1.004 which indicates perfect delocalization of positive charge
14
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within the guanidine moiety and three equal C-N bonds as it has been observed in TMGgen x
2 HCI'® and the hexamethylguanidinium cation.*® The bond angle sums about the CN3 unit

are close to 360° for each carbon atom.

Table 4. Selected bonding distances [pm], angles, dihedral angles and sum of bond angles[°]
in 1b x 2 HCIO, (1c); crystallographic standard deviations in parentheses.

N(1)-C(1) 146.3(5) N(4)-C(2) 146.9(5)
C(7)-N(1) 134.4(5) N(4)-C(13) 133.9(5)
C(7)-N(2) 134.1(5) N(5)-C(13) 132.6(5)
C(7)-N(@3) 133.0(5) N(6)-C(13) 135.0(5)
N(1)-H(1A) 88.0(calc.) N(4)-H(4A) 88.0(calc.)
C(1)-N(1)-C(7) 126.5(3) C(2)-N(4)-C(13) 125.3(3)
N(1)-C(1)-C(2)-N(4) -56.8(4)
N(1)-C(7)-N(2)-C(8) -166.3(4) N(4)-C(13)-N(5)-C(14) -162.4(4)
N(1)-C(7)-N(2)-C(11) 38.4(6) N(4)-C(13)-N(5)-C(17) 10.1(5)
N(1)-C(7)-N(3)-C(10) -161.9(4) N(4)-C(13)-N(6)-C(16) -167.0(4)
N(1)-C(7)-N(3)-C(12) 9.2(6) N(4)-C(13)-N(6)-C(18) 38.3(6)
>°C(7) 359.9 >°C(13) 359.9
>°N(2) 355.5 >°N(5) 359.6
5°N(3) 359.4 >°N(6) 355.3

Structural parameter p. As a structural parameter that allows estimation of charge
delocalization within the guanidine moiety by comparing the shortest C=N bond distance to
the average of the other two C-NR; distances (ato b,c in Figure 4), the value p=2a/ (b + ¢)
was established.® In the free guanidine (one pure double bond (C=N) vs. two single bonds
(C-Nnme2), first section of Table 5), o assumes a value of 0.92 (when attached to an aromatic
system p can become 0.93*Y). In transition metal complexes the C=N bond is stretched while
the C-Nyve2 bonds are getting shorter which resultsin p values of 0.94 to 0.97 depending on
the effective charge of the metal cation. Finally, when a guanidine is protonated three partial
double bonds are formed with equal bond lengths and perfect charge delocalization: o = 1.00
(last section in Table 5).
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RN

E = M+, HY, R*

Figure 4. C-N bonds a, b and c for the determination of quotient p.

Table 5. Average C=N vs. C-NR; distances [pm] and quotient o, standard deviations (+).*

Complex 0 C=N (a) [0 C-NR; (b, ¢ P

[(A)Mo(CO)3] P 127.6+0.0 138.7+0.9 0.920
[(C)zn'Cl,] Peloa 127.9+0.0 139.5+0.4 0.917
[(A)Cu'Cl]Cl &% 131.4+0.3 136.4+0.5 0.964
[(A)CU"(NCMe)](ClO,), ©1% 130.8+0.7 136.3+0.8 0.960
[(A)Cu']Cl &% 129.4+0.0 137.6+0.6 0.940
[(B)CUCIO, 41 130.3+0.5 137.8+1.6 0.945
[(1a)Cu"Cl;] (6) 131.4+0.8 136.8+2.2 0.960
[Cu{ (u*-1a)Cu'Cl},]" (5) (N-Cu-Cl) 132.0+0.0 136.1+0.6 0.970
[CU{ (u%-1a)Cu'Cl},]* (5) (N-Cu-N) 132.5+0.0 136.2+0.7 0.973
[(DMPG,CH)H,](CIO4) (1c) 134.2+0.3 133.7+0.9 1.004
[(D)H,]Cl, "% 133.6+0.0 134.0+0.2 0.997
[(E)][Fe&(CO)4C(O)NMe;] 94 132.9+0.0 133.7+0.7 0.994°2

3 Structural parameter o= 0 C=N/ 0 C-NR,. ® Complex bears a free guanidine group in form of a
noncoordinated , dangling* arm of a tripodal ligand. ¢ Ligand (A) = 1,1,1-Tris{2-[N*(1,1,3,3-

tetramethylguanidino)]ethyl} amine

(TMGgtren). ¢ Ligand

B =

1,1,1-Tris{ 2-[N*-(1,3-

dimethylpropyleneguanidino)]ethyl}amine (DMPGstren). © Ligand (C) = 1,1,1-TrisN*~(1,1,3,3-

tetramethylguanidino)methyl]ethane.

f Ligand

(D) =

1,2-Di[N*-(1,1,3,3-

tetramethylguanidinium)]ethane dichloride tetrahydrate (TMG,en x 2 HCI). ¢ Ligand (E) =

[C(NMey)q]".
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Conclusions
The synthesis of novel chiral bidentate ligands with extremely basic peralkyl guanidine
functions and complexes thereof with Cu(l) and Cu(ll) has been presented. Due to the ability
of guanidines to delocalize positive charge into the guanidinium moieties, the ligands 1a-3b
stabilize cationic and dicationic complexes. The structural solution of two complexes formed
from ligand 1a with Cu'Cl (5) and Cu'Cl, (6) is described as well as the structure of
protonated ligand 1b x 2 HCIO, (1c). Whereas the Cu(l) structure reveals a linear ligand
coordination, Cu(ll) shows distorted square planar geometry. Various copper ligand
combinations have been evaluated in the catalytic asymmetric aziridination of styrene by
PhI=NTs. High activity but poor enantioselectivity was observed. Future perspectives of our

chiral guanidines may be found in the catal ytic asymmetric cyclopropantion or epoxidation.

Experimental Section

Materials and methods. All experiments were carried out in hot assembled and under
vacuum cooled glassware under inert atmosphere of argon 4.8 dried with P,Oq9 granulate.
Solvents, triethylamine and styrene were purified according to literature procedures® and also
kept under inert atmosphere. Enantiomerically pure (1R,2R)-1,2-diaminocyclohexane was
obtained from the commercially available racemic substrate by racemate separation according
to a published method.>* (1R 2R)-(+)-1,2-diamino-1,2-diphenylethane® was synthesized by a
literature method. R(+)-2,2"-diamino-1,1"-binaphthalene was used as purchased from Aldrich.
[CUOTf] x 0.5 CgHe,® [Cu(CH3CN)4PFs and [Cu(CHsCN)4ClO.>" were prepared by
literature methods. CuCI®® and CuCl,> were purified and liberated from water, respectively
according to literature. Substances sensitive to moisture and air were kept in a glove-box
(Braun, Type MB 150 BG-1) under an atmosphere of nitrogen. PhI=NTs® was prepared by a
published method and recrystallized from methanol/water at 5°C. Purification of
aziridination products was carried out by flash chromatography using MERCK silica gel 60
(0.063-0.200 mm). Analytical thin layer chromatography was performed on MERCK TLC
aluminium sheets silica gel 60 Fs4, Visualization accomplished with UV light. Chiral shift
reagent trig 3-(heptafluoropropylhydroxymethylene)-(+)-camphorato]europium(lil), Eu(hfc)s
was used as purchased from Aldrich.
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Analytical data were recorded on the following instruments. - NMR: Bruker ARX 200 and
DRX 500, - IR: Bruker IFS 88 FT, - MS(EI-70 eV): Varian MAT CH-7a, MS(FD): Finnigan
MAT 95 S, MS(APCI): Hewlett Packard HP 5989 B, Elemental Analysis. Heraeus CHN-
Rapid, Melting points: Biichi MP B-540 (uncorrected), X-ray: ENRAF-Nonius CADA4.

Caution! Phosgene is a severe toxic agent that can cause pulmonary embolism and in case of
heavy exposition may be lethal. Use only at a good ventilated fume hood. Perchlorate salts are
potentially explosive and should be handled with care.

The preparation of N,N,N",N -tetramethylformamidiniumchloride (A)!® and N,N'-

dimethyl propylene-chlorformamidiniumchloride (B)'® is described elsewhere.

General procedurefor the synthesis of the guanidine ligands. To a solution of the diamine
and triethylamine in acetronitrile, 2 eq. of [(Me;N).C-CI]Cl (A), [{ (CH2)3(NMeg),} .C-ClI]Cl
(B), respectively, dissolved in the same solvent were slowly added under cooling in an ice
bath. After the exothermic reaction declined, the mixture was refluxed for 3 h. Afterwards 2
eg. of NaOH dissolved in a minimum amount of water were added under vigorous stirring in
order to deprotonate the HNEt3Cl. After removal of the solvent as well as excess NEt; the
precipitate was washed three times with dry ether to remove unreacted amine and dried in
vacuo. The free base was obtained by complete deprotonation of the bishydrochloride with
excess 50% KOH and extracting the agueous phase with MeCN (alternatively (DMPG
analogues) stirred in the presence of 10 eg. NaH in THF for 3 h at 60 °C). The combined
filtrates were evaporated to dryness, redissolved (for solvent see details below), dried over
MgSO,, stirred over activated charcoal and filtered warm through Celite.

(1R,2R)-(-)-1,2-Bis[N?-(1,1,3,3-tetr amethylguanidino)]cyclohexane (TM G,CH = 1a):
Diamine: (1R,2R)-1,2-diaminocyclohexane (5.7 g, 50 mmol), triethylamine (10.1 g, 14.0 mL,
100 mmoal), 17.1 g (100 mmol) of [(Me&:N).C-CI]Cl (A); 4.0 g (100 mmol) NaOH. Solvent
used for purification: hexane. Yield: 13.8 g clear, yellow oil (89 mmol, 89%).

'H NMR (200.1 MHz, CD5CN, 25 °C): d= 3.07-2.88 (m, 2 H, Cy,H), 2.68 (s, 12 H, CHs3),
2.46 (s, 12 H, CH3), 1.79-1.50 (m, 4 H, CgeH>), 1.44-1.13 (m, 4 H, CysH-) ppm; *C NMR
(50.3 MHz, CDsCN, 25 °C): J = 158.6 (CN3), 63.8 (Cy2H), 40.1 (CHs3), 38.8 (CHg), 34.7
(Cz6H2), 26.2 (C45H2) ppm; IR (KBr): v =2924 s, 2853 s, 2793 m, 1627 s(br), 1493 s, 1454
18
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m, 1358 s, 1233 m, 1128 s, 1009 s, 997 w, 907 w, 615 w cm™ MS (70 eV, El): m/z (%) =
310 (21) [(1a)]", 195 (39) [(1a)-TMG]", 85 (100) [CH]"; elemental analysis calcd. (%) for
Ci6H34Ng (310.5): C 61.90, H 11.04, N 27.07; found C 61.60, H 10.80, N 26.82.

(1R,2R)-(-)-Bis|N*(1,3-dimethyl pr opyleneguanidino)]cyclohexane (DM PG,CH = 1b):
Diamine: (1R,2R)-1,2-diaminocyclohexane (1.14 g, 10 mmol), triethylamine (2.00 g, 2.8 mL,
20 mmoal), 3.66 g (20 mmol) of [{(CH2)s(NMe),}.C-CI|Cl (B) ; 0.80 g (20 mmol) NaOH.
Deprotonation: 2.40 g NaH (100 mmol)/ 30 mL THF. Solvent used for purification: benzene.
Yield: 2.7 g beige, wax-like material (8.1 mmol, 81%).

H NMR (200.1 MHz, CDsCN, 25 °C): d= 3.36-3.02 (m, 6 H, CHx+CH), 2.73 (s, 6 H, CHy),
2.44-2.38 (m, 4 H, CHy), 2.29 (s, 6 H, CH3), 1.68-1.51 (m, 6 H, CH,), 1.32-1.15 (m, 6 H,
CH.) ppm; *C NMR (50.3 MHz, CDsCN, 25 °C): d= 159.8 (CNs), 55.6 (CH), 48.0 (CH>),
46.0 (CH,), 35.7 (CHs), 33.8 (CHa3), 27.5 (CHy), 25.5 (CH,) ppm; IR (KBr): ¥ = 3301 s,
2930 vs, 1633 vs(br), 1531 vs, 1482 s, 1450 s, 1392 s, 1256 s, 1237 s, 1139 m, 1112 m, 1053
m, 1021 m, 767 m, 622 m cm; MS (70 eV, El): m/z (%) = 334 (33) [M]", 207 (50) [M-
DMPG]*, 127 (54) [DMPG]*, 112 (85) [DMPG-N]*; elementa anaysis calcd. (%) for
Ci18H34N6 (334.5): C 64.63, H 10.24, N 25.12; found C 63.71, H 10.32, N 24.25.

(1R,2R)-(-)-Bis|N*(1,3-dimethyl pr opyleneguanidinium)]cyclohexane Diper chlor ate
(DMPG,CH x 2 HCIO,4 = 1c):

General procedure for the preparation of copper complexes with [Cu(CH3CN)4]CIO,
(654 mg, 2.00 mmol), 335mg (1.00 mmol) 1b and 36 mg dest. H,O (2.00 mmol). The
precipitated pale yellow Cu hydroxides were separated from the solution by filtration through
Cdlite. Yield: 417 mg (0.78 mmol, 78%) colorless crystals.

'H NMR (200.1 MHz, CD5CN, 25 °C): d= 5.37 (m, 2 H, N-H), 3.42-3.08 (m, 10 H, CH +
CHy), 2.91 (s, 12 H, CH3), 1.99-1.08 (m, 12 H, CH,) ppm; *C NMR (50.3 MHz, CDsCN, 25
°C): 0= 157.8 (CNg), 58.1 (CH), 48.8 (CH,), 40.7 (CH,), 33.2 (CH5), 25.3 (CH3), 22.0 (CH,)
ppm; IR (KBr): v = 3355 m, 2944 m, 2859 w, 1621 s, 1568 s, 1447 w, 1421 w, 1377 w,
1326 w, 1107 s(br), 1068 s, 1023 w, 623 m cm'Y; MS (FD, MeCN): m/z (%) = 435 [(1b)-
ClO4]", 335 [(1b)]"; elemental analysis calcd. (%) for CigHasNsCloOg (535.4): C 40.38, H
6.78, N 15.70; found C 39.96, H 6.57, N 15.09.
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(1R,2R)-(+)-1,2-Big[N?-(1,1,3,3-tetramethylguanidino)]diphenylethane

(TMG,DPE = 2a):

Diamine: (1R,2R)-(+)-1,2-diamino-1,2-diphenylethane (2.12 g, 10 mmol), triethylamine (2.0
g, 2.8 mL, 20 mmoal), 3.42 g (20 mmoal) of [(MexN),C-Cl]Cl (A); 0.80 g (20 mmol) NaOH.
Solvent used for purification: benzene. Yield: 3.06 g white solid (7.5 mmol, 75%).

M.p.: 153 °C; *H NMR (200.1 MHz, CDsCN, 25 °C): 0= 7.71 (m, 4 H, ortho-H), 7.29 (m, 6
H, meta- + para-H), 5.77 (d, 3Juu = 9.3 Hz, 2 H, CH), 2.69 (s, 12 H, CH3), 2.65 (s, 12 H,
CHa), ppm; *C NMR (50.3 MHz, CDsCN, 25 °C): 0= 162.4 (CN3), 138.7 (Cy), 128.7 (C.),
128.1 (Cy), 127.8 (Cs5), 64.4 (CH), 40.3 (CH3) ppm; IR (KBr): v = 3028 m, 2866 m, 2830
m, 1612 vs, 1489 s, 1451 s, 1400 m, 1360 m, 1348 m, 1263 m, 1226 m, 1191 m, 830 m, 771
m, 753 m, 701 s, 619 m, 539 m cm™; MS (70 eV, El): m/z (%) = 364 (51) [(2a)-NMey]*, 204
(100) [(2a).]"; elemental analysis calcd. (%) for CosHasNg (408.6): C 70.55, H 8.88, N 20.57;
found C 70.73, H 8.59, N 19.36.

(1R,2R)-(+)-Bis N> (1,3-dimethylpr opyleneguanidino)]diphenylethane

(DM PG,DPE = 2b):

Diamine: (1R,2R)-(+)-1,2-diamino-1,2-diphenylethane (2.12 g, 10 mmol), triethylamine (2.0
g, 2.8 mL, 20 mmol), 3.66 g (20 mmal) of [{(CH2)3(NMe),} .C-CI]ClI (B) ; 0.80 g (20 mmol)
NaOH. Deprotonation: 2.40 g NaH (100 mmol)/ 30 mL THF. Solvent used for purification:
benzene. Yield: 3.59 g beige, wax-like material (8.3 mmol, 83%).

H NMR (200.1 MHz, CDsCN, 25 °C): d= 7.35-6.98 (m, 10 H, aromat.-H), 4.48 (d, 3Juy =
11.5 Hz, 2 H, CH), 3.43-2.14 (m, 20 H, CH,+CH3), 1.88-1.54 (m, 4 H, CH,) ppm; *C NMR
(50.3 MHz, CD4CN, 25 °C): J = 162.7 (CN3), 145.8 (Cy), 128.8 (Cye), 127.1 (Czs), 125.8
(Cs), 71.0 (CH), 48.4 (CHa3), 27.9 (NCH,), 25.9 (NCH,), 20.1 (CH,) ppm; IR (KBr): v =
3443 m, 3059 m, 3023 m, 2936 s, 2863 s, 1618 vs(br), 1490 s, 1448 s, 1394 s, 1319 5, 1295
m, 1271 m, 1219 m, 1163 m, 1110 m, 1062 m, 915 m, 851 m, 757 m, 702 m, 621 m, 541 m
cm™; MS (70 eV, EI): m/z (%) = 407 (3) [(2b)-NMe]*, 216 (100) [(2b).]*, 91 (65) [C/H4]™:
elemental analysis calcd. (%) for CysH3sNe (432.6): C 72.19, H 8.39, N 19.43; found C 71.60,
H 8.24, N 18.88.
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R(+)-2,2 -Big[N?*-(1,1,3,3-tetramethylguanidino)]-1,1 -binaphthalene (TM G,BN = 3a):
Diamine: R(+)-2,2"-diamino-1,1"-binaphthalene (2.84 g, 10 mmol), triethylamine (2.0 g, 2.8
mL, 20 mmol), 3.42 g (20 mmol) of [(Me&:N).C-CI]|CI (A); 0.80 g (20 mmol) NaOH. Solvent
used for purification: MeCN/Et,0. Yield: 3.99 g white solid (8.3 mmol, 83%).

M.p.: 199 °C; *H NMR (200.1 MHz, CD5CN, 25 °C): = 7.93-7.85 (M, 4 H, Haoma), 7.34-
7.20 (M, 2 H, Haoma), 7.16-6.97 (M, 4 H, Haoma), 6.90-6.83 (M, 2 H, Haoma), 2.63 (s, 24 H,
CHs) ppm; *C NMR (50.3 MHz, CD4CN, 25 °C): J = 159.7 (CN3), 129.3, 128.6, 126.6,
126.0, 124.3, 123.8 (Caoma), 39.8 (CH3) ppm; IR (KBr): ¥ = 3044 m, 3000 m, 2926 m, 2864
m, 2794 m, 1621 s, 1603 s, 1578 s, 1498 s, 1422 s, 1377 s, 1205 m, 1135 s, 1062 m, 1035 m,
1018 m, 975 m, 824 s, 753 m, 739 mcm™; MS (70 eV, El): m/z (%) = 480 (100) [(3a)]*, 465
(18) [(3a)-M€]*, 436 (48) [(3a)-NMey]*, 393 (17) [(3a)-2 NMey]*, 366 (36) [(3a)-TMG]",
280 (48) [DABN]", 240 (19) [(3a),]", 100 (53) [C(NMe,),]"; elementa analysis calcd. (%)
for CgoH3Ng (480.7): C 74.97, H 7.55, N 17.48; found C 74.58, H 6.98, N 16.75.

R(+)-2,2' -Big[N?-(1,3-dimethylguanidino)]-1,1 -binaphthalene (DM PG,BN = 3b):
Diamine: R(+)-2,2"-diamino-1,1"-binaphthalene (2.84 g, 10 mmol), triethylamine (2.0 g, 2.8
mL, 20 mmoal), 3.66 g (20 mmoal) of [{(CH)3(NMe),} .C-CI]ClI (B); 0.80 g (20 mmol) NaOH.
Deprotonation: 240 g NaH (100 mmol)/ 30 mL THF. Solvent used for purification:
MeCN/Et,0. Yield: 4.14 g light beige wax-like solid (8.2 mmol, 82%).

'H NMR (200.1 MHz, CDsCN, 25 °C): J= 7.60-7.39 (M, 4 H, Haoma), 7.02-6.77 (m, 6 H,
Haroma), 6.69-6.65 (M, 2 H, Haoma), 2.96 (t, 33y = 6.0 Hz, 8 H, NCHy), 2.60 (s, 12 H, CH3),
1.67 (quint, *Jun = 6.1 Hz, 4 H, CH,) ppm; *C NMR (50.3 MHz, CDsCN, 25 °C): = 156.9
(CN3), 144.3, 134.3, 129.5, 1285, 126.8, 123.8, 122.1, 122.0, 118.9, 111.9 (Cyoma), 48.0
(NCH,), 35.3 (CH3), 22.5 (CH,) ppm; IR (KBr): v = 3444 m, 3305 m, 3195 m, 2931 m,
2863 m, 1615 s(br), 1524 s, 1291 s, 1246 m, 1212 m, 1145 m, 1055 m, 825 s, 754 s, 708 m
cml; MS (70 eV, El): miz (%) = 504 (66) [(3b)]*, 378 (30) [(3b)-DMPG]*, 252 (37) [M+]",
127 (21) [DMPG]*,112 (100) [DMPG-N]*; elemental analysis calcd. (%) for CsHassNg
(504.7): C 76.16, H 7.19, N 16.65; found C 76.32, H 7.12, N 15.79.
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General Procedure for the synthesis of the copper complexes. Equimolar amounts of
dehydrated metal salt and ligand were each dissolved in 5 mL of dry MeCN under argon. The
solutions were combined and stirred for 30 minutes at 40-50 °C, filtered through Celite and
reduced in volume to approximately 2 mL. The complex was then precipitated by the addition
of 15 mL dry ether, washed with absolute ether and dried in vacuo.

{(1R,2R)-(-)-1,2-Bis[N*-(1,1,3,3-tetr amethylguanidino)]cyclohexane}copper (1) Chloride
[(1a)Cu'Cl] (4):

General procedure with CuCl (99 mg, 1.00 mmol), 320 mg (1.03 mmol) 1a. Yield: 375 mg
(0.92 mmol, 92%) light yellow crystals.

M. p.: 163 °C (dec.); 'H NMR (200.1 MHz, CD5CN, 25 °C): d= 2.89 (sh, 2 H, CH), 2.74 (s,
br, 24 H, CHs), 1.82-1.52 (m, 4 H, CH,), 1.46-0.93 (m, 4 H, CH,) ppm; *C NMR (50.3
MHz, CDsCN, 25 °C): d= 164.0 (CN3), 64.3 (CH), 39.4 (CHs), 39.1 (CHs), 33.4 (CH,), 25.9
(CH,) ppm; IR (KBr): 7 = 3219 w(br), 2985 m, 2929 m, 2875 m, 1582 s, 1555 s(br), 1517 s,
1462 s, 1419 s, 1385 s, 1372 s, 1232 m, 1141 s, 1016 m, 953 m, 775 w, 630 w cm™; MS
(APCI): m/z = 410 [(1a)CuCl]", 311 [(1a)]*; elemental analysis calcd. (%) for Ci6H34NsCICu
(409.5): C 46.93, H 8.37, N 20.52, Cl 8.66, Cu 15.52; found C 46.26, H 8.25, N 20.19, Cl
8.96, Cu 16.21.

[Cu'{(p?1a)Cu'Cl},][Cu'Cly] (5):
General procedure with CuCl (198 mg, 2.00 mmol), 310 mg (1.00 mmol) 1a. Yield: 390 mg
(0.95 mmol, 95%) light yellow crystals. Single crystals suitable for X-ray analysis were

grown by slow diffusion of ether into the acetonitrile solution.

M. p.: 245 °C (dec)); *H NMR (200.1 MHz, CDsCN, 25 °C): d= 3.20-2.91 (m, 2 H, CH),
2.77 (s, br, 24 H, CH3), 1.86-0.96 (m, 8 H, CH,) ppm; *C NMR (50.3 MHz, CDsCN, 25 °C):
J0=163.8 (CN3), 64.5 (CH), 39.5 (CH3), 39.2 (CH3), 33.5 (CH,), 25.9 (CH,) ppm; IR (KBr):
V = 3460 w(br), 2925 s, 2884 m, 1568 vs, 1557 vs, 1527 vs, 1471 s, 1425 s, 1390 vs, 1338
w, 1237 w, 1158 m, 1061 w, 1028 s, 932 w, 902 w, 856 w, 789 w cm™; MS (APCI): m/z =
882 [M-[CuCl;]]", 783 [M-CuCl, -[CuCl;]]", 410 [(la)CuCl]’, 311 [(1a)]"; elementd
analysis calcd. (%) for CsHesN12Cl4Cu, (1017.0): C 37.79, H 6.74, N 16.53; found C 38.39,
H 6.65, N 15.83.
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{(1R,2R)-(-)-1,2-Big[N*-(1,1,3,3-tetr amethylguanidino)]cyclohexane} copper (I 1)
Dichloride[(1a)Cu''Cl] (6):

General procedure with CuCl, (134 mg, 1.00 mmol), 320 mg (1.03 mmol) 1a. Yield: 390 mg
(0.93 mmol, 93%) green crystals.

M.p.: 239 °C (dec.); IR (KBr): v = 3453 w(br), 2930 m, 2861 m, 1532 s(br), 1464 m, 1421 s,
1389 s, 1334 m, 1241 m, 1025 m, 906 m, 793 m, 636 w cm'’; MS (FD, MeCN): m/z = 410
[M-CIT", 374 [(1a)Cu]”, 311 [(1a)]"; elemental analysis calcd. (%) for CigH3sNgCloCu
(444.9): C43.19,H 7.70, N 18.89; found C 43.41, H 7.48, N 18.36.

{(1R,2R)-(-)-1,2-Bis[N?(1,1,3,3-tetr amethylguanidino)]cyclohexane} copper (1)
Perchlorate [(1a)Cu']CIO, (7):

General procedure with [Cu(CH3CN)4]CIO4 (327 mg, 1.00 mmol), 320 mg (1.03 mmol) la.
Yield: 430 mg (0.91 mmol, 91%) colorless powder.

H NMR (200.1 MHz, CD5CN, 25 °C): 8 = 2.74 (s, br, 26 H, C1,H + CHg), 1.80-1.48 (m, 4
H, CaHy), 1.46-1.13 and 1.04-0.71 (m, 4 H, CysH.) ppm; *C NMR (50.3 MHz, CDsCN, 25
°C): 0= 163.9 (CNg), 63.7 (Cy2H), 38.9 (CH3), 31.5 (Cz6H2), 25.5 (CysH2) ppm; IR (KBr):
V = 3438 w(br), 2926 m, 1615 m, 1559 s, 1539 s, 1461 m, 1426 m, 1393 m, 1240 w, 1093 s,
1027 m, 624 m cm™; MS (FD, MeCN): m/z = 474 [(1a)CuClO,]*, 411 [(1a)ClO4]*; elemental
analysis calcd. (%) for C16H3sNCICuQO, (473.5): C 40.59, H 7.24, N 17.75; found C 40.18, H
6.82, N 16.28.

Reaction of {(1R,2R)-(-)-1,2-BisIN*(1,1,3,3-tetramethylguanidino)]cyclo-hexane} (1a)
with copper (1) diperchlorate:
General procedure with Cu(ClQOg), (262 mg, 1.00 mmol), 320 mg (1.03 mmol) la. Yield:

510 mg green powder.

IR (KBr): v =3315 w(br), 2933 m, 2863 m, 1617 s, 1546 vs, 1475 m, 1425 m, 1396 m, 1336
w, 1237 m, 1159 m, 1094 vs, 1025 m, 623 s cm™; MS (FD, MeCN): miz = 472
[(1a)CuClO4]*, 411 [(1a)CIO4]"; 311 [(1a)]"; elemental analysis found (%) C 40.51, H 7.41,
N 15.57; (1:1 complex) CisH34N6Clo.CuQOg (572.9) calcd. C 33.54, H 5.98, N 14.67; ; (2.1
complex) (Ci6H34N6)2CloCuOg (883.4) caled. C 4351, H 7.76, N 19.03; (3:2 complex)
(C16H34N6)3Cl4Cu2046 (1456.4) calcd. C 39.59, H 7.06, N 17.31.
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Reaction of  {(1R,2R)-(+)-1,2-Bi[N*(1,1,3,3-tetramethylguanidino)]-1,2-di-phenyl
ethane} (2a) with copper (1) perchlorate:

General procedure with [Cu(CH3CN)4]ClO,4 (327 mg, 1.00 mmol), 420 mg (1.03 mmol) 2a.
Yield: 430 mg colorless powder.

'H NMR (200.1 MHz, CDsCN, 25 °C): d= 7.74-7.19 (m, 10 H, Haoma), 5.38 (d, *Jun = 7.0
Hz, 2 H, CH), 2.62 (s, br, 24 H, CHs) ppm; *C NMR (50.3 MHz, CD4CN, 25 °C): J= 162.4
(CN3), 137.7 (Cy), 129.3 (Cype), 128.7 (Cu), 127.1 (Css), 64.4 (CH), 40.1 (CHs) ppm; IR
(KBr): v =3312 m, 2944 w, 1625 s, 1587 m, 1562 s, 1499 m, 1471 m, 1450 m, 1406 m,
1309 m, 1232 w, 1170 m, 1120 s(br), 1030 s, 949 w, 927 w, 904 w, 754 m, 704 m, 623 m
cm’; MS (FD, MeCN): miz (%) = 509 [(2a)ClO,]", 409 [(2a)]*, 205 [(2a)x]"; elemental
analysis found (%) C 42.38, H 5.79, N 11.41; (1:1 complex) calcd. C4H36NsCuClO,4 (571.6):
C 50.43, H 6.35, N 14.70; (1:2 complex) calcd. CosHssNe(CUCIO4), (734.6): C 39.24, H 4.94,
N 11.44; (2:3 complex) calcd. (CaaH3sNg)2(CuClOy)3 (1306.2): C 44.14, H 5.56, N 12.87.

Reaction of  {(I1R,2R)-(+)-1,2-BisN*(1,1,3,3-tetramethylguanidino)]-1,2-di-phenyl
ethane} (2a) with copper(11) diperchlorate:

General procedure with Cu(ClQOg), (262 mg, 1.00 mmol), 420 mg (1.03 mmol) 2a. Yield:
520 mg green powder.

IR (KBr): v =3313 m, 2941 w, 1682 s, 1624 m, 1533 s, 1455 m, 1399m, 1107 s(br), 769 w,
702 m, 624 m cm™; MS (FD, MeCN): m/z (%) = 509 [(2a)ClO4]*, 266 [(2a)..Cu]", 204
[(2a)]"; elemental analysis found (%) C 43.85, H 5.04, N 10.68, (1:1 complex) calcd.
C24H3sN6CuCl,0g (671.0): C 42.96, H 5.41, N 1252; (1:1 complex x CH3CN) calcd.
Co4H36NsCUCI,0g x CH3CN (712.9): C 43.85, H 5.52, N 13.77.

Reaction of {R(+)-2,2"-Bis[N*(1,1,3,3-tetramethylguanidino)]-1,1"-bi-naphthalene} (3a)
with copper (1) chloride:

General procedure with CuCl (99 mg, 1.00 mmol), 495 mg (1.03 mmol) 3a. Yield: 490 mg
white powder.

'H NMR (200.1 MHz, CDCN, 25 °C): 0= 7.98-7.79 (m, 4 H, Haoma), 7.36-7.27 (m, 2 H,
Haroma), 7.26-7.01 (M, 4 H, Haoma), 6.93-6.75 (M, 2 H, Haoma), 2.73 (s, br, 24 H, CH3) ppm;
13C NMR (50.3 MHz, CDsCN, 25 °C): = 159.6 (CN3), 129.5, 128.7, 127.7, 126.3, 126.2,
124.6 (Caroma), 39.9 (CH3) ppm; IR (KBr): v = 3437 m(br), 2929 m, 1618 m, 1554 s, 1515 s,

1467 m, 1420 m, 1405 s, 1367 m, 1314 m, 1146 m, 1046 w, 813 w, 745 w cm™; MS (FD,
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MeCN): m/z (%) = 580 [(3a)CuCl]", 546 [(3a)Cu]", 480 [(3a)]"; elemental analysis found
(%) C 53.88, H 5.56, N 11.93; (1:1 complex) calcd. C3oH3sNsCuCl (579.7): C 62.16, H 6.26,
N 14.50; (1:2 complex) calcd. C3oHssNg(CuCl), (678.7): C 53.09, H 5.35, N 12.38.

Reaction of {R(+)-2,2"-Bis[N*(1,1,3,3-tetramethylguanidino)]-1,1"-bi-naphthalene} (3a)
with copper (1) dichloride:

General procedure with CuCl, (134 mg, 1.00 mmol), 495 mg (1.03 mmol) 3a. Yield: 560 mg
green powder.

IR (KBr): v = 3434 m(br), 2927 m, 1621 m, 1571 s, 1550 s, 1524 s, 1467 m, 1414 m, 1397
m, 1159 m, 1046 w, 839 w, 752 w cm'’; MS (FD, MeCN): m/z (%) = 580 [(3a)CuCl]*, 543
[(3a)Cu]”, 481 [(3a)]"; elemental analysis found (%) C 54.88, H 5.44, N 12.70; (1:1 complex)
cacd. CgoH3zsNeCuCl, (615.1): C 5858, H 590, N 13.66; (1.2 complex) calcd.
CsoH3sNe(CuCly), (749.6): C 4807, H 484, N 11.21; (23 complex) cacd.
(CaoHasNe)2(CuCly)s (1364.7): C52.81, H 5.32, N 12.32.

Reaction of {R(+)-2,2"-Bis[N*(1,1,3,3-tetramethylguanidino)]-1,1"-bi-naphthalene} (3a)
with copper (1) perchlorate:

General procedure with [Cu(CH3CN)4]ClO,4 (327 mg, 1.00 mmol), 495 mg (1.03 mmol) 3a.
Yield: 590 mg colorless powder.

'H NMR (200.1 MHz, CD4CN, 25 °C): d= 8.01-7.76 (m, 4 H, Haoma), 7.39-7.23 (M, 2 H,
Haroma), 7.22-6.97 (M, 4 H, Haoma), 6.96-6.76 (M, 2 H, Haoma), 2.70 (s, br, 24 H, CH3) ppm;
3C NMR (50.3 MHz, CDCN, 25 °C): d= 159.5 (CN3), 129.3, 128.6, 127.5, 126.5, 126.1,
124.5 (Cyoma), 39.8 (CH3) ppm; IR (KBr): v = 3440 w(br), 2929 m, 1619 m, 1548 s(br),
1525s, 1470 s, 1422 s, 1394 s, 1369 m, 1339 m, 1235 w, 1147 m, 1095 s(br), 1045 m, 830 m,
749 m, 623 s cm™; MS (FD, MeCN): m/z (%) = 644 [(3a)CuClO,]*, 581 [(3a)ClO4]*, 543
[(3a)Cu]”, 481 [(3a)], 239 [(3a),]"; elemental analysis found (%) C 53.40, H 5.61, N 12.85;
(1:1 complex) calcd. CzoH3sNeCuClO,4 (643.7): C 55.98, H 5.64, N 13.06; (1:2 complex)
calcd. C3oH3sNe(CuClOy), (806.7): C 44.67, H 450, N 10.42; (2:3 complex) calcd.
(CaoHasNg)2(CuClOs)3 (1450.3): C 49.69, H 5.00, N 11.59.
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Reaction of {R(+)-2,2"-Bis[N*(1,1,3,3-tetramethylguanidino)]-1,1"-bi-naphthalene} (3a)
with copper (1) diperchlorate:

General procedure with Cu(ClO,), (262 mg, 1.00 mmol), 495 mg (1.03 mmol) 2a. Yield:
630 mg green powder.

IR (KBr): U =3441 w(br), 2931 m, 1618 s, 1549 s, 1472 m, 1423 m, 1390 m, 1148 m, 1092
s(br), 1045 m, 828 w, 753 w, 623 m cm*; MS (FD, MeCN): m/z (%) = 741 [(3a)Cu(ClO,),]*,
643 [(3a)CuClO4]*, 581 [(3a)ClO,4]", 481 [(3a)] ", 239 [(3a).,]"; elemental analysis found (%)
C 52.30, H 5.47, N 12.83; (1:1 complex) calcd. CzH3sNeCuCl,Og (743.1): C 48.49, H 4.88,
N 11.31; (2:1 complex) calcd. (CaoHasNe)2CuCl,0g (1223.8): C 58.89, H 5.93, N 13.73; (3:2
complex) calcd. (CsoH3sNe)3(CuCl,0Og), (1966.9): C 54.96, H 5.53, N 12.82.

Asymmetric aziridination reactions, general procedure. 0.1 mmol Copper salt (5 mol%
relative to limiting agent: PhI=NTs) and typicaly 1.2 eq. of the guanidine ligand (for
variation of equivalents see Table 1) were charged in a schlenk tube and stirred with 3 mL of
dry solvent (see Table 1 for details) for 10 min. The solution was transferred via syringe to a
septum-capped schlenk tube containing a suspension of styrene (5.0 mmol, 0.57 mL) and
PhI=NTs (746 mg, 2 mmol) as limiting agent in 5 mL of the same solvent. After the reaction
times and temperatures listed in Table 1 the mixture was quenched by diluting with 50%
hexane-ethyl acetate (10 mL) and filtered through a short plug of silicagel. The silica gel was
washed with additional portions of 50% hexane-ethyl acetate (3 x 15 mL) and the filtrate was
concentrated by rotary evaporation. The aziridine product was purified by chromatography
eluting with hexane:ethyl acetate (7:1) and isolated after evaporation of the solvents as white
crystalline solid, m.p. 88-89 °C.*' The enantiomeric excess of N-p-toluenesulfonyl-2-
phenylaziridine was determined by *H NMR (500 MHz) employing the chiral shift reagent
Eu(hfc)s. To 0.5 mL of the aziridine (0.08 M) dissolved in [Dg]-benzene typically 0.3 mL
(0.07 M) of the shift reagent in the same solvent were added for baseline separation of
diagnostic resonances. Enantiomeric excess was calculated from the integrated area of the
two corresponding resonances and averaged with a second set of resonances within a
deviation of + 1-2%.
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Table 6. Crystal data and structure refinement for 1c, 5 and 6.

Complex [(1b)H.](ClOu)» [CU{ (u?-1a) [(1a)Cu"'Cl)]
Cu'Cl},][Cu'Cly]

(1c) ©) (6)
empirical formula C18H36N6C| 208 C16H34N6CU2C|2 C32H68N12CU2C|4
formulaweight [g mol™] 5354 508.5 889.9
temperature [K] 193(2) 203(2) 213(2)
crystal system orthorhombic monoclinic monoclinic
Space group P212121 C2 P2i/c
a[pm] 1139.0(1) 2412.0(1) 1921.3(2)

b [pm] 1413.6(1) 1078.6(2) 1206.2(1)
c[pm] 1506.1(1) 954.0(1) 1904.6(1)
a[°] 20 90 20
B[] 20 108.281(10) 95.874(12)
vI[°] 20 90 20
volume [A3] 2425.0(2) 2356.7(5) 4390.6(7)
Z 4 4 4
p [Mgm?] 1.467 1.433 1.346
i [mm?Y 0.324 2.043 3.726
F(000) 1136 1056 1880
crystal size [mm?] 054x045%x0.30 050x%0.30%0.25 0.45x0.30x0.20
diffractometer Enraf Nonius Siemens P4 Enraf Nonius
CAD4 CAD4
radiation / wavelength [pm] MoK, / 71.073 MoK / 71.073 CuKq/154.178
scan technique -scan -scan -scan
@range for data collection [°] 2.24...24.96 1.78...25.01 4.33...69.92
index ranges -13<h<0, -28<h<27, -23<h<23,
-16<k <0, -12<k<12, 0<k<14,
-17<1<0 -11<1<10 0<l<23
reflections collected 2418 4471 8578
independent refl. 2418 3803 8305
Rint 0.0000 0.0272 0.0976
observed reflections [F = 40(F)] 2324 3458 6733
data/ restraints/ parameters 2418/0/ 312 3803/ 1/245 8305/0/ 468
goodness of fit on F? 1.065 0.991 1.080
R1[Fo= 4o(F)]®@ 0.0446 0.0334 0.1004
WR; (all data) ¥ 0.1244 0.0837 0.2811
largest diff. Peak and hole[eA™®] | 0.603/-0.386 0.357/-0.329 0.964/-1.172

[a] Ru==I1 Fol-| Fel I/Z] Fol; WR, = { S[W(Fo?- FA)/Z[W(FD)} Y2,
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X-ray structure analysis. Crystal data and experimental conditions are listed in Table 6. The
molecular structures are illustrated as ORTEP® plotsin Figure 3-4. Selected bond lengths and
angles with standard deviations in parentheses are presented below structure illustrations.
Intensity data were collected with graphite monochromated Mok (A = 71.073 pm) for 1c, 5
and Cuk, radiation (A = 154.178 pm) for 6, respectively. The collected reflections were
corrected for Lorentz and polarization effects. No absorption correction has been carried out.
All structures were solved by direct methods and refined by full matrix least squares methods
on F2% The correct determination of the absolute structure of 5 (R-configuration) is
represented by a Flack parameter of -0.009(16). For 6 two symmetrically independent
molecules were found in the asymmetric unit. Hydrogen atom positions were calculated and

isotropically refined.®*

References

(1) & C. Moberg, Angew. Chem. 1998, 110, 260-281; Angew. Chem. Int. Ed. Engl. 1998,
37, 248-268; b) C. Moberg, Acta Chem. Scand. 1996, 50, 195-202.

(2) R.Noyori, Asymmetric Catalysisin Organic Synthesis, Wiley, New Y ork, 1994.

(3 D. Hoppe, F. Hintze, P. Tebben, Angew. Chem. 1990, 102, 1457-1459; Angew. Chem.
Int. Ed. Engl. 1990, 29, 1424-1426.

(4 4a K. Ito, T. Katsuki, Tetrahedron Lett. 1993, 34, 2661-2664; b) A. von Zelewsky,
Coord. Chem. Rev. 1999, 190-192, 811-825.

(5 a R.E.Lowenthal, A. Akibo, S. Masamune, Tetrahedron Lett. 1990, 31, 6005-6008; b)
R. E. Lowenthal, S. Masamune, Tetrahedron Lett. 1991, 32, 7373-7376.

(6) & D.A. Evans, K. A. Woerpel, M. M. Hinman, M. M. Faul, J. Am. Chem. Soc. 1991,
113, 726-728; b) D. A. Evans, M. M. Faul, M. T. Bilodeau, J. Org. Chem., 1991, 56,
6744-6746; c) D. A. Evans, M. M. Faul, M. T. Bilodeau, B. A. Anderson, D. M.
Barnes, J. Am. Chem. Soc. 1993, 115, 5328-5329; d) D. A. Evans, M. T. Bilodeau, M.
M. Faul, J. Am. Chem. Soc. 1994, 116, 2742-2753; €) J. S. Johnson, D. A. Evans, Acc.
Chem. Res. 2000, 33, 325-335.

(7) G.Helmchen, A. Pfaltz, Acc. Chem. Res. 2000, 33, 336-345.

(8) @) A. Pfaltz, Acc. Chem. Res. 1993, 26, 339-345; b) A. Pfaltz, Acta Chem. Scand. 1996,
50, 189-194; c) A. Pfaltz, Synlett. 1999, 835-842.

28



C, Symmetric Peralkylguanidino Ligands, Copper Complexes & Aziridination Chapter 1

(9 a) Z. Li,K.R. Conser, E. N. Jacobsen, J. Am. Chem. Soc., 1993, 115, 5326-5327; b) W.
Zhang, N. H. Lee, E. N. Jacobsen, J. Am. Chem. Soc., 1994, 116, 425-426; c¢) Z. Li, R.
W. Quan, E. N. Jacobsen, J. Am. Chem. Soc. 1995, 117, 5889-5890; d) K. B. Hansen,
N. S. Finney, E. N. Jacobsen, Angew. Chem. 1995, 107, 750-752; Angew. Chem. Int.
Ed. Engl. 1995, 34, 676-678.

(10) &) H. Wittmann, A. Schorm, J. Sundermeyer, Z. Anorg. Allg. Chem. 2000, 626, 1583-
1590; b) H. Wittmann, V. Raab, A. Schorm, J. Plackmeyer, J. Sundermeyer, Eur. J.
Inorg. Chem. 2001, 1937-1948; c) V. Raab, J. Kipke, J. Sundermeyer, Inorg. Chem.
2001, 40, 6964-6971.

(11) a) A.Il. Meyers, A. Price, J. Org. Chem. 1998, 63, 412-413; b) G. Sekar, A. DattaGupta,
V. K. Singh, J. Org. Chem. 1998, 63, 2961-2967; c) D. A. Evans, C. S. Burgey, N. A.
Paras, T. Vojkovsky, S. W. Tregay, J. Am. Chem. Soc. 1998, 120, 5824-5825; d) D. A.
Evans, M. C. Kozlowski, J. S. Tedrow, Tetrahedron Lett., 1996, 37, 7481-7484.

(12) a P. Miller in: Transition Metal Catalyzed Nitrene Transfer: Azridination and
Insertion in Asymmetric Catalysis, Vol. 2, M. P. Doyle (Ed.), Greenwich, Conn., 1997,
pp. 113-151; b) P. Miiller, Adv. Catal. Proc. 1997, 2, 113-151; c) Y. L. Bennani, S.
Hanessian, Chem. Rev. 1997, 97, 3161-3195; d) H. M. I. Osborn, J. Sweeney,
Tetrahedron: Asymmetry 1997, 8, 1693-1715; €) E. N. Jacobsen in: Azridination in
Comprehensive Asymmetric Catalysis, E. N. Jacobsen, A. Pfaltz, H. Yamamoto (Eds.),
Springer, Berlin, 1999, pp. 607-621.

(13) a) M. P. Doyle, M. N. Protopopova, Tetrahedron 1998, 54, 7919-7946; b) M. P. Doyle,
D. C. Forbes, Chem. Rev. 1998, 98, 911-935; c) M. T. Reetz, E. Bohres, R. Goddard,
Chem. Comm. 1998, 935-936; d) T. Aratani, Pure & Appl. Chem. 1985, 57, 1839-1844;
U. Leutenegger, G. Umbricht, C. Fahrni, P. von Maitt, A. Pfaltz, Tetrahedron 1992, 48,
2143-2156; €) S. Kanemasa, S. Hamura, E. Harada, H. Yamamoto, Tetrahedron Lett.
1994, 35, 7985-7988; f) F. Adrian, M. |. Burguete, J. M. Fraile, J. I. Garcia, J. Garcia,
E. GarciaEspaiia, S. V. Luis, J. A. Mayoral, A. J. Royo, M. C. Sanchez, Eur. J. Inorg.
Chem. 1999, 2347-2354.

(14) a) V. K. Singh, A. DattaGupta, G. Sekar, Synthesis 1997, 137-149; b) H. Fritschi, U.
Leutenegger, A. Pfaltz, Helv. Chim. Acta 1988, 71, 1553-1565.

29



Chapter 1 C, Symmetric Peralkylguanidino Ligands, Copper Complexes & Aziridination

(15

(16)
(17)
(18)

(19)

(20)

(21)
(22)

30

a) J. A. Deyrup in The Chemistry of Heterocyclic Compounds, Vol. 42, A. Hassner
(Ed.), Wiley, New York, 1983, pp. 1-214; b) A. Padwa, A. D. Woolhouse in
Comprehensive Heterocyclic Chemistry, Vol. 7, W. Lwowski (Ed.), Pergamon, Oxford,
1984, pp. 47-93; ¢) W. H. Pearson, B. W. Lian, S. C. Bergmeier in Comprehensive
Heterocyclic Chemistry I1, Vol. 1A, A. Padwa (Ed.), Pergamon, Oxford, 1996, pp. 61-
96.

M. Kasal, M. Kono, Synlett 1992, 778-790.

H. Nozaki, S. Moriuti, H. Takaya, R. Noyori, Tetrahedron Lett. 1966, 5239-5244.

a) D. Tanner, Angew. Chem. 1994, 106, 625-646; Angew. Int. Ed. Engl. 1994, 33, 599-
619; b) D. Tanner, P. G. Andersson, A. Harden, P. Somfai, Tetrahedron Lett. 1994, 35,
4631-4634; c) A. M. Harm, J. G. Knight, G. Stemp, Synlett 1996, 677-678; d) V. K.
Aggarwal, A. Thompson, R. V. H. Jones, M. C. H. Standen, J. Org. Chem. 1996, 61,
8368-8369; €) L. Casarrubios, J. A. Pérez, M. Brookhart, J. L. Templeton, J. Org.
Chem. 1996, 61, 8358-8359; f) A.-H. Li, L.-X. Dai, V. K. Aggarwal, Chem. Rev. 1997,
97, 2341-2372; g) D.-J. Cho, S.-J. Jeon, H.-S. Kim, Synlett. 1998, 6, 617-618; h) S. K.
Bertilsson, L. Tedenborg, D. A. Alonso, P. G. Andersson, Organometallics 1999, 18,
1281-1286; i) W. Adam, K. J. Roschmann, C. R. Saha-Mdller, Eur. J. Org. Chem.
2000, 3, 557-561.

a) D. Mansuy, J. Mahy, A. Duréault, G. Bedi, P. Battioni, J. Chem. Soc. Chem. Comm.
1984, 1161-1163; b) K. Noda, N. Hosoya, R. Irie, Y. Ito, T. Katsuki, Synlett 1993, 469-
471; c) H. Nishikori, T. Katsuki, Tetrahedron Lett. 1996, 37, 9245-9248; d) P. Mdller,
C. Baud, Y. Jacquier, M. Moran, I. Nageli, J. Phys. Org. Chem. 1996, 9, 341-347; €) P.
Mduller, C. Baud, Y. Jacquier, Tetrahedron 1996, 52, 1543-1548; f) T.-S. Lai, H.-L.
Kwong, C.-M. Che, S.-M. Peng, Chem. Comm. 1997, 2373-2374.

D. A. Evans, D. M. Barnes in Encyclopedia of Reagents for Organic Synthesis, Vol. 7,
L. A. Paquette (Editor-in-Chief), J. Wiley & Sons, New Y ork, 1995, pp. 4958-4960.

R. W. Quan, Z. Li, E. N. Jacobsen, J. Am. Chem. Soc. 1996, 118, 8156-8157.

a) M. M. Diaz-Requejo, P. J. Pérez, M. Brookhart, J. L. Templeton, Organometallics
1997, 16, 4399-4402; b) P. J. Pérez, M. Brookhart, J. L. Templeton, Organometallics
1993, 12, 261-262.



C, Symmetric Peralkylguanidino Ligands, Copper Complexes & Aziridination Chapter 1

(23)

(24)

(25)

(26)

(27)

(28)
(29)

(30)
(31)
(32)

(33)

P. Brandt, M. J. Sodergren, P. G. Andersson, P.-O. Norrby, J. Am. Chem. Soc. 2000,
122, 8013-8020.

a) B. F. Straub, P. Hofmann, Angew. Chem. 2001, 113, 1328-1330; Angew. Chem. Int.
Ed. Engl. 2001, 40, 1288-1290; b) M. Buhl, F. Terstegen, F. Loffler, B. Meynhardt, S.
Kierse, M. Miller, C. N&ther, U. Luning, Eur. J. Org. Chem. 2001, 2151-2160; c) L.
Cavalo, M. E. Cucciolito, A. DeMartino, F. Giordano, I. Orabona, A. Vitagliano,
Chem. Eur. J. 2000, 6, 1127-1139; d) H.-L. Kwong, L.-S. Cheng, W.-S. Lee, W.-L.
Wong, W.-T. Wong, Eur. J. Inorg. Chem. 2000, 1997-2002; €) R. G. Salomon, J. K.
Kochi, J. Am. Chem. Soc. 1973, 95, 3300-3310.

A. M. Harm, J. G. Knight, G. Stemp, Tetrahedron Lett. 1996, 37, 6189-6192.

a) M. J. Sodergren, D. A. Alonso, P. G. Andersson, Tetrahedron: Asymmetry 1997, 8,
3563-3565; b) M. J. Sodergren, D. A. Alonso, A. V. Bedekar, P. G. Andersson,
Tetrahedron Lett. 1997, 38, 6897-6900.

B. V. Meprathu, S. Diltz, P. J. Walsh, J. D. Protasiewicz, Tetrahedron Lett. 1999, 40,
5459-5460.

P. Dauban, R. H. Dodd, J. Org. Chem. 1999, 64, 5304-5307.

a) S. I. Ali, M. D. Nikalje, A. Sudalai, Org. Lett. 1999, 1, 705-707; b) K. B. Sharpless,
J. U. Jeong, US Pat. 5,929,252 to The Scripps Research Ingtitute (USA), 1999; ¢) T.
Ando, S. Minakata, I. Ryu, M. Komatsu, Tetrahedron Lett. 1998, 39, 309-312; d) D. P.
Albone, P. S. Aujla, P. C. Taylor, S. Challenger, A. M. Derrick, J. Org. Chem. 1998,
63, 9569-9571.

B. M. Chanda, R. Vyas, A. V. Bedekar, J. Org. Chem. 2001, 66, 30-34.

A. V. Gontcharov, H. Liu, K. B. Sharpless, Org. Lett. 1999, 1, 783-786.

a) J. DuBois, C. S. Tomooka, J. Hong, E. M. Carreira, Acc. Chem. Res. 1997, 30, 364-
372; b) S. Minakata, T. Ando, M. Nishimura, I. Ryu, M. Komatsu, Angew. Chem. 1998,
110, 3596-3598; Angew. Chem. Int. Ed. Engl. 1998, 37, 3392-3394.

a) G. J. Hutchings, C. Langham, P. Piaggio, S. Taylor, P. McMorn, D. J. Willock, D.
Bethell, P. C. B. Page, C. Sly, F. Hancock, F. King, Stud. Surf. Sci. Catal. 2000, 130A
(International Congress on Catalysis, 2000, Pt. A), 521-526; b) C. Langham, S. Taylor,
D. Bethell, P. McMorn, P. C. Bulman Page, D. J. Willock, C. Sly, F. E. Hancock, F.
King, G. J. Hutchings, J. Chem. Soc. Perkin Trans. 2 1999, 1043-1049; c) C. Langham,

31



Chapter 1 C, Symmetric Peralkylguanidino Ligands, Copper Complexes & Aziridination

(34)

(35

(36)

(37)

(38)

(39)

(40)

(41)

(42)
(43)

32

P. Piaggio, P. McMorn, D. J. Willock, G. J. Hutchings, D. Bethell, D. F. Lee, G. J.
Hutchings, P. C. Bulman Page, C. Sly, F. E. Hancock, F. King, Chem. Commun. 1998,
1601-1602; d) D. Bethell, G. J. Hutchings, C. Langham, P. C. Bulman Page, D. F. Lee,
Eur. Pat. Appl. EP 831086 Al 1998; €) D. Bethell, G. J. Hutchings, C. Langham, P. C.
B. Page, D. F. Lee, USPat. 5,852,205 to Imperial Chemical Industries PLC (GB), 1998.
a) Wieland, G.; Simchen, G. Liebigs Ann. Chem. 1985, 2178-2193; b) Barton, D. H. R;
Elliot, J. D.; Gé&o, S. D. J. Chem. Soc., Perkin Trans. | 1982, 2085-2090; c) Barton, D.
H. R.; Kervagoret, J. K.; Zard, S. Z. Tetrahedron 1990, 46, 7587-7598.

a) Smith, P. A. S. The Chemistry of Open-Chain Organic Nitrogen Compounds, Vol. 1,
Benjamin, W. A. Inc., New York, 1965, p. 277-290; b) Yamamoto, Y.; Kojima, S. The
Chemistry of Amidines and Imidates, Vol. 2, J. Wiley & Sons, Chichester, 1991, p. 485-
526; ¢) Schwesinger, R. Nachr. Chem. Tech. Lab. 1990, 38, 1214-1226.

a) H. Eilingsfeld, M. Seefelder, H. Weidinger, Angew. Chem. 1960, 72, 836-845; b) H.
Eilingsfeld, G. Neubauer, M. Seefelder, H. Weidinger, Chem. Ber. 1964, 97, 1232-
1245.

W. Kantlehner, E. Haug, W. W. Mergen, P. Speh, T. Maier, J. J. Kapassakalidis,
H.-J. Bréauner, H. Hagen, Liebigs Ann. Chem. 1984, 108-126.

I. A. Cliffe in Comprehensive Organic Functional Group Transformations, Vol. 6,
Elsevier Science Ltd., Oxford, 1987, pp. 639-675.

R. Knorr, A. Trzeciak, W. Bannwarth, D. Gillessen, Tetrahedron Lett. 1989, 30, 1927-
1930.

a) H. Kesder, D. Leibfritz, Chem. Ber. 1971, 104, 2158-2169; b) H. Kessler, Angew.
Chem. 1970, 82, 237-253; Angew. Chem. Int. Ed. Engl. 1970, 9, 219-235; c) H. Kesdler,
D. Leibfritz, Tetrahedron 1970, 26, 1805-1820; d) H. Kessler, D. Leibfritz, Liebigs
Ann. Chem. 1970, 737, 53-60.

a) J. T. Groves, T. Takahashi, J. Am. Chem. Soc. 1983, 105, 2073-2074; b) K. J.
O’Connor, S. Wey, C. J. Burrows, Tetrahedron Lett. 1992, 33, 1001-1004; c) E.
Bohres,** personal communication.

Minimum *H NMR recording temperature in CDsCN (mp. -44 °C).

a) A. J. Papa, J. Org. Chem. 1966, 31, 1426-1430; b) W. Petz, J. Organomet. Chem.
1975, 90, 223-226.



C, Symmetric Peralkylguanidino Ligands, Copper Complexes & Aziridination Chapter 1

(44)

(45)

(46)

(47)

(48)
(49)
(50)
(51)
(52)

(53)

(54)
(55)

(56)

(57)
(58)

(59)
(60)
(61)

B. J. Hathaway in Comprehensive Coordination Chemistry, Vol. 5, G. Wilkinson (Ed.),
Pergamon Press, 1987.

a) J. F. Modder, J.-M. Ernsting, K. Vrieze, M. de Wit, C. H. Stam, G. van Koten, Inorg.
Chem. 1991, 30, 1208-1214; b) B. Neumann, U. Siemeling, H.-G. Stammler, U.
Vorfeld, J. G. P. Delis, P. W. N. M. van Leeuwen, K. Vrieze, J. Fraanje, K. Goubitz, F.
F. deBiani, P. Zanello, J. Chem. Soc. Dalton Trans. 1997, 4705-4711.

a) A. P. Cole, D. E. Root, P. Mukherjee, E. I. Solomon, T. D. P. Stack, Science 1996,
273, 1848-1850; b) V. Mahadevan, Z. Hou, A. P. Cole, D. E. Root, T. K. Ld, E. I.
Solomon, T. D. P. Stack, J. Am. Chem. Soc. 1997, 119, 11996-11997.

D. A. Evans, K. A. Woerpel, M. S. Scott, Angew. Chem. 1992, 104, 439-441; Angew.
Chem. Int. Engl. 1992, 31, 430-432.

C. Pariya, K. Panneerselvan, C.-S. Chung, T.-H. Lu, Polyhedron 1998, 17, 2555-2561.
R. Boese, D. Bléser, W. Petz, Z. Naturforsch. 1988, 43(B), 945-948.

V. Raab, Ph. D. Thesis 2001, Ch. 3.1, Phillips University Marburg, Germany.

ibid., Ch. 5.1.

The p vaue of 0.99 in the [C(NMey)s]" cation is due to crystal packing effects and
assumes an ideal value of 1.00 in other complexes; W. Petz,*® personal communication.
W. L. F. Armarego, D. D. Perrin in Purification of Laboratory Chemicals, 4™ Ed.,
Butterworth-Heinemann, Oxford, 1996.

J. F. Larrow, E. N. Jacobsen, J. Org. Chem. 1994, 59, 1939-1942.

a) O. F. Williams, J. C. Bailer, Jr., J. Am. Chem. Soc. 1959, 81, 4464-4469; b) K. Saigo,
N. Kubota, S. Takebayashi, M. Hasegawa, Bull. Chem. Soc. Jpn. 1986, 59, 931-932.

T. Cohen, R. J. Ruffner, D. W. Shull, E. R. Fogel, J. R. Flack in Organic Synthesis,
Collective Volume VI, Wiley, New Y ork, 1988, pp. 737-744.

G. J. Kubas, Inorg. Synth. 1979, 19, 90-92.

R. N. Kdller, H. D. Wycoff, in Inorg. Synth., Vol. 2; W. C. Fernelius (Ed.), Mc Graw-
Hill Book Company, Inc., New Y ork, 1946, p. 1-4.

H. Hecht, Z. Anorg. Ch. 1947, 254, 37-51.

Y. Yamada, T. Yamamoto, M. Okawara, Chem. Lett. 1975, 361-362.

T. P. Seden, T. W. Turner, J. Chem. Soc. (C) 1968, 876-878.

33



Chapter 1 C, Symmetric Peralkylguanidino Ligands, Copper Complexes & Aziridination

(62) Burnett, M. N.; Johnson, C. K. ORTEP-I1I, Oak Ridge Thermal Ellipsoid Plot Program
for Crystal Sructure Illustrations, Oak Ridge National Laboratory Report ORNL-6895,
1996.

(63) @) Sheldrick, G. M. SHELXS-97, Program for Crystal Structure Solution and SHELXL-
97, Program for Crystal Structure Refinement 1997, University of Gottingen, Germany;
b) Siemens Analytical X-ray Instruments Inc. SHELXTL 5.06 1995, Madison, WI, USA.

(64) Crystallographic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-179987 (1c), CCDC-179985 (5) and CCDC-
179986 (6). Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (+ 44) 1223 336-033; email:

deposit@ccdc.cam.ac.uk).



Copper Catalyzed Oxidative Carbonylation of MeOH to DMC Chapter 2

— Chapter 2 —
Ligand Effectsin the Copper Catalyzed Aerobic Oxidative
Carbonylation of Methanol to Dimethyl Carbonate (DM C)

Keywords. Dimethyl carbonate synthesis « Oxidative carbonylation ¢ Copper cataysts ¢

N-ligands ¢ Corrosion resistance.

Abstract
The influence of the type and amount of added N-donor ligand, of the anion and the
oxidation state of copper in the catalytic aerobic oxidative carbonylation of methanol to
dimethyl carbonate (DMC) is systematically studied. A surprising increase in activity and
selectivity compared to the plain copper halides CuX, (X = Cl, Br, I, n =1, 2) is found for

catalyst complexes with three or four N-methylimidazole (NMI) ligands at Cu*?*

, aligand
regime reminiscent of the oxygen activating copper enzymes in nature. However, a large
excess of NMI inhibits the catalysis. The NMI complexes turned out to be more active and
selective as redox catalysts and less active in the competing undesired hydrolytic cleavage of
DMC into methanol and carbon dioxide by the unavoidable byproduct water. Furthermore,
corrosion of stainless steel autoclaves is efficiently inhibited in the presence of 22 eg. of NMI

per copper halide.

1 Introduction

Due to the increasing number of applications for organic carbonates their production on an
industrial scale is of current interest [1,2,3]. They are substances of low toxicity and good
biodegradability which may in some cases replace toxic synthons such as phosgene in fine
chemical and polymer syntheses [4,5]. They have a potential in the preparation of urethanes
from aliphatic amines, which can in turn be cleaved to the corresponding isocyanates. The
dimethyl carbonate (DMC) can aso act as a hon-toxic high-temperature methylating agent, as
an dternative to dimethyl sulfate in the quaternization of reactive amines or in the
methylation of phenol and naphthols [6]. The DMC technology may contribute to "Green
Chemistry" replacing toxic or high waste technology. Transesterification of DMC leads to

diphenyl carbonate, an important component in condensation reactions yielding

1
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polycarbonates [1]. Finally, DMC gained interest as dipolar aprotic solvent and as fuel
additive improving the octane number and replacing more toxic or less biodegradable
additives[3].

For many years, the reaction of methanol and phosgene - or chlorine and carbon monoxide
- in the presence of bases such as pyridine has been applied for DMC production [7].
Alternative oxidants for carbon monoxide are akyl nitrites in palladium and platinum
catalyzed methanol carbonylations [8,9]. However, these processes have rather high E-factors
[10] and will probably be replaced by catalytic low-waste ("green™) technologies using CO, as
feedstock or using air as oxidant for CO. An example for the first strategy is the Lewis acid
catalyzed two-step conversion of carbon dioxide and ethylene oxide into ethylene carbonate
followed by its methanolysis to DM C and ethylene glycol [11,12]. The second strategy is laid
out in numerous patents claiming the use of basic copper salts [13,14,15,16,17] in the
oxidative carbonylation of methanol under various reaction conditions in batch reactors with
catalyst slurries or molten salts [18]. The immobilization of copper salts on solid support
[19,20,21,22,23] and the addition of bases as promoters such as hydroxides [24] and amines
or pyridines [19,25,26] has been claimed, but the specific function of the nitrogen bases
remained obscure. It has been proven by a number of carefully designed experiments that the
stoichiometric comprehensible redox reactions [27,28] shown in Scheme 1 are most probably
involved in the catalytic cycle [29].

2MeOH + 2 CuCl + 050, —> 2 Cu(OMe)Cl + H,0
2 Cu(OMe)Cl + CO ——>  (Me0),CO + 2 CuCl

cuca. |PMC o Lo | cucat

2MeOH + CO + 050, —> J\ — 2MeOH + CO,
MeO OMe

Scheme 1. Redox reactions involved in the oxidative carbonylation of MeOH to DMC and
net result.

There are a number of unresolved problems in the patent literature. Despite of the use of
substoichiometric amounts of copper catalysts, only low conversions of up to 30% per batch
were observed [13]. Further problems are low selectivities due to undesired byproducts [30]
and reactor corrosion [31,32,33]. In a recent paper by Sato et a., it was shown that copper

chloride on polyvinyl pyridine loses much of its aggressive behavior in stainless steel

corrosion [23]. However, there still remains an intrinsic problem in the oxidative
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carbonylation process. the same copper catalyst, that is performing the redox reaction to
DMC and water as by-product appears to catalyze as a Lewis acid the hydrolysis of DMC to
CO, and MeOH. The net result of this second undesired process is the oxidation of carbon
monoxide to carbon dioxide by oxygen. In an attempt to overcome many of these drawbacks
we followed a very ssmple concept of coordination chemistry: in complexes of aLewis base L
(e.g. N-donor) and a Lewis acid Cu?* the acidity of the metal cation is reduced depending on
the type and number of coordinated ligands L of certain donor strength. Mixtures of such
complexes of different Lewis acidity [CuL]?", [CuL,]?", [CuL3]**, [CuL4]*" with coordinating
(or non-coordinating) anions X~ may be regarded as a ligand buffered catalytic system, that
may be more selective in redox reactions and less active in hydrolysis reactions. Therefore,
the focus of the present study is a systematic investigation of the influence of the type of
applied N-donor ligand, the equivalents of ligand employed per copper as well as the
oxidation state and the counter anion of the copper salt on the performance of the oxidative

carbonylation of methanol to DMC.

2 Experimental
2.1 General
All reactions were carried out in a 100 mL V4A stainless steel autoclave, sealed with an
EPDM O-ring, equipped with ateflon coated magnetic stirring bar, a 100 bar manometer and
a Pt-100 thermoelement in the outer aluminum heating block as temperature control unit
(£21°C).

100 mL V 4A-Stainless Steel Autoclave

Manometer

Swagelok gas-
in- / outlet
Sample collecting device

Autoclave-head

Autoclave-body

Alu-heating block
with channel for
thermocouple
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The organic products were analyzed by quantitative gas chromatography on a HRGC 5300
(Carlo Erba Instruments) equipped with a fused silica guard column (5 m x 0.53 mm) and a
Rtx®-200 analytical column (30 m x 0.53 mm x 0.50 um; Restek); split injector (1:20); FID
temperature 200 °C, isothermic at 30 °C, toluene as internal standard (1S). GC-MS analyses
were carried out on aVG Masslab TRIO-2. Méelting points were determined in capillary tubes
on a Buchi MP B-540 apparatus and are uncorrected. IR spectra were recorded on a Bruker

IFS 88 FT and elemental analyses on a Heraeus CHN-Rapid analyzer.

2.2 Equations for the calculation of conversions, selectivities and yields
Straight calibration lines were established by GC analyses of mixtures of authentic
samples with a composition range of 0 to 30 mmol substrate, the corresponding amount of

product (0 to 15 mmol), 5 mmol of internal standard (toluene), and diethyl ketone as diluting

solvent (10 mL).
k = Gradient of straight calibration line Ag(t) = Areaof substrate signal
ns(t) = Amount of substrate at time (t) Ap(t) = Areaof product signa
ne(t) = Amount of product at time (t) As(t) = Area of internal standard

ns = Amount of internal standard

e yifse L=k mo s =k O m
Nis As As () As(t)

conversion@) = 158 "N 506 vied(t) = ™Y m009%
ns(ty) ns(t,)
S\*0 S\*0

®  q0006=— 199 0904
ng(t = 0) — ng(t) Conversion

Selectivity(t) =

2.3 Materials

Methanol, toluene (1S), diethyl ketone as diluting solvent for GC samples and the ligands
N-methylimidazole (NMI), 4-methylpyridine were freshly distilled prior to use. The following
chemicals were prepared and purified by literature methods. N-methylpyrazole [34], CuCl
[35], CuCl, and CuBr, [36], Cu(ClOs), [37], [Cu(CsHe)]12OTf [38], Cu(OTf), [39],
[Cu(CH3CN)4]PFs [40]. Commercially available chemicals were used as received from
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Aldrich and Fluka: 4-dimethylaminopyridine (DMAP), Cul, CuBr, [MeN]OH x 5 H,0;
[EtsN].COs; [EtsN]CN; [MeyN]F; [EtsN]Cl; [EtsN]Br; [EtsN]I. The CO (3.5), O, (4.8), and
synthetic air (20.5 % O, in N,) were obtained from Messer Griesheim.

2.4 Catalyst preparation

The following complexes were synthesized according to known literature methods and
anayzed by IR spectroscopy and elemental analyses (L = N-methylimidazole, NMI): LCuCl,,
L4CuCly, L4CuBr,, L4Cul; [41]; LoCuCly,, L,CuBr, [41,42]; L3CuCl,, LCuBTr,, L3CuBr; [33].

2.4.1 [(NMI)4Cu] PFg, 1

[CU(CH3CN)4]PFs (1.86 g, 5 mmoal) is dissolved in 35 mL dry MeOH and NMI (1.66 g,
1.61 mL, 20.25 mmol) is added to the vigorously stirred solution. After 24 h, the reaction
mixture is evaporated to half of its volume. A thick colorless precipitate is filtered off,
washed with dry ether and dried in vacuo to give [(NMI)4Cu]PFs (2.63 g, 4.90 mmol) in 98 %
yield. Elemental analysis (%) calc. for CigH24NsCuFgP (536.99 g/mol): C, 35.79; H, 4.51; N,
20.87; Cu, 11.84; found: C, 36.13; H, 4.65; N, 20.58; Cu, 11.52. M.p.: 113 °C. IR (Nujol): v
=3154 s, 3127 s, 1620 m, 1512 s, 1464 s, 1285 S, 1231 S, 1086 S, 1026 S, 932 S, 808 s, 760 S,
658's, 557 scm™.

2.4.2 (NMI)4Cu(OTf)y, 2

Cu(OTf); (723 mg, 2 mmol) is dissolved in 15 mL dry EtOH and N-methylimidazole (723
mg, 8.8 mmol) is added to the vigoroudly stirred solution. After 24 h, 15 mL of dry ether is
added. The precipitate is filtered, washed with dry ether and dried in vacuo to yield 1.325 g
(2.92 mmol, 96 %) (NMI)4Cu(OTf), as a purple powder. Elemental analysis (%) calc. for
C18H24NsOsCUF6S; (690.16 g/mol): C, 31.33; H, 3.51; N, 16.24; Cu, 9.21; found: C, 31.23;
H, 3.64; N, 15.84; Cu, 9.76. M.p.: 170 °C (dec.). IR (Nujol): v = 3136 w, 2967 w, 2851 vs,
1542 s, 1428 m, 1257 s, 1224 s, 1166 s, 1098 m, 1030 s, 952 m, 839 m, 757 m, 660 s, 638 s

cm,

2.5 Catalytic runs
The values for conversion and selectivity given in the charts and tables are based on an

average of three experiments that have been reproduced within an experimental error of 2%.
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2.5.1 Typical experimental procedure with isolated catalyst

The copper complex (0.3 mmol, 1 mol% relative to MeOH) is placed into the autoclave
and methanol (30 mmol, 961 mg, 1215pL) is added via a syringe. In order to avoid the risk of
working within the explosion area of the mixture CO/O; [43], the autoclave is filled at 20°C
first with 2.65 bar oxygen (12.5 or 23 bar synthetic air, respectively, see Table 2), then with
additional 50 bar carbon monoxide. After disconnecting the autoclave from the gas supply it
is inserted into an aluminum heating block preheated to 150°C. Within 5 min, the autoclave
reaches the reaction temperature of 120°C that is held constant. After a reaction time of 4 h,
the autoclave is depressurized over a period of 10 min viaaliquid nitrogen trap and finally all
volatiles at 150°C/10 mbar are collected in that trap as well. To the condensate 5 mmol (461
mg) of toluene asinternal standard (1S) is added. After diluting the condensate with 10 mL of
diethyl ketone the homogenous mixture was analyzed via quantitative capillary gas
chromatography. Products were identified and quantified by comparison of retention times

and calibrated integrals with authentic samples.

2.5.2 Typical experimental procedure with catalyst prepared in situ

The copper salt (0.3 mmol, 1 mol% relative to MeOH or EtOH), N-ligand (molar
guantities with respect to the desired equivaents, e.g. NMI, 99 mg, 96 pL, 1.2 mmol, 4 eq.)
and methanol (30 mmol, 961 mg, 1215uL) are placed into the autoclave and the procedure
described above is followed.

The same procedure is followed with 1.5 mmol (5 mol%) and 3 mmol (10 mol%) copper

salt relative to MeOH and the corresponding equivalents of ligand (see 3.4.2).

2.5.3 Added ammonium salts to Cu(l)

161 mg (0.3 mmol, 1 mol% relative to MeOH) of copper complex [(NM1),Cu]PFs (1), 961
mg (30 mmol, 1215uL) MeOH, and equimolar amounts of tetraalkyl ammonium salts (see
3.4.1) containing the desired anion are placed together into the autoclave and the procedure
described above is followed.

2.5.4 DPC experiment; Poly-p-phenylene oxide (PPO):

PhOH (2.82 g, 30 mmol) is treated under the same reaction conditions asin 2.5.2, catalyst:
L4CuCl;, (L = N-methylimidazole). The autoclave is depressurized, the red-brown polymer is
washed with MeCN (30 mL) and Et,O (30 mL), and dried in vacuo at 100 °C. Yield: 2.65 g
(29 mmol, 96 %).

6
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M.p.: > 410 °C; IR (KBr): 7 = 3427 m, 3061 w, 1589 m, 1489 's, 1345w, 1201 s, 1097 m,
1023 w, 969 w, 830 m, 750 m, 690 m cm™; MS (70 eV, El): m/z (%) = 94.1 (6) [CeHsOH] ",
65 (1) [CsHs]"; 31.0 (22) [CH3O]", 28.0 (100) [CO]*; elementa analysis calcd (%) for
(CeH40)n (92.10),: C 78.25, H 4.38, O 17.37; found C 73.10, H 4.34.

2.5.5 Hydrolysis experiments

15 mmol DMC (1351 mg, 1263 pL) and 15 mmol H,O (271 mg, 271 L) are placed
together into the autoclave and then pressurized with 2.15 bar O, and 40 bar CO (the
consumption of reaction gases under catalytic conditions is taken into account). After a
reaction time of 1 h (30 min. 20°C - 120°C followed by 30 min. at 120°C), the content of the

autoclave is analyzed in the same way as described before.

2.5.6 Catalysisin the presence of molecular sieves 3 A

The experiments were carried out by applying exactly the procedure described above for
catalyst preparation in situ (2.5.2), however, 2.7 g 3 A molecular sieves as beads (Fluka, 0 ~2
mm) were added together with the catalyst and substrate.

3 Resultsand discussion

3.1 Influence of the type of N-ligand

As aready mentioned, some patents are claiming the addition of bases such as hydroxides,
amines or pyridines as promoters for the formation of basic copper catalysts in the presence of
water and as corrosion inhibitors. In our first experiments, we tested the performance of
isolated complexes L,CuCl, (L = N-methylimidazole (NMI) and 4-methylpyridine) versus the
blank sample of anhydrous CuCl, under identical conditionsin DMC production: 1 mol% Cu
catalyst in MeOH, 2.5 bar O, 50 bar CO, 120°C, 4 h. We observed that conversion of MeOH
and selectivity in DMC synthesis did not deviate within the limits of experimental error
(+2%) from those experiments obtained from in situ prepared complexes. There is even a
tendency, that injection of the 4 eq. of the corresponding ligand to a methanol solution of
CuCl, gave dightly better results (+ 1-2%) than the use of isolated and analytically
characterized complexes L4,CuCl,. Therefore, whenever possible we preferred the in situ

generation of the catalytically active complexes.
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Fig. 1 demonstrates that under the given conditions of our batch experiment the blank
sample of CuCl, leads to a MeOH conversion of 15% and a DMC selectivity of 46%; this
corresponds to a theoretical yield of 7% DMC. A number of added N-donor ligands including
pyrazole, N-methylpyrazole and 4-methylpyridine did not increase the conversion whereas the
selectivity drops to 20-30%. With respect to the DMC yields, it is clearly unfavorable to add
4 eg. of such ligands. However, we were surprised to find that addition of very basic N-
donors such as TMGatren, 1,1,1-tris{ 2-[N*(1,1,3,3-tetramethyl guanidino)] ethyl} amine (Fig.
2) [44,45], a superbasic perakylguanidine derivative of tren (1 eg. of tetradentate ligand
added), DMAP (4-dimethylaminopyridine) and NMI did significantly increase both,
conversion and selectivity. It is noteworthy that the typical byproducts of the oxidative
carbonylation of MeOH such as dimethoxy methane CH,(OCHs), (DMM) and methyl
formate HCOOCH3; (MF) [22] could not be detected by means of GC-MS and by comparison

with authentic samples.

&\ I I '
N-Me-imidazole _ﬂ | —
4-DMAP _E’ =

TMGgtren

4-Me-pyridine

N-Me-pyrazole

pyrazole O Selectivity
W Conversion
e ——
0 20 40 60 80 100

(%]

Fig. 1. CuCl; catalyst with added 4 eq. of various N-ligands. Reaction conditions: 1 mol%
catalyst, 2.5 bar O,, 50 bar CO, 120 °C, 4 h.

The best performance (55% conversion and 95% selectivity) is achieved by addition of 4
eg. of NMI. For technical reasons, the consumption of oxygen has not been monitored.
However, the initial partial pressure of oxygen (2.5 bar O, in a 100 mL reactor) has been
chosen to assure theoretically a full conversion of methanol even in the presence of the large
excess of carbon monoxide (CO:0, = 91:9 mol%) being employed in order to stay outside the

upper explosion area. It is expected that conversion and selectivity will become even better, if

8
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the technical requirements of the reactor would allow us to hold the oxygen concentration
constant and to monitor the undesired CO oxidation to CO,. It is important to note that
corrosion of the stainless steel autoclave is most striking with the blank CuCl, sample,

however the corrosion is perfectly inhibited in each experiment with 4 eg. of added N-ligand.

Cl
/
N

B NN

N ¢ 7
N \_N
AN \

Fig. 2. Complex of TMGstren and Cu'"Cls.

3.2 Influence of the number of equivalents NMI at CuCl, and CuBr

The question arose how many equivalents of added N-methylimidazole would give the
best performance. Fig. 3 presents the results of a series of experiments with 1, 2, 3, 4, and
10 eq. NMI added. We observe a continuous increase in MeOH conversion with a peak of
55% at 4 eqg. If more than one ligand NMI is added to the catalytic reaction the selectivity is
increasing significantly, at the same time the corrosion is efficiently inhibited. It is interesting

to note that alarge excess of 10 eg. added NMI tends to inhibit the catalytic cycle.

100+ —
O Selectivity
W Conversion 96 95 95
80
60
(%]
4011146
36
20|
0
CucCl, LCuCl, L,CuCl, LsCuCl, L,CuCl, 10eq.L
+ CuCl,

Fig. 3. CuCl, catalyst with various added equivalents of N-methylimidazole (L). Reaction
conditions: 1 mol% catalyst, 2.5 bar O, 50 bar CO, 120 °C, 4 h.
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A similar but not identical trend is observed for the corresponding CuBr, complexes (Fig.
4). They tend to be dlightly more selective than their chloro counterparts and interestingly the
peak of performance is found for the complex (NM1);CuBr,. We observe the trend, that more

than three added ligands NMI tend to inhibit the catalysis.

1001 O Selectivity
W Conversion 98 92 98 96
80
9 77
60|
[%]
40|
20|
0
0
CuBr, LCuBr, L,CuBr, LsCuBr, L,CuBr, 10eq.L
+ CuBr,

Fig. 4. CuBr, catalyst with various added equivalents of N-methylimidazole (L). Reaction
conditions: 1 mol% catalyst, 2.5 bar O, 50 bar CO, 120 °C, 4 h.

Inhibition of catalysis by an excess of NMI may be taken as an indication that an important
step of the catalytic cycle might involve the dissociation of a [(NMI),Cu]™ complex into a
[(NMI)sCu]™ species. Even though, nature does not know the problem of DMC synthesis
from CO, we were very surprised to learn that our best results were obtained with a copper
center coordinated by three or four imidazole ligands. The [(NMI)zCu]™ core is reminiscent
of the coordination site of the oxygen activating non-blue copper proteins in nature and the
oxygen carrier hemocyanine. In the latter, copper is coordinated by three histidine ligands
(Fig. 5). It is occurring in molluscs and arthropods in order to make oxygen available for their
metabolism [46,47].

10
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-0, || 06,
His His His His
] ~ /O—O S 2 &
Hismal’> i AN Il His HIS\ ||/ \ |/H|s
Cu _Cu Cu
_ e LT / \ / \
His 8 His His

Fig. 5. Binding and transport of dioxygen in hemocyanine.

3.3 Anion influence on Cu(ll) and Cu(l)

Stimulated by the dightly different results of CuCl, vs. CuBr, and by the fact that copper
proteins in nature are using the Cu(l) oxidation state in their desoxy form we prepared a series
of known and comparable Cu(l) and -(I1) complexes (NMI)4,CuX,, (n =1, 2; X = Cl, Br, I,
OTf) in order to investigate the anion effect on the catalysis more thoroughly. This series
includes iodide as anion which is not oxidized by Cu(ll) within the ligand regime of
[(NM1)4Cu]?* and triflate as a weakly or non-coordinating anion. The results with Cu(ll) are
shown in Fig. 6. The triflate is not competitive with respect to conversion and selectivity. The
best conversion (58%) is achieved with the iodo complex, however, at the expense of
selectivity (77%), thus, the theoretical yield of DMC is not exceeding 44%. The top
performance with respect to the DMC yield (49%) is shown by the chloro complex (52%
conversion and 95% selectivity) and the top performance with respect to selectivity by the
bromo complex (98% selectivity at a conversion of 40% corresponding to 39% yield).

11
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1007 O Selectivity
W Conversion

80+
78

601

[%0]

40+

201 |

0la
L,CuOTf, L,CuCl, L,CuBr, L,Cul,

Fig. 6. Influence of various anions X~ (= OTf", CI", Br, I") on the performance of isolated N-
methylimidazole (L) complexes of Cu(ll) L4CuX,. Reaction conditions: 1 mol% catalyst, 2.5
bar O,, 50 bar CO, 120 °C, 4 h.

The results under identical catalytic conditions but with Cu(l) as the coordination center
are shown in Fig. 7. Again the triflate shows the lowest conversion and selectivity. Most
interestingly, the Cu(l) halide complexes follow the same trend in activity (conversion Cl™ >
Br- << I") as the corresponding Cu(ll) halide complexes. There is a tendency that Cu(ll)
complexes are dlightly more active and selective than the corresponding Cu(l) complexes.
The same order of magnitude and the same trend with respect to their catalytic performanceis
in accord with the assumption that the same catalytic species is formed by both catalyst
precursors. If both, Cu(l) and Cu(ll) centers, are involved in the catalytic cycle, it seems not to
be relevant, whether we start with one or the other, but obvioudly it appears to be much more

relevant, how many equivalents of a strong N-donor are present per copper atom.
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1001 O Selectivity
W Conversion

80+
78

60|

[%]

40"

20|

oL
L,CuOTf L,CuCl L,CuBr L,Cul

Fig. 7. Influence of various anions X~ (= OTf", CI", Br, I") on the performance of isolated N-
methylimidazole (L) complexes of Cu(l) L4CuX. Reaction conditions. 1 mol% catalyst, 2.5
bar O, 50 bar CO, 120 °C, 4 h.

3.4 Influence of other parameters
3.4.1 Added ammonium saltsto [ Cu(NMI)4] PFe
Because of the strong impact of the anion on this catalysis, we were interested to evaluate
amuch greater number of anionsin their effect on the catalytic performance of [(NM1)4Cu]™
centers. Is was found that a combination of equimolar amounts of [ Cu(NMI)4] PFs with a non-
coordinating anion and a quaternary ammonium salt of coordinating anions Cl-, Br-, and I”
gave nearly the same results (Fig. 8) as the use of the isolated complexes of these anions (Fig.
7). Therefore, we set out to test carbonate, hydroxide, fluoride, cyanide and other anions
which were added as ammonium salts. We learned, that activity and selectivity is increasing
dramatically if chloride, bromide, and iodide is added to the standard catalyst with PFs
counter anion (same trend PFs << CI” > Br < 1"). However, activity and selectivity is
decreasing with a trend PFg” > F > CN™ > CO3s* > OH™ if these anions were added as
corresponding ammonium salts. In patent literature, basic copper halides are made
responsible for catalytic activity. Therefore, it is surprising, that added hydroxide shows one
of the lowest conversions and the lowest selectivity. However, it has to be noted that in our
experiment added ammonium salt [MegN]JOH x 5 H,O was added as hydrate. Now it
13
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becomes evident that water obvioudly inhibits an important step of the catalytic cycle,
furthermore, it seems to lower the selectivity, e.g. by hydrolysis and formation of carbon

dioxide.

+ Et,N'T h'_'—%'

+ EL,N'Br _, | | | 92f

+ Et,N"CI _.i' | =

+ Me,N'F M | |
_1.1

+ Et,N'CN'

+ (Et,N"),CO* _!’\ ‘ 560 | [0 Selectivity
W Conversion
+ Me,;N"OH x5 H,0 M—‘lﬁ' |
[(NMI,CUIPF; gy | i

80 100

04
N
o
N
o
(o2}
o

[%]

Fig. 8. Added ammonium salts equimolar to [(NMI)4Cu]PFes. Reaction Conditions: 1 mol%
(NM1)4CuPFg (+ 1 mol% X; + 0.5 mol% X?), 2.5 bar O,, 50 bar CO, 120 °C, 4 h.

3.4.2 Concentration of catalyst

In many patents, substoichiometric (or even stoichiometric) amounts of copper catalysts
were employed. This led us to the question whether our well-defined complexes may show
even higher yields of DMC if the catalyst concentration is increased. We had to learn, that
higher catalyst concentrations result only in moderate increases of conversion but at the

expense of selectivity (Table 1). Consequently, the yields are not increasing very much.

Table 1. Variation of catalyst concentration.

Catalyst [mol %] 1 5 10
Conversion 55 61 67
Selectivity 95 90 87
DMC yield 52 55 58

Catalyst (NMI),CuCl,, 2.5 bar O,, 50 bar CO, 120 °C, 4 h.

14
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3.4.3 Oxygen versus synthetic air as oxidant

With respect to industrial applications in DMC synthesis the use of synthetic air instead of
pure oxygen was tested. In a comparative study, the best catalyst (NMI)4,CuCl, and 12.5 bar
synthetic air representing an equivalent partial pressure of 2.5 bar pure oxygen was
investigated. However, the conversion and particularly the selectivity is significantly lower,
even if the effect of diluting oxygen by nitrogen was in part compensated with an even higher
pressure (23 bar) of synthetic air (Table 2).

Table 2. Comparison oxygen vs. synthetic air.

Partial press. [bar] Syntheticair: 12.5  Synthetic air: 23 0,: 2.5
Conversion 43 40 55
Selectivity 76 88 95
DMCyield 33 35 52

1 mol% (NMI),CuCl,, 50 bar CO, 120 °C, 4 h.

3.4.4 Reaction time

A rough kinetic profile of the catalysis is given in Fig. 9. After areaction time of 4 h, a
maximum of conversion and selectivity is achieved. Longer reaction times result in a formal
decrease of conversion and selectivity as more and more methanol is produced by hydrolysis
of DMC by the unavoidable byproduct water. With decreasing conversion and selectivity, the
yields of DMC are going down from the maximum of 52% (after 4 h) via 42% (after 8 h) to
41% (after 16 h). At longer reaction times, the system appears to approach an equilibrium
state between DM C production and DM C hydrolysis.

15
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100+ —
O Selectivity
W Conversion 92 95 92 91
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Fig. 9. Variation of reaction times. 1 mol% (NM1)4CuCl,, 2.5 bar O, 50 bar CO, 120 °C.

3.4.5 Ethanol as substrate

In order to evaluate whether our catalyst system is applicable to other substrates we carried
out experiments using EtOH producing diethylcarbonate (DEC). Under the previously
established optimized conditions (1 mol% (NM1)4CuCl,; 2.5 bar O,; 50 bar CO; 4 h; 120 °C),
DEC was formed with a conversion of 35% EtOH and in 79% selectivity. Apparently, the
steric requirement and pKs of the alcohol are responsible for the lower yield of 28% DEC.

3.4.6 PhOH assubstrate

We further investigated the catalytic system in the oxidative carbonylation of PhOH to
diphenylcarbonate (DPC) - the highly desired building block in polycarbonate production.
Cu(ll) phenoxo complexes [48] play an important role [49] in the selective catalytic oxidation
of phenols. Unfortunately, no DPC was formed during the catalysis applying the previously
established optimized conditions (catalyst: 1 mol% L,CuCl, (L = N-methylimidazole); 2.5
bar Oy; 50 bar CO; 4 h; 120 °C). Instead of DPC a red-brown, high melting (m.p. > 410 °C)
and absolutely insoluble polymer could be isolated in amost quantitative yield (96%). In a
second catalyst system consisting of 0.5 mol% L4CuCl, and 0.5 mol% L4PdCl, (L = N-
methylimidazole) the same observation was made. Besides, a metallic film on the glass insert

of the autoclave developed due to reduction of Pd** to PdC.
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1 mol % NMI,CuCl,
2.5 bar O,, 50 bar CO

4 h, 120 °C ( _
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Fig. 10. Polymerization of PhOH to poly-p-phenylene oxide (PPO).

Although the polymer produced in the catalysis does somewhat differ from analytically
pure poly-p-phenylene oxide (PPO) (Tm = 290 °C) [50] this is the most reasonable
interpretation from its IR spectrum and high melting point which istypical for PPO’s[51]. IR
absorption bands at 690 and 750 cm™ (C-H out of plane bending vibrations) indicate mono-
and at 830 cm™ parasubstitued [52] benzene nuclel with a small amount of cross-linkage
(weak absorption at 969 cm™). Thisis consistent with the only weakly pronounced absorption
at 1023 cm* for ortho-linked phenylene ethers. The deviation of the elementary analysis from
the theoretical values is mainly ascribed to impurities within the PPO of not homogeneously
polymerized product as well as enclosed copper catalyst and PhOH. El mass spectra are only
little indicative but do contain a peak at 94.1 for phenylethers but could also be interpreted as
enclosed substrate PhOH.

This polymerization of PhOH was hitherto only known for disubstituted aryl acohols
[49,51,53] despite severa attempts [54] to polymerize 2,6 unsubstituted phenols. Only very
recently a regioselective oxidative polymerization via Cu-OAr radicals has been reported
[55].

3.5 Hydrolysisof DMC

With the aim to compare the redox versus hydrolytic activity of our catalyst complex
(NM1)4CuCl, with anhydrous CuCl, an experiment was designed where the starting point of
the observation of hydrolytic activity is set at theoretical 100% conversion of MeOH and
100% selectivity to yield DMC and H,O. An equimolar mixture of DMC and water is
exposed to the same conditions as in the catalytic runs. After a reaction time of 60 minutes
(30 min. 20°C- 120°C followed by 30 min. at 120°C), the content of the autoclave is
analyzed. Indeed, CuCl, buffered by 4 eg. of NMI leads to only 10% hydrolysis of DMC

17
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compared to 27% for CuCl, without any N-donor ligands (Table 3). This fact clearly
emphasizes that a catalyst system containing N-donor ligands such as NMI is not only
superior in catalyzing the redox reaction with oxygen but also in retarding the DMC
hydrolysis back to MeOH. It is plausible that for example intermediate species with a[Cu(u-
OH)Cu]™ core are stronger protic acids and stronger Lewis acids when the copper centers are
not coordinated by a set of 3-4 strong N-donor ligands. With respect to the better redox
activity we aready noted that imidazole coordination mimics histidine coordination of the

oxygen activating copper redox enzymes of nature.

Table 3. Ratio DMC / MeOH as a consequence of hydrolysis.

Catalyst DMC / MeOH [%]
t=0h t=1h
CuCl, 100/0 73127
(NM1),CuCl 100/0 91/9

DMC:H,0 (1:1), 1 mol% catalyst, 2.15 bar O,, 40 bar CO, t = 30 min. 20°C - 120°C followed by 30
min. at 120°C.

Finally, experiments employing 3 A molecular sieves as water withdrawing agent in order
to reduce the risk of hydrolysis were carried out and the conversion as well as selectivity was
compared with the blank experiment without added molecular sieves and the catalyst
(NM1)4CuCl>.

In the presence of molecular sieves, the conversion is rising from 55% to 87% whereas the
selectivity is decreasing from 95 % to 75%. Nevertheless, the DMC yield of 65% (compared
to 52%) is the highest achieved in our experiments. Our current investigations are aimed at

the extraction of water by different strategies.

3.6 Sructural aspects
A short review of selected catalyst complexes that are structurally characterized or are
isostructural with the proposed catalysts is presented in Fig. 11-14 [56].
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3.6.1 L,CuX;

The coordination geometry of L4,CuX, complexes is best described as square planar with
two additional distant axial ligands due to Jahn-Teller distortion. The N-donor molecules
occupy the equatoria plane while the anionic ligands (X) are located in the axia positions.
Structurally characterized complexes are: (N-vinylimidazole),CuCl, [57], (imidazole),CuBr,
[58], (imidazole),Cu(BF,), [59]. The [(N-methylimidazole),Cu]?* cation has been subject to
TRIPOS 5.2 force field calculations [60]. All compounds possess similar structures with two
equally out of plane twisted imidazole molecules turned opposite to the other two imiadazoles

in order to minimize steric repulsion.

Fig. 11. ORTEP [61] plots of (N-vinylimidazole),CuCl, as representative for L,CuX;

complexes.
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3.6.2 L3CuX;

There is only one example of a L3CuX, complex, namely (1,2-dimethylimidazole);CuCl,
[62]. It reveals a trigona bipyramidal molecular structure. Two halogen anions and one
imidazole ligand lie in the equatorial plane. The two axial imidazole ligands are nearly
coplanar, while the equatorial imidazole ring is perpendicular to them, which gives the

complex acloseto Cs-symmetry.

Fig. 12. ORTEP [61] plot of (1,2-dimethylimidazole)sCuCl, as illustration for L3CuX»

complexes.

3.6.3 LCuX;

Three structurally characterized complexes of the type L,CuX, are known: (NMI),CuCl,
[63], (NMI),CuBr, [64] and (imidazole),CuCl, [65]. The structural features differ only by
variations in the degree of distortion from the ideal square planar coordination. The imidazole

and halogen ligands are trans to one another.

Fig. 13. Representative ORTEP [61] plot of (NMI),CuCl; to display L,CuX, complexes.
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3.6.4 LCuX;
There is no structurally characterized example for LCuX, comparable to the complex used

as catalyst.

3.6.5 LCuX

Solely one structurally characterized example for a Cu(l) complex regardless of the
number of imidazole ligands is found in the literature: [Cu,Cl(imidazole)4]Cl [66]. In this
complex the copper atoms show a trigonal coordination and are joined by a Cl bridge. The
second chloride anion lies between the two hinged Cu coordination planes with the imidazole

fragments in staggered manner.

Fig. 14. ORTEP [61] view of [Cu,Cl(imidazole),]Cl.

3.7 Mechanistic aspects

The mechanism of the copper catalyzed oxidative carbonylation of methanol to DMC has
been the focus of some detailed studies. First insight was published by Saegusa et a. [27,28].
More detailed studies have been performed by Romano et a. including an investigation on
the effect of water on DMC formation [29]. Extensive FTIR studies were performed by King
gaining further evidence for certain intermediates such as Cu'(CO), Cu'(OMe) and a copper
methoxycarbonyl intermediate [67]. In order to exclude a mechanism via radical coupling of
Cl (from CuCl,) and CO to phosgene and its methanolysis to DMC, we have investigated the
reaction of anhydrous CuCl, with carbon monoxide in chlorobenzene as solvent. After 4 h/

120°C at a pressure of 50 bar CO a first fraction of volatiles (ca. 10 mL condensate) was
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collected in a liquid nitrogen trap. We were not able to detect any phosgene in that

condensate. As a most sensitive test for phosgene we used the trapping reaction with an

eguimolar mixture of methanol / pyridine, but could not detect any DMC via GC.

Based on the previous mechanistic proposals and taking our own observation into account

that it is not critical whether to start with Cu(l) or Cu(ll) salts we propose a dlightly modified

mechanism involving a path of reductive oxygen activation, a path of carbon monoxide

activation, an equilibrium of competing methanolysis versus hydrolysis of a copper oxo

complex, and finally, two consecutive C-O-bond forming steps, the first performed in a

mixed valence Cu(l,Il) cluster, the second in a Cu(ll) cluster. A proposed catalytic cycle is

shown in Scheme 2.
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Scheme 2. Proposed catalytic reaction cycle for the oxidative carbonylation of methanol to

DMC.
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In Scheme 2, neither the anion - preferably chloride - nor the neutral N-donor ligand -
preferably NMI - is taken into account. We learned from our experiments, that both ligands
play an important part. It is assumed that chloride is providing the ideal three-electron donor
ligand (u-Cl) for the formation of mixed vaent Cu(l,Il)-chloro- and -methoxo-bridged
clusters that may be involved in the cycle. Furthermore, imidazole is providing a perfect
ligand regime for the activation of molecular oxygen [68,69] in a dinuclear or even higher-
nuclear Cu(l) complex environment. If we assume that Cu(lll) species are not involved in the
O, reduction process, which is plausible at high concentrations of Cu(l), triplet oxygen will be
reduced by 4 eg. of Cu(l) via a peroxo intermediate to give either 2 eq. of [Cu(p-OH),Cu]**
(in the presence of water) or 2 eq. of [Cu(u-OMe),Cu]?* (in the presence of excess methanol).
Both structural units may be in equilibrium via competing methanolysis / hydrolysis
processes, respectively. Hydrolysis may be even the preferred process, if the water content of
the mixture becomes significant. Structural evidence for the existence of p-peroxo, M-
hydroxo, and p-oxo complexes stabilized by chelating N-donor ligands has been provided by
Karlin [70,71], Kitgima [72,73], Tolman [74] and other authors [75]. A structurally
characterized example for a dinuclear p-methoxo complex is [Cu(CsHsN)(OCH3)CI], [76].
The second reaction path of Scheme 2 illustrates the CO activation at a Cu(l) site. It is known
that strong N-donor ligands render Cu(l) more electron rich and more capable for CO
coordination [77]. We propose that a Cu(l) site for CO coordination and a Cu(ll)-methoxo / -
chloro species may form a mixed valent cluster via bridging ligands. In such clusters a latent
methoxy radical may be formally transferred from Cu(ll) to a CO ligand coordinated at an
adjoining Cu(l) center. As a result, a new Cu(l) and a new Cu(ll) methoxycarbonyl species
would be generated. Equally, the nucleophilic attack of a methoxide anion at CO activated at
Cu(l) followed by an electron transfer from Cu(l) to Cu(ll) may be discussed. Coupling of a
methoxycarbonyl radical and a methoxy radical should occur at a multinuclear Cu(ll) cluster
as there is no conceivable pathway which would allow the reductive elimination of both
radicas[MeO] and [C(O)OMg] at amononuclear Cu(ll) site.

While it is known that a certain amount of water is required in the catalytic cycle [78], itis
evident that larger amounts of water lead to unselective oxidation of CO to CO,. The water
sensitive spot in our mechanistic proposal is the equilibrium between the copper methoxo and
hydroxo complex. Transfer of an OH radical would generate a carbonic acid monoester,
which would decompose to carbon dioxide [ 79] and MeOH. On the other hand, hydrolysis of

the methoxycarbonyl intermediate would generate a carbonic acid monoester and formally a
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copper hydrido species, methanolysis of the methoxycarbonyl species would generate the
carbonic acid diester and a copper hydrido species. As long as there are no model reactions
available it can only be speculated that there might be even more or other mechanistic
pathways involved in this DMC synthesis, e.g. involving reoxidation of such copper hydrido
species by either oxygen or Cu(ll)-peroxo / -oxo species. We are currently working on these

model reactions.

4 Conclusion

The present paper describes a systematic study of ligand effects of anions and neutral N-
donors on the oxidative carbonylation of methanol to dimethyl carbonate. Whereas in a
gualitative manner the preference for copper halides has been reported before, a most
surprising impact of NMI coordination to copper has been discovered here. The activity in
methanol conversion and selectivity in DMC production is drastically increased if three or
four strong N-donor ligands of the pentaalkylguanidine type, 4-dimethylaminopyridine
(DMAP), and preferably NMI are coordinated at the catalytically active copper center. The
imidazole coordination mimics the histidine coordination in oxygen activating copper
enzymes of nature. Surprisingly, the number and type of coordinated N-ligands has a much
higher impact on the catalytic performance, than the oxidation state of the copper complex
and its counter anion - as long as it belongs to the group of heavier halides (chloride, bromide
and iodide). All other anions including fluoride, hydroxide, carbonate, and cyanide (cyanate)
give only poor results. The three top catalyst complexes (NMI)4CuCl,, (NMI)3CuBr,, and
(NM1)4Cul show selectivities exceeding 90% in DMC production at methanol conversions
exceeding 50 % under our standard batch reaction conditions (1 mol% catalyst, 2.5 bar O,, 50
bar CO, 120°C, 4 h). The great advantage of these complexes is their higher activity and
selectivity in oxygen activation and redox catalysis combined with their lower hydrolytic
activity in the undesired DM C hydrolysis by the unavoidable byproduct water. Catalytic runs
with such complexes require only low catalyst concentrations of 1 mol% compared to
substoichiometric or even higher amounts of copper halides without N-ligand support.
Finally, corrosion of the stainless steel reactors is efficiently inhibited if =2 eg. of N-donor

ligand are present.
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— Chapter 3.1 —
Copper Complexes of Novel Superbasic Peralkylguanidine
Derivatives of Tris(2-aminoethyl)amine (tren)

as Constraint Geometry Ligands

Keywords:. N ligands e Tripodal ligands e Guanidines s Coordination chemistry « Copper

Abstract
The coordination chemistry of copper(l) and copper(ll) ions with novel tripodal
peralkylguanidine derivatives of the tris(2-aminoethyl)amine (tren) backbone TMGstren
(tetramethylguanidino-tren) N{CH,CH,N=C(NMe,);}s (1) and cyclic DMPGstren
(dimethylpropyleneguanidino-tren) N[CH,CHoN=C{NMe(CH,)sNMe}]s (2) is reported.
These sterically demanding ligands form complexes of constraint trigonal geometry. Their
superbasic character with estimated pKgy+ values 6 orders of magnitude higher than that of
the known Megtren and their softer N-donor character compared to tert-amine ligands
stabilize cationic mononuclear Cu(l) and Cu(ll) ions by delocalization of charge into the
guanidine functionalities. The crystal structures and spectroscopic features of two cationic
copper(l) complexes with an uncommon trigonal-pyramidal [N4Cu]” coordination sphere and
asterically protected open coordination site and of two cationic copper(ll) complexes with the
characteristic trigonal-bipyramidal coordination geometry [N4CuCl]* and [NsCu]** are
reported. A structural parameter o is introduced as a measure for delocalization of positive

charge in guanidines.

I ntroduction
Copper complexes with multidentate tripodal alkylamine, Schiff base, or aza aromatic ligands
or hybrids thereof have been extensively used to model the structure and reactivity of active
sitesin copper proteins that transport oxygen, transfer oxygen after O-O bond cleavage, or use
oxygen as H atom acceptor, such as hemocyanine,* tyrosinase,? and galactose oxidase.®> The
ligands of the tris(2-aminoethyl)amine (tren) family shown in Figure 1 may be the most
prominent representatives among the tripods that force a metal cation into a trigonal-

bipyramidal coordination geometry.* Coordination chemistry of copper has been mainly
1
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developed with Hgtren (tris(2-aminoethyl)amine),® Megtren (tris(2-dimethylamino)amine),®

and tmpa (tris(2-pyridylmethyl)amine),” also with Schiff bases® as well as with mixed®

pyrazole™ and imidazole™ or tris(pyrazolylborate)™*? derived tripod ligands.

N

S

R'RN

R=R =Me
R = Me, R' = -(CH,),-

N
>\7NRR'
R'RN

NRR'
NQ(

NRR'

TMGgtren (1)
DMPGg,tren (2)

N
N N = Ph /\ Ph
| | %N N=
N Nao
R R
NT N\
tmpa H,N ) NH, N ) N— Schiff base
H,N —N
\
Hetren Megtren

Figure 1. Structura relationship between the novel peralkylguanidino-tren ligands and the

most prominent tripods of the tren ligand family.

One approach to influence the catalytic metal properties is the variation of the bite angle of

7ab,10,13 another

these tripods and of their steric demand by introducing different armlengths;
approach is the variation of the basicity, softness, and T-acceptor ability of the N-donor, e.g.,
by alkylation of the primary amine functionality of Hetren or converting it to an sp®> N-donor
(Schiff base, tmpa).”® Peralkylated guanidines belong to the strongest organic neutral bases
known.** They are several magnitudes superior in basicity than tertiary amines due to the
excellent stabilization of the positive charge in their resonance stabilized cations.™ This trend
may be demonstrated by the pKgu+ (MeCN) values of the 1,2,2,6,6-pentamethyl piperidinium
cation (18.62), the parent guanidinium cation (23.3), and the pentamethyl guanidinium cation
(25.00). However, despite of their prominent proton affinity, surprisingly little is known
about their capability to bind Lewis acidic metal cations. There are a few reports on

coordination compounds of monoguanidines HN=C(NRR’),.20"181920 The first complexes

2
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of chelating bisguanidines have been reported by Kuhn®* and ourselves® Coordination
compounds of biologically relevant transition metals Zn, Fe, Mn, and Mo with tripodal
trisguanidine TMGgtren (N{CH.CH,N=C(NMe,),}3; 1) are currently being investigated by
us.? The pronounced tendency of biguanides to stabilize unusually high oxidation states of
metals, e.g., in Ag(l1)* and Ni(I11)® complexes (Figure 2), attracted our attention, since
highly oxidized copper(lll) centers are involved in the activation and cleavage of

dioxygen. 3%

FIQ R.N N/Y_\N NR
DO e

NR, NR,

Biguanide complex Bisguanidine complex
Y= organic spacer

Figure 2. Guanidine-based complexes.

In proteins the Hs-guanidinium functionality of arginine serves as anion receptor.?” The focus
of this investigation is the largely unexplored capability of multidentate Rs-guanidines to
serve as receptors for copper(l) and copper(ll) cations. The basicity of these neutral ligands
lies between that of tertiary amines and amido ligands; they are expected to be softer in
character than amines. The question arises whether guanidines may be 7racidic like Schiff
bases or 7rbasic like amido ligands. Many more aspects in guanidine coordination chemistry
are unexplored such as fine-tuning of the basicity, donor strength, sterical demand, and bite of
chelating ligands by variation of the substituents at the guanidine function. Following our
study on guanidine coordination compounds with the en and tame backbone,? we wish to

introduce the one with the tren type ligand regime and copper in oxidation states +1 and +2.

Results and Discussion
Synthetic Studies. Multidentate alkyl tetramethyl guanidines are synthesized by treating
primary polyamines with Vilsmeyer salts, a method described earlier by Eilingsfeld and
Seefelder?®® and improved by Kantlehner et a.? for monoguanidines. Because of difficulties
in purification of bis- and trisguanidines, there is a need for selective reactions in this

synthesis. A close to quantitative transformation of a primary amine functionality into the

3
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guanidine may be accomplished by the reaction with the Vilsmeyer salt [(Me:N),C-CI]Cl
obtained by reaction of tetramethylurea with phosgene,® trichloromethylchloroformate

32 or oxalyl chloride in toluene.®* Cyclic guanidines may be prepared by a

(diphosgene),
similar strategy.®* The corresponding guanidinium salt is then deprotonated in THF/NaH or in
a two-phase system of 50% NaOH(ag)/MeCN to yield the free base. By using this protocol
1,1,1-tris{ 2-[N*(1,1,3,3-tetramethylguanidino)]ethyl}amine (1) (TMGgtren) has been
obtained in a yield of 86%.2° We were interested to create a ligand with cyclic guanidine
functionalities, as in five- and six-membered cyclic guanidines the lone pairs at the nitrogen
atoms are forced into better conjugation; thus an enhanced N-basicity and a better donor
strength than that of non cyclic counterparts may be anticipated. Treatment of commercially
available N,N'-dimethylpropyleneurea (DMPU) with phosgene leads to the corresponding
chloro amidinium salt (the synthesis of the 5-membered ring analogue in a ssimilar manner to
our method has been reported®), which is condensed with Hetren to finally yield the new

ligand 1,1,1-tris{ 2-[N-(1,3-dimethyl propyl eneguanidino)] ethyl} amine (2) (DM PGitren).

o} )O]\ 0°C, Cl cI”
toluene )\

@ CI)J\CI + ONNT —= N
L -CO, L
2a

3Cl°
+ N
NEt, %N\ /NQ(
MeCN ¢ H N
3 h reflux \
2 2a + N(CH,CH,NH,), >—N

- HN EtSCI _ )
tren

DMPGgtren - 3 HCI

N

\
N
>/N ) NQ(
50 % KOH C N
MeCN yavd

3) DMPGgtren - 3 HCI _—

N
- 3KCI _ >

DMPGg,tren 2

Figure 3. Preparation of peralkylated oligoguanidines, e.g., DMPGgtren (2).
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Both ligands 1 and 2 have been used in the synthesis of stable and highly crystalline copper
complexes 3-6. It is remarkable that guanidines as very strong but polarizable bases stabilize
both copper(l) and copper(ll) centers in the same N4-donor regime. Thisisin contrast to the
known instability for some copper(l) complexes of Hgtren ligands, which are harder in
character and dterically less shielded: their complexes tend to disproportionate to
copper(0/11).%° Due to the high proton affinity of our guanidines, the dominant species in
agueous solution are hydrated guanidinium hydroxides. Therefore, these ligands tend to form
basic copper(ll) salts from agua complexes. To overcome the tendency of protolysis, the
Cu(ll) salts were dehydrated by the ortho ester method™ prior to their use as starting material.
The complexes are synthesized in good yields by combining the dehydrated metal salts with
1.05 equivalents of 1 and 2 in dry acetonitrile. Surprisingly, all complexes 3-6 are ionic, even
those of copper(l) such as 5 that contains a nonsolvated chloride ion in the solid state
structure (vide infra). Consequently, 3-6 are soluble in polar aprotic media such as MeCN and

acetone or CH,Cl, but insoluble in diethyl ether and hydrocarbons.

CH,CN
TMGgtren (1) + Cu'X, —_—
X=Cl

Clo,

Figure 4. Complex formation of copper(ll) perchlorate and chloride with TMGgstren (1).
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TMGgtren (1)
+

Cu'X

X = Cl, Clo,

DMPG,tren (2)

+

cu'clo,

CH,CN

CH,CN

Figure 5. Complex formation of Cu(l) salts with TMGstren (1) and DM PGgtren (2).

All complexes 3-6 are sensitive to moisture. It is observed that metal hydroxides and

protonated ligand are formed when 3-6 are exposed to agueous solvent mixtures. These

findings are explained by the high proton affinity of guanidines. deprotonation of an aqua

ligand irreversibly induces the hydrolytic cleavage of the metal-nitrogen bond, a pattern

resembling hydrolysis of amido complexes (Figure 6).

[M]\ _ R_‘ n+
)J\ + H,0

RN NR,

H n+
\
o]

s/ H

(M] R’ H. + R
\N/ —| (n-1)+ \N/
)k — = [M—OH +

R,N™ NR, RN" "NR

Figure 6. Hydrolytic cleavage of the metal-nitrogen bond.
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The copper(l) complexes are highly sensitive to oxygen. We are currently investigating this

reaction by means of UV-vis and Raman spectroscopies.®*

Spectroscopic Studies. All complexes show the parent molecular ions in the APCI mass
spectra obtained from MeCN solutions. Their composition is confirmed by the characteristic

isotopic patterns which are in accord with smulated ones.

A difference between the free guanidine base and in metal coordination or protonation,
respectively can be recognized in the infrared spectra where the free ligands show a single
absorption v(C=N) at wavenumbers of 1620 (TMGstren) and 1595 (DMPGstren) cm™ (KBr
pellet). In complexes with Lewis acids this absorption shows fine structure which is a typical
feature due to lowering of the molecular symmetry in guanidinium cations. It is also found in
the hexamethylguanidinium cation.® As a consequence to weakening of the double bond, the
absorption for the C=N stretching frequency is shifted to lower wavenumbers by 60 cm™ in

Cu(ll) and 50 cm™ in Cu(l) complexes.

As expected, the Cu(l) complexes 5, 6, and 7 are diamagnetic and colorless. Their 200 MHz
room temperature 'H and *C NMR spectra in CD3sCN reveal two sets of chemically
inequivalent N-methyl protons. This behavior is explained by a rigid >C=N- bonding axis on
the NMR time scale rendering one NMe, group cis and the other one trans with respect to the
Cu substituent (Figure 14). By raising the temperature, coalescence of the proton signals is
cannot be observed up to temperatures of 336 K for 7 at 500 MHz in CDsCN,* which is
probably due to the sterically congested situation of the coordinated tren ligand. The barrier to
rotation about the C=N bond should be higher than the estimated 71 kJ/mol.*’

The magnetic susceptibilities of the paramagnetic Cu(ll) complexes were determined by the
Evans method® for [(TMGaren)CU'CIICI (3), st = 1.9 * 01 s, and
[(TMGatren)Cu"(NCMe)](ClOs)2 (4), Met = 1.8 + 0.1 pg. The values are well in accordance
with literature values® of known tren complexes: pess[(Mestren)Cu"'X]X (X = Br, ClO,), 1.86
Ug;* e[ (Hetren)CU"Cl2(BPhy),, 2.01 pg; Heit[ (Hetren)Cu''Br]2(BPhy),, 1.94 pg.™
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EPR gpectra of the two copper(ll) complexes 3 and 4 were recorded in frozen solution of
acetonitrile (120 K) at 9.2608 GHz (X-Band) and values for g and A were estimated from

simulated spectra.®

Complex 3 shows a single unresolved line a g, = 2.141(5) with 13.68 mT peak-to-peak
distance. The absence of any resolution by substituting one nitrogen with a chlorine atom in
the first ligand sphere is mainly caused by the two magnetic isotopes (*°Cl 75.8%, 3'Cl
24.2%) with spin %/, (2 x 4 = 8 instead of 3 lines), the 4.0 (*Cl) and 4.9 (*Cl) times higher
guadrupole moments, the slightly higher gyromagnetic moments (1.35 and 1.13 times greater
than for *N), and the 8 times higher spin orbit constants.** The latter causes a faster spin
relaxation via the spin orbit coupling and therefore broadens the lines more at the same
temperature. The higher spin orbit constants are probably also responsible for reduction of the
g-anisotropy of complex 3 compared to complex 4, visible by comparing the spectral width of
both spectra (13.68 mT for 3¢, 18.57 mT for 4exp).42 The latter is speculative because it is
not possible to exclude a reduction of ®*®*Cu hyperfine interaction as a reason for the more

narrow overall spectral width.

Intensity

2500 2700 2900 3100 3300 3500 3700
B [C]

Figure 7. Experimentally determined (bottom, [0 ) and simulated (top, ) EPR spectra (X-
band) of complex [(TMGstren)Cu'Cl]Cl (3) in frozen solution of acetonitrile (120 K),

microwave frequency = 9.2608 GHz.
8
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The EPR spectrum of complex 4 has been analyzed by least-squares fits to an orthorhombic
spin Hamiltonian. The g-tensor with g; = 2.201(5), g, = 2.050(5), and gz = 2.033(5) obtained
by best fit is in the expected range for Cu(ll) complexes.>*¢"*344 The small but detectable
deviation from axial symmetry (g, - g3 = 0.02) is in agreement with the crystallographic data
(vide infra). Overall, the spectrum is consistent with trigonal-bipyramidal geometry for o
configurations'® with elongated axial ligands due to Jahn-Teller distortion (9y(91) > 90 (92,
0s) = 2.04).%5 The poor resolution is caused by inhomogeneous broadening due to hyperfine
interaction with the nitrogen atoms in the first ligand sphere. The individual hyperfine tensors
are most likely magnetically inequivalent with respect to the g-tensor axes because of

Symmetry reasons.

Intensity

2500 2700 2900 3100 3300 3500 3700
B [G]

Figure 8. Experimentally determined (bottom, [0 ) and simulated (top, ) EPR spectra (X-
band) of complex [(TMGstren)Cu'(NCMe)](ClIO,), (4) in frozen solution of acetonitrile
(120 K), microwave frequency = 9.2608 GHz (A, = 98; A, = 32; As = 58 x 10™%cm™).



Chapter 3.1 TMGgstren Complexes of Copper

Molecular Structures. The crystal structures of complexes 3-6 were established by X-ray
crystallography. Single crystals were grown by dlow diffusion of ether into saturated
acetonitrile solutions. The results are displayed in Figure 9-12, selected bonding distances and
angles are collected in Table 1, and parameters of the data collection and refinement are
shown in Table 4. All complexes possess a nearly trigonal molecular geometry with the
tertiary amine nitrogen atom located in the apical and three guanidine nitrogens in the
equatorial positions. 5 has crystallographically imposed C; symmetry. The copper(ll)
complexes 3 and 4 have a trigonal-bipyramidal core with a chloro ligand for monocationic 3
or an acetonitrile ligand for dicationic 4 occupying the axial position trans to the tert-amine
functionality. This is the expected coordination geometry also known from Cu(ll)-tren
complexes even with rather weakly coordinating anions such as triflate®™ or perchlorate® In
the copper(l) complexes 5 and 6, however, the axial position trans to the amine functionality
remains unoccupied regardless of the coordinative ability of an anion such as chloride or
acetonitrile as solvent. In contrast, Karlin's 18 valence eectron [(tmpa)Cu(NCMe)]" complex
coordinates an additional axial nitrile ligand.” As a consequence, the axial amine ligand is
released into a weaker bonding interaction (Table 2). Tetracoordination was also observed for
[L*Cu]*[BPhs] "2 a Schiff base derivative of tren, if noncoordinating anions and

noncoordinating solvent such as acetone were applied.

Figure 9. An ORTEP view of [(TMGstren)Cu"Cl]Cl (3). Therma ellipsoids are at 30%

probability level; second peripheral chloride anion and hydrogen atoms omitted for clarity.

10
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Figure 10. An ORTEP view of [(TMGstren)Cu'(NCMe)](ClO.) (4). Thermal ellipsoids are
at 30% probability level; second peripheral perchlorate anion and hydrogen atoms omitted for

clarity.

Figure 11. An ORTEP view of [(TMGstren)CU']Cl (5). Therma dlipsoids are at 30%

probability level; hydrogen atoms omitted for clarity.
11
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Figure 12. An ORTEP view of [(DMPGstren)Cu']CIO, (6). Therma dlipsoids are at 30%
probability level; hydrogen atoms omitted for clarity.

Table 1. Selected Bond Lengths [pm] and Bond Angles [deg] for Complexes 3 - 6,
Crystallographic Standard Deviations in Parentheses.®

[(D)cu'Cl]cl  [(1)Cu'(NCMe)]  [(1)Cu']Cl [(2)Cu1ClO,
) (ClO4)2 (4) (5 (6)
Cu(1)-N(2) 210.4(3) 205.4(4) 205.2(2) 205.1(3)
Cu(1)-N(5) 209.1(3) 205.7(4) 205.2(2) 203.6(3)
Cu(1)-N(8) 210.9(3) 208.2(4) 205.2(2) 205.1(3)
Cu(1)-N(1) 211.1(3) 207.8(5) 219.0(3) 217.4(3)
Cu(1)-La 228.5(1) 200.2(5) - -
0 C-Negg 131.4+0.3 130.8+0.7 129.4+0.0 130.3+0.5
0 C-NR;, 136.4+0.5 136.3+0.8 137.6+0.6 137.8+1.6
N(1)-Cu(1)-N(11) 178.40(9) 177.62(17) - -
[ Neq-Cu-Negq 118.1+2.6 118.6+1.4 119.0+0.0 119.2+1.6
0 Nac-Cu-Negg 81.9+0.3 83.2+0.4 84.3+0.0 84.8+0.1
0 2° CNs 360.0+0.0 360.0+0.0 360.0+0.0 359.8+0.0
0 2° Neg 358.5+0.4 359.8+0.1 357.5+0.0 357.8+0.3
0 =° NR; 358.6+0.5 359.8+0.3 356.6+1.5 352.4+5.9

& Calculated average values are denoted with standard deviation ().

12
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The copper atom is dlightly axially distorted, being localized below the equatoria plane
defined by the guanidine nitrogen atoms. Consequently, the Na-Cu-Ng angles are smaller
than 90°. In complexes involving longer arm lengths of the tripod,’**'%*3 copper can also be
localized above the plane of the three equatorial nitrogen atoms, consequently the average
Na-Cu-Ng angles are larger than 90°. As a measure for the degree of trigonality, the
structural index parameter 7= (8- )/60° %’ was established by Addison and Reedijk.*® Table
2 compares the distortions from trigonality of our complexes with counterparts from literature
of the tren family. The comparison reveals that our guanidine tripods 1 and 2 induce larger
axial displacement of the copper atom from the equatorial plane than the purely amine based
tren ligands Hetren (L*) and Megtren (L), although not as large as pyridine based tmpa (L°).

Shorter Cu-N bonds and an increase in the contraction of the TMGgtren ligand is observed for
dicationic 4 when compared to monocationic 3. This trend can be assigned to the higher
effective charge at the metal center.”® The axial distortion of Cu from the equatorial plane is
dependent on ionic radii, electronic configuration, and the coordination number of the metal
ions: it is larger for pentacoordinate d° Cu(l1) (ionic radius 79 pm)™ than for tetracoordinate
d® cu(l) (74 pm).*® Interestingly, d® Cu(ll) ions show shorter bonds to the equatorial
guanidine nitrogen atoms than to the axial amine nitrogen atom. The opposite trend - longer
equatorial than axial Cu-N distances - has been found for other Cu(ll) complexes of the tren
ligand family with Hetren, Megtren and even tmpa with sp> N-donor atoms (Table 2, first and
second sections). Surprisingly, differences between long axial amine and short equatorial
guanidine bonding distances become even more evident for diamagnetic tetracoordinate
d™ Cu(l) complexes (Table 2, third section), and they are most prominent for isoelectronic
pentacoordinate d*® Zn(I1) ions (ionic radius 82 pm)™® (Zn-Na 226.9(2) and Zn-Ne, 204.0 +
0.8 pm).% With respect to the general trend of shorter M-N bonds, guanidine-based tren
ligands have stronger metal ligand interactions than their amine or pyridine-based
counterparts (L*, L2 L3 Table 2). Their excellent donor quality can be attributed in part to
their superbasic character 6 orders of magnitude higher than that of tert-amines and to their
smaller steric hindrance at the sp® donor atom compared to neutral amine tripods. In their
donor quality, in their hydrolytic lability of the M-N bond, in their bite indicated by the axial
Cu displacement, and in their ability to stabilize some coordination compounds with unusual

trigonal-monopyramidal geometry, our neutral guanidine ligands should in fact be placed

13
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between the prominent ligand classes Hgtren, Mestren, and tmpa introduced by Karlin et
al.”*P< and the tripodal secondary tren-amido(3-) ligands introduced by Schrock et al.>*

Table 2. Structural Features of Complexes 3-6 and Literature Counterparts.

complex axia distortion® d(M-Ng)® d(M-Nz) d(M-Lg) r
[pm] [pm] [pm] [pm]

(3) [(1)cu'Cl]? 29.5 210.1+0.8 211.1(3) 2285(1) 0.96
(A) [L2cu'cI+ e 20.8 218.6+0.0 204.0(6)  223.4(2) 1.01
(A" [L3cu"Clyt 72 31.8 206.5+05 205.0(6) 223.3(2) 1.00
(4) [(1)Cu"(NCMe)]** 24.5 206.4+1.3 207.8(5)  200.2(5) 0.95
(B) [L'*Cu'(NCMe)]?* * 16.2 207.0£0.0  198(1) 200(2) 101
(B") [L’Cu"(NCMe)]?* * 16.3 2142+1.1 200.4(6)  196.5(7) 0.97
(5) [(HCuT” 205 205.2¢00 219.0(3) i i
(6) [(2)Cu* 18.6 204.6+0.7  217.4(3) - -
(C) [L2Cu'(ClO)]* & 19.1(8) 212.2+0.0  220.0(7) 353(1) -
(C") [L3Cu' (NCMe) ™ 56.8 211.0+15 243.9(8)  199.9(9) 0.99
(C) [L*cu™ 20.8(1) 201.0+0.7 223.2(2) - -

2 Distance of M to equatorial plane defined by the three equatorial nitrogen atoms. ® Average bond
distance of three equatorial nitrogen atoms to metal center. © 7 = 1 for ideal trigonal bipyramidal
geometry, respectively 7= 0 for ideal square pyramidal structure. Standard deviations in parentheses.
L= Hgtren, L? = Mestren, L3= tmpa, L*= Sitren, Schiff base N(CH,CH,N=CH-Ph)s.

Besides electronic effects, the steric congestion in the periphery of our multidentate
guanidinesis an important feature of all structures. Table 1 reveals average values for the sum
of angles very close to 360° at the three coordinating guanidine nitrogen atoms >° Ng, at all
the other 3 x 2 guanidine nitrogen atoms Z° NR;, and finally at the central guanidine carbon
atom %° CN3. These planar building blocks are, however, twisted by approximately 40° into a
propeller-like conformation in order to reduce steric repulsions. As a consequence, the methyl
groups of the NMe, substituents are staggered (Figure 13) and the torsion angles Cu-N-C-N
and N-C-N-C are in the range 20-45°, predominantly 35-45° out of plane (Figure 13). Similar
dihedral angles out of ideal 7rconjugation have been found for the ground state of the
hexamethylguanidinium cation® and in complexes of 1 with Mn**, Fe**, and Zn*" ions.®
Thereis atrend that lone pairs at peripheral nitrogen atoms in the more rigid cyclic guanidine

14
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system DMPGgtren (2) are forced into better conjugation: the average dihedral angles
(average value of al dihedral angles 0 Z° N=C-N-C for syn-coplanar orientation: 34.1° +
12.3 (complex 5) vs. 25.4° £ 19.1 (complex 6)) deviate less from the ideal coplanar
conformation with the CN3 guanidine unit, though these values are hampered by large
deviations of the individual values. It is assumed that by better conjugation, delocalization of
the positive charge is improved, and differences in the three guanidine CN3 bond lengths are
diminished, as is indicated by an increasing p factor (vide infra). Thus, ligand 2 should
provide enhanced basicity compared to 1. The equatorial and axial Cu-N bond distances of 2
are in fact smaller compared to 1; however, they are not significantly smaller as the donor

character includes both steric (rigidity) and electronic (basicity) effects.

Figure 13. An ORTEP view of [(TMGstren)Cu']Cl (5) with crystallographically imposed Cs-
symmetry, projection along the Cz axis. Thermal elipsoids are a 30% probability level;
hydrogen atoms omitted for clarity.
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Structural parameter p. o is defined as quotient of the shortest of the three C-N bonding
distances of a guanidine functionality (typicaly the one coordinated by the weakest
electrophile E, a Figure 14) and the average distance of the other two C-N bonds (b, ¢ Figure
14): p=2a/ (b + ¢). In the free guanidine (no E, first section Table 3), the quotient assumes a
value of p = 0.92 which can be observed in structures with dangling guanidine arms, such as
in [Mo(k?>TMGgtren)(CO)3].% If the delocalization of positive charge within the guanidine
moiety becomes near ideal (bond lengths [0 C=N vs. [1 C-NR; become equa) p = 1 (last
section in Table 3). For our guanidine complexes (E = M™, Table 3) of the tren type, the
average C=N bonds are shorter by the factor p = 0.94 - 0.96 (94 - 96 %) than those to the
peripheric NR; groups ([0 C-NRy). It is noteworthy that even the difference between different
electrophiles Cu(l) and Cu(ll) (0.94 vs. 0.96) as well as ligands of different donor strength (1
and 2, 0.94 vs. 0.95) can be recognized by reviewing o.

Table 3. Average C=N vs. C-NR; Distances [pm] and Quotient g; Standard Deviations (z).2

complex 0 C=N (a) [0 C-NR; (b,c) P

[(1)Mo(CO)4]>* 127.6+0.0 138.7+0.9 0.920
[(3)zn"Cl;]>% 127.9+0.0 139.5:0.4 0.917
[(1)cu"ClICl () 131.4+0.3 136.4+0.5 0.964
[(1)Cu"(NCMe)](ClO4), (4) 130.8+0.7 136.3+0.8 0.960
[(HCu]CI (5) 129.4+0.0 137.6£0.6 0.940
[(2)CU]CIOx (6) 130.305 137.8+1.6 0.945
[()Mn'Cl]Cl 23 131.5+0.4 136.4+0.7 0.964
[()MN"(NCM@)](CIO4), # 131.1+0.5 136.1+0.2 0.963
[()Fe'(NCMe)](CIO), * 131.1+1.1 136.0£0.7 0.964
[(1)Zn"(NCMe)](CIO,), 131.8:0.6 136.1+0.5 0.963
[(4)HZ]Cl, 4 133.6:0.0 134.00.2 0.997
[(5)][Fe(CO)sC(O)NMey] &% 132.9+0.0 133.7+0.7 0.994%

3 Structural parameter p= [0 C=N/ [0 C-NR,. ® Complex contains afree guanidine group in form of a
noncoordinated , dangling* arm of atripodal ligand. ¢ Ligand (3) = 1,1,1-Tris{N*-(1,1,3,3-tetramethy!-
guanidino)methyl]ethane. ® Ligand (4) = 1,2-Di[N*(1,1,3,3-tetramethylguanidinium)]ethane
dichloride tetrahydrate (TMG,en x 2 HC). ¢ Ligand (5) = [C(NMe&,)4]".
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RI
/
@
\\\ a
C——NR,
/b
R,N
E = Mn+, H+, R+

Figure 14. C-N bonds a, b and c for the determination of quotient p.

Conclusion
A novel tripod ligand with three superbasic pentaalkyl guanidine donor functions and a
constraint geometry to stabilize cationic metal ions in atrigonal-bipyramidal coordination has
been introduced. Peralkyl oligoguanidines such as 1 and 2 are in fact a new class of N-donor
ligands within the large family of multidentate N-donors that typicaly contain multidentate
amines, imines (Schiff bases), and azaaromatic building blocks. Due to its ability to
delocalize positive charge into the three guanidinium moieties, TM Ggstren (1) and DMPGgtren
(2) stabilize cationic and dicationic complexes. With the parameter o a vaue is introduced
which allows estimation of the donor ability and charge delocalization in guanidines. Our
current interest is focused on the activation of small molecules such as dioxygen and their

transformations in the molecular pocket imposed by the guanidine ligand regime.
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Experimental Section

Materials and Methods. All experiments were carried out in hot assembled and under
vacuum cooled glassware under an inert atmosphere of argon (99.998%) dried with P4O9
granulate. Solvents and triethylamine were purified according to literature procedures and
aso kept under inert atmosphere. Tris(2-aminoethyl)amine (Fluka) and N,N'-
dimethylpropyleneurea (DMPU) (Aldrich) were used as purchased. Copper(ll) perchlorate
was dehydrated by the ortho ester method,*® CuCl, was dehydrated by treatment with
SOCl,,>® [Cu(CH3CN)4]ClO4 was synthesized™® and CuCl purified® according to literature
methods. Substances sensitive to moisture and air were kept in a nitrogen-flushed glovebox
(Braun, Type MB 150 BG-I).

Spectra were recorded on the following spectrometers. NMR, Bruker ARX 200; IR, Bruker
IFS 88 FT; MS(EIl, 70 eV), Varian MAT CH-7a; MS(APCI), Hewlett-Packard HP 5989 B;
elemental analysis, Heraeus CHN-Rapid; melting points, Blchi MP B-540 (uncorrected); X-
ray, ENRAF-Nonius CAD4 and Stoe IPDS; ESR, Bruker ESP 300 E (X-Band); magnetic

moment: Evans method.*®

Caution! Phosgene is a severe toxic agent that can cause pulmonary embolism and in case of
heavy exposure may be lethal. Use only at a well-ventilated fume hood. Perchlorate salts are

potentially explosive and should be handled with care.

The preparation of N,N,N",N’-tetramethylformamidinium chloride and 1,1,1-tris{2-[N*
(1,1,3,3-tetramethylguanidino)]ethyl} amine (1) is described elsewhere.

N,N’-Dimethylpr opylenechlorformamidinium Chloride (2a):%®

Analogous to a literature method® phosgene was passed through a solution of N,N'-
dimethylpropyleneurea (DMPU) (103.8 g, 97 mL, 810 mmol) in toluene (300 mL) kept at
0°Cin aflask equipped with areflux condenser cryostated to -30 °C for 2 h. After that time
the phosgene inlet was cut off and the solution was allowed to warm to room temperature
stirring for 24 h; after that period the formed suspension was warmed to 35 °C for 3 h, still
maintaining the reflux condensor at -30 °C. The light yellow precipitate was filtered off,
washed three times with dry ether, and dried in vacuo. Yield: 93% (138 g, 754 mmol).
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'H NMR (200.1 MHz, CDsCN, 25 °C): = 3.65 (t, 3Juy = 5.9 Hz, 4 H, N-CH,), 3.29 (s, 6 H,
CHs), 2.07 (quint, *Ju = 5.8 Hz, 2 H, ring-CH-) ppm; *C NMR (50.3 MHz, CDsCN, 25
°C): 0=152.8 (CN3), 50.7 (CH3), 42.7 (N-CH,), 19.0 (-CH>-) ppm; elemental analysis: calcd
(%) for CsH12N,Cl (183.1): C 39.36, H 6.61, N 15.30; found C 39.31, H 6.53, N 14.96.

1,1,1-Tris{2-[N?(1,3-dimethylpr opyleneguanidino)]ethyl}amine (DM PGstren = 2):

To asolution of tris(2-aminoethyl)amine (4.39 g, 4.5 mL, 30 mmol) and triethylamine (9.1 g,
12.5 mL, 90 mmol) in 75 mL acetonitrile 16.5 g (90 mmol) of [{ NMe(CH2)sNMe} C-CI|Cl
(B) dissolved in 75 mL of the same solvent was slowly added under cooling in an ice bath.
After the exothermic reaction took place, the mixture was refluxed for 3 h. Afterward 3.6 g
(90 mmol) of NaOH in 20 mL of water was added under vigorous stirring in order to
deprotonate the HNEt3Cl. After removal of the solvent as well as excess NEt; the precipitate
was washed three times with dry ether to remove unreacted amine and dried in vacuo.
DMPGgtren (2) was obtained by complete deprotonation of the tris(hydrochloride) with 50
mL of 50% KOH and extraction of the agueous phase with MeCN (3 x 50 mL). The
combined filtrates were evaporated to dryness and taken up in a mixture of 50 mL of Et,O
and 10 mL of MeCN. The solution was dried over Na,SO,, stirred with activated charcoal to
eliminate impurities and filtered warm through Celite. After drying in vacuo, DM PGgtren was
obtained as a beige solid in 90% yield (12.9 g, 27.1 mmol).

mp 73 °C; 'H NMR (200.1 MHz, CDsCN, 25 °C): & = 3.19-3.15 (m, 6 H, N-CH,), 3.03 (t,
*Jun = 6.4 Hz, 12 H, ring-N-CHy), 2.68 (s, 18 H, CHj3), 2.58-2.52 (m, 6 H, =N-CH,), 1.83
(quint, *Jun = 6.3 Hz, 6 H, ring-CH.) ppm; *C NMR (50.3 MHz, CDsCN, 25 °C): = 156.9
(CN3), 59.1 (N-CHy), 48.5 (ring-N-CH,), 47.8 (=N-CH,), 38.2 (CHs), 20.3 (ring-CHy-) ppm;
IR (KBr): v = 3410 m(br), 2940 s, 1595 s, 1438 s, 1320 m, 1234 m, 1161 m, 1109 m, 1041
m, 1013 m, 875 w, 738 w cm ; MS (El, 70 eV): m/z (%) = 477 (9) [(2)]*, 336 (24) [(2)-
C7H14N3]", 140 (100) [C;HwN3]"; elemental analysis: calcd (%) for CosHagN1g (476.7): C
60.47, H 10.15, N 29.38; found C 60.35, H 10.15, N 28.76.

General Procedurefor the Synthesis of the Copper Complexes:
Equimolar amounts of dehydrated metal salt and ligand were each dissolved in 5 mL of dry
MeCN under argon. The solutions were combined and stirred for 30 min at 40-50 °C, filtered

through Celite, and reduced in volume to approximately 2 mL. The complex was then
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precipitated by the addition of 10 mL of dry ether, washed with absolute ether, and dried in
vacuo. Single crystals suitable for X-ray analysis can be grown by slow diffusion of ether into

the acetonitrile solution.

Chloro{1,1,1-tris[N*(1,1,3,3-tetr amethylguanidino)ethyl]amine}copper (I1) Chloride
(3).

General procedure with dehydrated CuCl, (134 mg, 1.0 mmol), 450 mg (1.05 mmol) of 1.
Yield: 553 mg (0.96 mmol), 96% yellow-green crystals.

mp 175 °C (dec); IR (KBr): 7 = 3415 m(br), 2883 m, 1578 s, 1556 s, 1534 s, 1479 m, 1463
m, 1424 m, 1392 s, 1344 m, 1329 m, 1232 m, 1163 m, 1148 m, 1078 m, 1066 m, 1037 m,
1007 m, 940 m, 902 m, 763 m cm™’; MS (APCI, MeCN): m/z = 537 [M-Cl]*, 503 [(1)Cu]*,
441 [(D]"; Mer (Evans method, 5% [De]-benzene in CDsCN, 25 °C): pg/mol = 1.9 + 0.1;
elemental analysis: calcd (%) for Cy1HagN1oCloCu (575.1): C 43.86, H 8.41, N 24.35; found C
43.61, H 9.10, N 23.13.

Acetonitrile(1,1,1-tris{2-[N-(1,1,3,3-tetr amethylguanidino)]ethyl}amine)copper (1)
Diperchlorate (4).

General procedure with dehydrated Cu(ClQg), (262 mg, 1.0 mmoal), 450 mg (1.05 mmol) of 1.
Yield: 707 mg (0.95 mmol), 95% emerald crystals.

IR (KBr): v =3439 w(br), 2890 m, 1579 s, 1559's, 1534 s, 1461 m, 1426 m, 1395 s, 1347 w,
1332 w, 1256 w, 1163 m, 1094 s, 902 m, 765 m, 623 scm™*; MS (APCI, MeCN): m/z = 642
[M-CIQg4]", 502 [(1)Cu]*, 441 [(1)]"; uer (Evans method, 5% [De]-benzene in CD3CN, 25
°C): us/mol = 1.8 = 0.1; elemental anaysis. calcd (%) for CyHasN10OsCl,Cu x CH3CN
(744.2): C 37.12,H 6.91, N 20.70; found C 37.10, H 6.46, N 20.50.

{1,1,1-tris-[N%(1,1,3,3-tetramethylguanidino)ethyl]amine}copper (1) Chloride (5).
General procedure with CuCl (99 mg, 1.0 mmol), 450 mg (1.05 mmol) of 1. Yield: 490 mg
(0.91 mmoal), 91% pale green crystals.

mp 98 °C (dec); *H NMR (200.1 MHz, CD5CN, 25 °C): & = 3.18 (t, 3Jun = 5.2 Hz, 6 H, N-
CH,), 2.68 (s, 18 H, CHa3), 2.62 (s, 18 H, CH3), 2.56 (t, 3Ju = 5.2 Hz, 6 H, =N-CH,) ppm;
13C NMR (50.3 MHz, CD5CN, 25 °C): & = 161.8 (CN3), 52.5 (=N-CH,), 48.8 (N-CH,), 39.1
(CH3), 39.0 (CHa3) ppm; IR (KBr): v = 3432 w(br), 2878 m, 1580 s, 1568 s, 1517 s, 1462 m,

1427 s, 1388 s, 1348 m, 1327 m, 1279 m, 1246 m, 1229 m, 1157 m, 1144 m, 1070 m, 1045
20
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m, 1018 m, 999 m, 900 m, 880 m, 757 m cm™; MS (APCI, MeCN): m/z = 540 [M]", 502
[(DCu]", 441 [(D)]"; elemental analysis: calcd (%) for CxHagN1oCICu (539.7): C 46.74, H
8.96, N 25.95; found C 46.43, H 9.06, N 25.13.

{1,1,1-Tris[N%(1,3-dimethyl pr opyleneguanidino)ethyl]amine}copper (1) Per chlor ate (6).
General procedure with [Cu(CH3CN),4]ClO,4 (327 mg, 1.0 mmol), 490 mg (1.05 mmol) of 2.
Yield: 555 mg (0.87 mmoal), 87% colorless crystals.

'H NMR (200.1 MHz, CDsCN, 25 °C): & = 3.21 (t, *Ju = 5.2 Hz, 6 H, N-CH,), 3.05 (t, Ju
= 6.4 Hz, 12 H, ring-N-CH,), 2.75 (s, 18 H, CHg), 2.58 (t, 3Ju = 5.2 Hz, 6 H, =N-CH,), 1.85
(quint, *Jun = 6.4 Hz, 6 H, ring-CH.) ppm; **C NMR (50.3 MHz, CDsCN, 25 °C): & = 159.3
(CN3), 53.1 (N-CHy), 48.6 (=N-CH,), 47.8 (ring-N-CH,), 38.5 (CHs), 21.1 (ring-CHy-) ppm;
IR (KBr): 7= 3436 w(br), 2948 m, 2882 m, 1602 s, 1577 s, 1507 s, 1438 m, 1422 m, 1365
m, 1341 m, 1322 m, 1276 m, 1243 m, 1167 m, 1096 s(br), 1041 m, 744 m, 715 m, 622 m cm’
1 'MS (APCI, MeCN): m/z = 639 [M]", 540 [(2)Cu]*, 477 [(2)]"; elemental analysis: calcd
(%) for CouHagN10O4CICu (639.7): C 45.06, H 7.56, N 21.90; found C 45.36, H 7.94, N
21.78.

{1,1,1-Tris-[N?(1,1,3,3-tetramethylguanidino)ethylJamine}copper (1) Per chlor ate (7).
General procedure with [Cu(CH3CN),4]ClO,4 (327 mg, 1.0 mmol), 450 mg (1.05 mmol) of 1.
Yield: 535 mg (0.89 mmoal), 89% colorless crystals.

'H NMR (200.1 MHz, CDsCN, 25 °C): 8 = 3.19 (t, *Jun = 5.4 Hz, 6 H, N-CH,), 2.70 (s, 18
H, CHs), 2.64 (s, 18 H, CHs), 2.58 (t, 3Juy = 5.2 Hz, 6 H, =N-CH,) ppm; *C NMR (50.3
MHz, CDsCN, 25 °C): 6 = 161.8 (CN3), 52.5 (=N-CHy), 48.8 (N-CH,), 39.1 (CH3), 39.0
(CH3) ppm; IR (KBr): v'= 3437 w(br), 2876 m, 1588 s, 1570 s, 1518 m, 1456 m, 1428 m,
1389 s, 1343 w, 1326 w, 1248 w, 1229 w, 1158 m, 1142 m, 1092 s, 883 w, 757 w, 621 w cm’
1 MS (APCI, MeCN): m/z = 602 [M]", 502 [(1)Cu], 441 [(1)]*; dlemental analysis: calcd
(%) for CyHagN1004CICu (603.7): C 41.78, H 8.01, N 23.20; found C 42.48, H 7.60, N
22.80.
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TMGgstren Complexes of Copper

Table 4. Crystal Data and Structure Refinement for 3 and 4.

complex [(TMGgtren)Cu''CIICl  [(TMGatren)Cu"(NCMe)](ClOy).
3 (4)

empirical formula Co1H4gN1oCl>Cu Co3H51N1105Cl>Cu

formulaweight [g mol™] 575.1 744.2

temperature [K] 203(2) 193(2)

crystal system triclinic monoclinic

space group P1 P2, /c

a[pm] 1310.4(1) 1137.2(2)

b [pm] 1310.7(1) 1491.2(1)

c[pm] 2921.0(2) 1154.5(3)

o [deg] 89.985(8) 90

B [deg] 89.599(11) 94.194(19)

y [deg] 60.428(7) 90

volume [A3] 4363.2(6) 1819.5(7)

Z 2 4

p [mg m™] 1.321 1.422

o [mmY 0.935 0.841

F(000) 1860 1572

crystal size [mm?] 0.70x 0.70x 0.20 1.20x 0.30x 0.15

diffractometer Stoe IPDS Enraf Nonius CAD4

scan technique w-scan w-scan

@range for data collection [deg] 1.91...25.95 2.40...24.97

index ranges -16<h<16, -19<h<19,
-16<k<16, -15<k<0,
-35<1<35 0<I<19

reflections collected 50906 6641

independent refl. 15843 6091

Rint 0.0570 0.0298

observed reflections [F = 40(F)] 9893 5019

data/restraints/parameters 15843/0/965 6091/0/418

goodness of fit on F? 0.805 1.198

R1 [Fo= 40(F)]®@ 0.0434 0.0618

WR; (all data) 1@ 0.1198 0.2073

transmission (max./min.) 0.8351/ 0.5607 0.8842/0.4319

largest diff. Peak and hole [eA ] 1.056/ -1.692 0.626/-1.349

[a] Ru==|1 Fol-| Fel /2] Fol; WR, = { S[W(Fo* FA)?/Z[W(Fod)?} Y2
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Table 5. Crystal Data and Structure Refinement for 5 and 6.

Complex [(TMGgtren)Cu']Cl [(DMPGstren)Cu']CIO,

©) (6)

empirical formula Co1HagN1oCICu x O Co4H4gN1gO4CICu

formulaweight [g mol™] 539.7 x 16.0 639.7

temperature [K] 203(2) 193(2)

crystal system hexagonal monoclinic

Space group R3 P2, /n

a[pm] 1181.3(2) 1512.2(2)

b [pm] 1181.3(2) 1179.0(1)

c[pm] 3505.6(2) 1742.3(2)

o [deg] 90 90

B [deg] 90 104.458(12)

y [deg] 120 90

volume[A3 4236.6(11) 3007.9(6)

z 3 4

p [mg m™] 1.307 1.413

i [mmY 0.900 0.863

F(000) 1787 1360

crystal size [mm?] 0.72x 0.51 x 0.06 0.54x0.45x 0.15

diffractometer Enraf Nonius CAD4 Enraf Nonius CAD4

scan technique w-scan w-scan

Grange for data collection [deg] 2.31...25.00 2.22...24.96

index ranges -12<h<0, 0<h<17,
-12<k<0, O<k<13,
-41<I<41 -20<1<20

reflections collected 1916 5477

independent refl. 1649 5265

Rint 0.0491 0.0303

observed reflections [F = 40(F)] 1544 4368

datalrestraints/parameters 1649/0/167 5265/0/361

goodness of fit on F? 1.055 1.052

R1 [Fo= 40(F)]®@ 0.0432 0.0518

WR; (all data) 1@ 0.1206 0.1489

transmission (max./min.) 0.9480/ 0.5633 0.8814/ 0.6529

largest diff. Peak and hole [eA ] 0.894/-0.788 1.217/-0.548

[a] Ru==|1 Fol-| Fel I7Z] Fol; WRy = { S[W(Fo* FA)?/Z[W(Fo)?} Y2
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X-ray Structure Analysis. Crystal data and experimental conditions are listed in Table 4.
and 5. The molecular structures are illustrated as ORTEP™ plots in Figure 9-13. Selected
bond lengths and angles with standard deviations in parentheses are presented in Table 1.
Intensity data were collected with graphite monochromated Mo K, radiation (A = 71.073 pm).
The collected reflections were corrected for Lorentz and polarization effects. Structures 4, 5
and 6 were solved by direct methods and refined by full-matrix |east-squares methods on F?
while 3 was solved with SIR92.%° Hydrogen atoms were calculated and isotropically refined.®*
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— Chapter 3.2 —
The Reactivity of (TMGstren)Cu Complexes

The reactivity of the copper precursor complexes introduced in Chapter 3 has been studied in

the reaction with various oxene and nitrene sources.

3.2.1 Reaction with O,"

[(TMGgstren)Cu]ClO4 was exposed to dioxygen at -78 °C in either acetone or propionitrile
solution (Scheme 1). An immediate change of color could be observed, turning from light
yellow to emerald green, and vanishing upon warming to room temperature with recovery of
a greenish yellow color. This behaviour could be reversibly observed severa times before the

complex decomposed.

Scheme 1. Reversible reaction of [(TM Gstren)Cu]ClO4 with dioxygen in acetone at -78 °C to

amononuclear end-on superoxo complex.

Copper oxo complexes are usually only stable at temperatures below ca. -30 °C with very few
exceptions.!?¥ This circumstance makes it difficult to detect these species with conventional
spectroscopic methods. Low temperature stopped-flow UV/Vis and resonance raman
spectroscopy proved to be the method of choice to gain evidence about the formation of
copper oxo complexes.” Indeed, when subjected to a stopped-flow apparatus which allows
recording of UV/Vis spectra on a millisecond time scale, the reversible development of
absorptions at wavelengths of 440 and 680 nm become visible, either in acetone or
propionitrile solution (Figure 1 and Figure 2). Both bands indicate the formation of a Cu(ll)
superoxo complex.l” The band at 440 nm is assigned to the strong L — M charge transfer of

the superoxo ligand.
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Figure 1. Low temperature (-70 °C) UV/Vis spectrum of [(TM Ggstren)Cu]ClO4 ([complex] =

5 mM) after reaction with O, in acetone.

Our concept of providing superbasic donor ligands that should be able to stabilize transition
metals in unusually high oxidation states also proved to be effective. Where the bulk of
copper complexes with other N-donor ligands applied in the oxygenation reaction had
undergone reasonable decay at temperatures above -50 to -30 °C, our complex showed a
fairly stable congtitution, expressed by the conservation of the characteristic UV/Vis
absorption at 440 nm over a period of time at -30 °C.
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Figure 2. Formation of the superoxo complex at -90 °C, stopped-flow UV/Vis spectrumin
EtCN ([complex] =5 mM, t=0.33 s, 5 % O, saturation).
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Further proof for the formation of a superoxo copper complex was obtained by its resonance
raman spectrum (Figure 3). A comparative sweep at different temperatures (room
temperature: bottom, -70 °C: top) in acetone resulted in a reversible absorption at 1122 cm™
which is attributed to the v(O-O) vibration of a superoxo species.*® Additional evidence is
received by recording the spectra after reaction with *20, instead of *°0,, which resulted in a

shift of the absorption to 1060 cm™.
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Relative Intensity

10001 4

1100 1150 1200 1250 1300

Frequency / cm#*

Figure 3. Resonance raman spectra of [(TMGstren)Cu]ClO,4 (2.5 mM) after reaction with *°0

in acetone (top: -70 °C, bottom: room temperature).

From the structure of the copper precursor it is suggested that a mononuclear complex is
formed (Scheme 1). The methyl groups of the guanidine units provide a molecular pocket of
high steric demand (Figure 4) that efficiently prevents the superoxo complex to further
reduced by a second Cu(l) equivalent to yield a bis-p-peroxo complex.®® The crystal
structure of a supposed monomeric side-on superoxo copper(ll) complex with a
tris(pyrazolylborate) ligand was reported by Kitgjima et a., its dimerization was also
prevented by bulky groups in the ligand periphery./”! However, this complex turned out to be
a hydroperoxo species. Furthermore, it is assumed that only a superoxo complex with end-on
bonded dioxygen could be realized due to the steric demand provided by the ligand. Thisis
envisaged in a space filling illustration with view into the molecular pocket imposed by the
precursor complex (Figure 5). However, crystal growth experiments have to be continued in

order to avoid speculations.
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Figure 4. ORTEP plot of the molecular structure of [(TMGgatren)Cu]CIO,, view into the
molecular pocket imposed by the ligand; thermal ellipsoids are at 30 % probability level,

perchlorate anion and hydrogen atoms omitted for clarity.

Figure5. Spacefilling illustration!® of [(TM Ggtren)Cu]ClOa, view along the Cs axis Cu-Ngr.



Reactivity of (TMGstren)Cu Complexes Chapter 3.2

3.2.2 Reaction with CO, ethylene, and acetylene

All attempts to react the complex [(TMGstren)Cu]ClO,4 with CO or ethylene in acetone or
propionitrile solution at -78 °C failed (Scheme 2). Only the precursor could be isolated which
was evident from FD mass spectra, elemental analysis and IR spectra. No CO or ethylene
complex was formed as is known for other structurally characterized examples of copper

complexes.[62910)

\ clo, \ clo,
N N

a) CO P /
(F/N N: | (/N/ b) ethene (F/N —[)I: | (/N/

N----- Cu 7/‘ N---- Cu\x

/ acetone, /
Naw |y -78 °C NN

X=CO (A)
X = ethene:n? (B)

Scheme 2. Reaction of [(TMGstren)Cu] ClO4 with CO and ethene.

However, when acetylene was bubbled through a solution of [(TM Ggztren)Cu]CIO4 in acetone
at -78 °C, and was alowed to warm to room temperature, the development of a precipitate
with a change of color from bright yellow via orange to red, and finaly red-brown was
observed. Isolation of the precipitate gave a dark red-brown powder that detonated upon

scratching, the formation of a copper acetylide was most probable.
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3.2.3 Reaction with NaOOtBu, KOtBu, DABCO x 2 H,0,, and Phl=0

Attempts to react the complex [(TMGgstren)Cu]CIO, or its Cu(ll) analogue with NaOOtBuU,
KOtBu and DABCO x 2 H,0, in various solvents (THF, acetone, EtCN) at -78 °C resulted
only in re-isolation of the precursor, which was evident from FD mass spectra, elemental

analysis and IR spectra. No copper akoxide was formed (Scheme 3).1*!

CIO
\ NS
(\N/)‘/II\IQN/\ MeCN \E
-N"" N RT \
—\: /

N----- Cu a) NaOOtBu
/ b) KOtBu \ cio,
Nl ¢) DABCO x H,0, N
e T 7
— Z~N N—
N THF or (\N,Nfl(N/
acetone or V\ /
EtCN N----- Cu—_

X
RT
Ll

X =0O0tBu (A)
X=OtBu (B)
X=00H (C)

Scheme 3. Reaction of [(TMGstren)Cu] ClO4 with NaOOtBu, KOtBu and DABCO x 2 H,0,.

When Phl=0 was employed in the reaction as oxidizing reactant, layering of the acetonitrile
solution with dry Et,O resulted in part in the development of turquoise crystals. Analysis of
the crystals and separate analysis of the bulk green residue gave identical results. IR spectra
showed only the absorptions of the precursor complex. Elemental analysis matched aterminal
copper oxo complex [(TMGstren)Cu(O)]ClO, and are supported by a signal in the FD mass
spectrum at m/z = 518 [(TMGgstren)Cu(O)]. Endeavours to receive a crystal structure are set

out to confirm the formation of the postulated complex.
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3.2.4 Reaction with TM SN3, PhI=NTsand TsN3

Reactions with TMSN3, PhI=NTs and TsN3 as nitrene precursors for the isolation of a
possible copper nitrene intermediate were carried out (Scheme 4). In the case of TMSN3; and
PhI=NTSs, no reaction was observed and only the copper complex [(TM Ggztren)Cu] CIO4 could
be isolated.

Employing TsN3 resulted in a signal at the FD mass spectrum at m/z = 671, which can be
assigned to the copper nitrene complex [(TMGstren)Cu(NTs)]. However, IR spectra revealed
only the bands of the precursor complex, and elemental anaysis showed a best fit for
[(TMGstren)Cu(NTS)]ClO,. Certainly, no copper azide complex was formed.[*? Endeavours

to receive acrystal structure are set out to confirm the formation of the postulated complex.

clo,

\ /

N

-
(F/N\N:,(N/

N C“®\ nTS? ?

e

Tdo 4/
(\N l(/ % 7
N -78°C, RT
AN

N----- Cu
</ / a) TMSN, clo,
/ b) PhI=NTs
NT‘N\ \f)\ N s\
- <N N—
N acetone or N l(N/
EtCN V\ @/
-78 °C, RT N----- CuZ_\©
b
P
—N
\
X=NTMS (A)
X=NTs (B)

Scheme 4. Reaction of [(TMGgtren)Cu]CIO4 with TMSN3, PhI=NTs and TosNs.
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Experimental

Materials and methods:. (see parent chapter 5.1)

UV/Vis spectra were recorded on a HP 89090 A spectrometer, resonance raman spectra were
obtained from excitation with a titan-saphire laser at 785.0 nm with a Spex 1402
monochromator and an ISA CCD camera (2000 x 800 pixel) at 140 K.

Potassium-tert-butylate (KOtBu) was used as purchased from MERCK. Sodium-tert-
butylperoxide (NaOOtBu),[*¥ 1,4-diazabicyclo[2.2.2]octane (DABCO) x 2 H,0,,** and

iodosylbenzene (PhI=0)!*® were prepared according to literature methods.

Trimethylsilyl azide (TMSN3) was wused as purchased from Fluka. [N-(p-
toluenesulfony! )imino] phenyliodinane (PhI=NTs) 1*® was prepared by a published method and
recrystallized from methanol/water at 5°C, and p-toluenesulfonyl azide (TsN3)!*” was
prepared by aliterature method.

Caution! Perchlorate salts are potentially explosive and should be handled with care.

Dioxygen activation:

[CUu(CH3CN)4]CIO4 (327 mg, 1.0 mmol) and TMGgtren (1) (450 mg, 1.05 mmol) were
dissolved in dry acetone (5 mL) or EtCN (5 mL), respectively, at room temperature and the
solution was concentrated to a volume of ca. 2 mL. The solution was then cooled to -78 °C,
and the color turned emerald green, immediately after dioxygen was bubbled through. After 1
min. the oxygen inlet was cut off and the reaction solution was placed into a freezer at -83 °C

for crystalization.

Reaction with CO, ethylene and acetylene:
The procedure described above was followed. After the gas inlet was cut off the solution was
allowed to warm to room temperature. In the case of the copper acetylide, the supernatant was

decanted, the residue washed with dry acetone and diethyl ether, and dried in vacuo.
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Reaction with NaOOtBu, KOtBu and DABCO x 2 H,0, and Phl=0:

[CUu(CH3CN)4]ClIO, (327 mg, 1.0 mmol) and TMGgstren (1) (450 mg, 1.05 mmol) were
dissolved in dry THF (5 mL), MeCN (5 mL) or acetone (5 mL), respectively, at room
temperature. NaOOtBu (112 mg, 1.00 mmol), KOtBu (112 mg, 1.00 mmol), DABCO x 2
H20, (90 mg, 0.50 mmol) or Phi=0 (220 mg, 1.00 mmol), respectively, was added and stirred
at ca. 50 °C for 1 hour. All solutions turned green upon addition of the reactant and were
concentrated in volume to ca. 2 mL. The products were precipitated by the addition of dry
diethyl ether and the resulting residues were washed with the same solvent (3 x 10 mL) and
dried in vacuo.

Yield from the reaction with Phl=0: 460 mg.

IR (KBr): V= 3434 w(br), 2875 m, 1582 s, 1524 s, 1484 w, 1462 m, 1427 m, 1392 s, 1160 m,
1143 m, 1091 s, 763 w, 622 w cm'™’; MS (FD, MeCN): m/z = 518 [(1)Cu(O)]*, 503 [(1)Cu]*;
elemental analysis found (%) C 40.97, H 7.67, N 20.90, calcd. for CyiHasN10OsCICu
[(1)Cu(0)1CIO, (619.7) C 40.70, H 7.81, N 22.60, calcd. for CyHagN1gOCu [(1)Cu(O)]
(520.2): C 48.49, H 9.30, N 26.92.

Reaction with TM SN3, PhI=NTsand TsN3:

[Cu(CH3CN)4JCIO4 (327 mg, 1.0 mmol) and TMGgtren (1) (450 mg, 1.05 mmol) were
dissolved in dry THF (5 mL), or EXCN (5 mL) or acetone (5 mL), respectively, a room
temperature. Then, the solution was cooled to -78 °C and TMSN3 (115 mg, 1.00 mmal),
PhI=NTs (373 mg, 1.00 mmoal), or TsN3 (197 mg, 1.00 mmol) was added and the reaction
mixture was alowed to warm to room temperature. All solutions turned green upon addition
of the reactant and were concentrated in volume to ca. 2 mL. The solutions were precipitated
by the addition of dry diethyl ether and the resulting residues were washed with the same
solvent (3 x 10 mL) and dried in vacuo.

Yield from the reaction with TosN3: 510 mg.

IR (KBr): v = 3427 w(br), 2893 m, 1582 s, 1566 s, 1527 m, 1460 w, 1427 w, 1394 m, 1263
w, 1137 m, 1093 s, 622 w cm™*; MS (FD, MeCN): mVz = 671 [(1)Cu(NTs)]*, 503 [(1)Cu],
441 [(1)]"; elementa analysis found (%) C 43.74, H 7.06, N 1852, calcd. for
CogHssN11CICUO6S [(1)CU(NTS)]CIOs (772.9): C 4351, H 7.17, N 19.93, calcd. for
CosHssN1:CICUO,S [(1)Cu(NTS)] (673.4) C 49.94, H 8.23, N 22.88.



Chapter 3.2 Reactivity of (TMGgstren)Cu Complexes

[1]

[2]

[3]

[4]

[5]
[6]

[7]

[8]

[9]

10

References

Collaboration with S. Schindler, M. Schatz, Institute for Inorganic Chemistry, Friedrich-
Alexander-University, Erlangen-Nirnberg, 2000 / 2001.

a K. D. Karlin, J. C. Hayes, J. Zubieta in: Copper Coordination Chemistry:
Biochemical and Inorganic Perspectives, K. D. Karlin, J. Zubieta (Eds.), Adenine Press,
Guilderland, New York, 1983, pp. 457-472; b) K. D. Karlin, D.-H. Lee, S. Kaderli, A.
D. Zuberbuhler, J. Chem. Soc. Chem. Comm. 1997, 475-476.

a) K. D. Karlin, D.-H. Lee, S. Kaderli, A. D. Zuberbihler, J. Chem. Soc. Chem. Comm.
1997, 475-476; b) H. Borzel, P. Comba, C. Katsichtis, W. Kiefer, A. Lienke, V. Nagel,
H. Pritzkow, Chem. Eur. J. 1999, 5, 1716-1721.

a) J. E. Pate, R. W. Cruse, K. D. Karlin, E. I. Solomon, J. Am. Chem. Soc. 1987, 109,
2624-2630; b) K. D. Karlin, P. Gosh, R. W. Cruse, A. Farooq, Y. Gultneh, R. R.
Jacobson, N. J. Blackburn, R. W. Strange, J. Zubieta, J. Am. Chem. Soc. 1988, 110,
6769-6780; ¢) Badwin, M. J,; Root, D. E.; Pate, J. E.; Fujisawa, K.; Kitgima, N.;
Solomon, E. I. J. Am. Chem. Soc. 1992, 114, 10421-10431; d) Solomon, E. |.; Tuczek,
F.; Root, D. E.; Brown, C. A. Chem. Rev. 1994, 94, 827-856; €) K. D. Karlin, W. B.
Tolman, S. Kaderli, A. D. Zuberbihler, J. Mol. Catal. A: Chem. 1997, 117, 215-222; f)
S. Schindler, C. D. Hubbard, R. van Eldik, Chem. Soc. Rev. 1998, 27, 387-393.

S. Schindler, Eur. J. Inorg. Chem. 2000, 2311-2326.

a) N. Kitgima, K. Fujisawa, C. Fujimoto, Y. Moro-oka, S. Hashimoto, T. Kitagawa, K.
Toriumi, K. Tatsumi, A. Nakamura, J. Am. Chem. Soc. 1992, 114, 1277-1291; b) N.
Kitgima, Y. Moro-oka, Chem. Rev. 1994, 94, 737-757; ¢c) W. B. Tolman, Acc. Chem.
Res. 1997, 30, 227-237.

K. Fujisawa, M. Tanaka, Y. Moro-oka, N. Kitgima, J. Am. Chem. Soc. 1994, 116,
12079-12080.

M. N. Burnett, C. K. Johnson, ORTEP-III, Oak Ridge Thermal Ellipsoid Plot Program
for Crystal Sructure Illustrations, Oak Ridge National Laboratory Report ORNL-6895,
1996.

M. Pasquali, C. Floriani, G. Venturi, A. Gaetani-Manfredotti, A. Chiesi-Villa, J. Am.
Chem. Soc. 1982, 104, 4092-4099.



Reactivity of (TMGstren)Cu Complexes Chapter 3.2

[10] &) J. S. Thompson, R. L. Harlow, J. F. Whitney, J. Am. Chem. Soc. 1983, 105, 3522-
3527; b) P. J. Pérez, M. Brookhart, J. L. Templeton, Organometallics 1993, 12, 261-
262.

[11] Yamashita H. Ito, T. Ito, Inorg. Chem. 1983, 22, 2102-2104.

[12] C. J. Harding, F. E. Mabbs, E. J. L. Maclnnes, V. McKee, J. Nelson, J. Chem. Soc.
Dalton Trans. 1996, 3227-3230.

[13] M. Bold, Masters Thesis 1998, Philipps University Marburg, Germany.

[14] A.A.Osswald, D. L. Guertin, J. Org. Chem. 1963, 28, 651-657.

[15] H. Saltzmann, J. G. Sharefkin, Org. Synth. 1963, 43, 60-61.

[16] Y.Yamada T.Yamamoto, M. Okawara, Chem. Lett. 1975, 361-362.

[17] D. S. Bresow, M. F. Sloan, N. R. Newberg, W. B. Renfrow, J. Am. Chem. Soc. 1969,
91, 2273-2279.

11



Cu Complexes with HM Pl stren as Ligand Chapter 3.3

— Chapter 3.3 —
Cu Complexeswith HMPI stren as Ligand

Results and discussion

A ligand analogue based on iminophosphorane rather than peralkyl guanidine groups should
possess even more basic properties and a higher donor character (also see Chapter 5.2).
HMPIstren was synthesized and complex formation with Cu(l/11) salts was attempted. Copper
ligand complexes of a 1:1 ratio with Cu(l/1l) perchlorate salts could not be isolated. Copper
complexes of Cu(l) and Cu(ll) were obtained from the chloride salts with equimolar amounts
of HMPIstren ligand. Both resulted in red-brown amorphous substances. The formation of
the complexes was confirmed by ESI mass spectra reveaing the parent molecular ions.
However, correct elemental analysis could not be received. So far, single crystals could not be
obtained from MeCN, acetone or toluene and any solvent mixtures of the prementioned with
diethyl ether.

Cu'Cl CH,CN
HMPltren + —_—

Cu''Cl,

Cl

Figure 1. Complex formation of Cu(l/11)-chloride with HMPIstren.
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Experimental

Materials and methods:. (see parent chapter 5.1)

1,1,1-Tris{ 2-[N>-(dimethyl amino) phosphoranylideneamino] ethyl} amine  (HMPlstren) was
prepared according to a published method.™

Complex formation of HM Pl stren with copper (1) Chloride:

CuCl (99 mg, 1.00 mmol) and HMPIstren (L) (629 mg, 1.00 mmol) were dissolved in dry
MeCN (5 mL). The solution was concentrated to ca. 2 mL and layered with diethyl ether. A
deep red colored crystalline appearing solid was isolated which became a brown amorphous
material upon drying in vacuo. Yield: 390 mg.

H NMR (200.1 MHz, CDsCN, 25 °C): d = 3.25-3.00 (m, 6 H, CH,), 2.93-2.68 (m, 6 H,
CH,), 2.66 (d, *J4p = 9.2 Hz, 54 H, CH3) ppm; *C NMR (50.3 MHz, CDsCN, 25 °C): 0=
37.4 (CHs) ppm; IR (KBr): 7 = 3431 w(br), 2924 s, 2887 s, 2847 s, 1493 m, 1463 m, 1455
m, 1293 s, 1170 s, 1124 m, 1064 m, 981 vs, 853 w, 820 w, 749 m, 735 m cm™; MS (ES!,
MeCN): mvz (%) = 728 [LCuCl]", 692 [LCu]", 630 [L]*; elemental analysis found (%) C
29.24, H 8.02, N 17.30; (1:1 complex) calcd. CyqHegsN13CuClP; (728.8): C 39.55, H 9.13, N
24.98.

Complex formation of HM Pl stren with copper(11) Chloride:

CuCl; (134 mg, 1.00 mmol) and HMPIstren (L) (629 mg, 1.00 mmol) were dissolved in dry
MeCN (5 mL). The solution was concentrated to ca. 2 mL and layered with diethyl ether. A
deep red colored crystalline appearing solid was isolated which became a brown amorphous
material upon drying in vacuo. Yield: 450 mg.

IR (KBr): 7 = 3435 m(br), 2999 m, 2902 m, 1621 m(br), 1460 m, 1304 s, 1188 s, 1126 m,
1069 m, 996 s, 750 m cm'}; MS (ESI, MeCN): m/z (%) = 728 [LCuCl]*, 692 [LCu]*, 630
[L]"; elemental analysis found (%) C 37.11, H 9.09, N 22.29; (1:1 complex) calcd.
C24HesN13CUCl,P5 (764.3): C 37.72, H 8.70, N 23.83.
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— Chapter 4 —
Complexes of Manganese, Iron, Zinc, and Molybdenum
with a Superbasic Trisguanidine Derivative of

Tris(2-aminoethyl)amine (Tren) as Tripod Ligand

Keywords: Ligand design « N ligands ¢ Tripodal ligands « Coordination chemistry e

Manganese s Iron * Zinc ¢ Molybdenum

Abstract
The synthesis of a novel tripod ligand N{CH,CH,;N=C(NMe,),}3, based on the tris(2-
aminoethyl)amine (tren) backbone and having a set of three superbasic tetramethyl guanidine
(TMG) donor atoms instead of the primary amine functionalities, is described. Thisligand has
been prepared by treating tren with the Vilsmeyer-Salt [(Me:N).CCI]Cl in the presence of
triethylamine as an auxiliary base and NaOH. Complexes of manganese(ll), iron(ll) and
zinc(I) as biologically relevant transition metal ions as well as of molydenum(0) have been
synthesized and spectroscopically and structuraly characterized. The electrochemical

properties of selected complexes have been studied.

I ntroduction
Peralkylguanidines belong to the strongest organic neutral bases known.™ They are severa
orders of magnitude more basic than tertiary amines due to the excellent stabilization of the
positive charge over their resonance-stabilized cations? This trend is illustrated by the
pKgn+ values (MeCN) of the 1,2,2,6,6-pentamethylpiperidinium cation (18.62), the parent
guanidinium cation (23.3), and the pentamethylguanidinium cation (25.00).2d Therefore, in
agueous media, guanidines exist almost exclusively in the protonated form.[¥! Guanidines are
currently attracting attention as anion receptors,!¥ both in enzymes and in model systems.
Due to their hydrophilic nature, they also play an important role in the mediation of solubility
of natural products® and the stabilization of protein conformations through hydrogen
bonding.!>*®” However, surprisingly little is known about the coordination chemistry of
guanidines. There is some indication that the guanidine functionality of arginine may play a

role as neutral donor towards various metal cations in the hydrophobic domains of cytochrom

1
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c enzymes and other such systems.!*®®® There have been a few reports on coordination
compounds of monoguanidines HN=C(NRR'),.>®8% The first complexes of chelating
bis(guanidine)s have been reported by Kuhn'® and ourselves!™'@ We became interested in
the coordination chemistry of bis-, tris- and oligoguanidines because of the marked tendency
of biguanides to stabilize unusually high oxidation states of metals, e.g. in Ag(lll)"*? and
Ni(111)™** complexes (Scheme 1).

) R
N

RZN\H/NYNRZ RZN\’%N\M/ YNRZ
RN_ _NR, NR, NR,
M
Biguanide complex Bisguanidine complex

Y= organic spacer

Scheme 1. Guanidine-based complexes.

The focus of this investigation is to evaluate the donor capability of tetradentate pentaalkyl
guanidine derivatives. The basicities of these neutral ligands are intermediate between that of
tertiary amines and amido ligands, but the question remains as to how well they interact with
Lewis acids. Indeed, the question arises as to whether, in addition to their strong o-donor
interaction sp>>N— M, guanidines may also be 7zacidic like Schiff bases or 7zbasic like
amido ligands. Various aspects of guanidine coordination chemistry remain unexplored, such
as fine the tuning of the basicity, donor strength, steric demand and control of the solubility
by variation of the substituents at the guanidine function. Following our study on guanidine
derivatives of the tmeda and tame backbones,!**¥ we wish to report our first results on the
synthesis and coordination chemistry of guanidine derivatives of the tren ligand family
(Scheme 2). The target molecule 1,1,1-tris{ 2-[N*(1,1,3,3-tetramethyl guanidino)] ethyl} amine
(1) (TMGgtren) is structurally related to known Schiff bases!* tris(pyridylmethyl) amine
(tmpa)*® and other tripodal ligands'*® based on the well-known tren backbone (Scheme 2).
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Scheme 2. Structural relationship between the target 1 and known tripods of the tren ligand

family.

Results and Discussion

Ligand synthesis

The synthesis of the target ligand 1 was accomplished following our general procedure that
allows the transformation of primary bis-, triss or polyamines into the corresponding
tetramethylguanidino derivatives.*¥ The main problem associated with this synthesis is that
polyguanidines as well as their hydrochlorides are extremely hygroscopic. Typicaly, they
cannot be distilled/sublimed without decomposition and may not be purified by column
chromatography on polar phases (SiO,, Al»,O3). Because of these purification difficulties, it
was imperative that the synthesis involved selective reactions. A nearly quantitative
transformation of a primary amine functionality into the guanidine may be accomplished by
reaction with the Vilsmeyer salt [(Me:N),CCI]Cl, a method first described by Eilingsfeld and
Seefelder!*™ and later improved by Kantlehner et al.[*¥ for monoguanidines. The Vilsmeyer
sdt is obtained by reaction of tetramethylurea with phosgene®® or oxalyl chloride in
toluene.!®® Reaction of the latter with tren in the presence of triethylamine as an auxiliary
base leads to the corresponding hydrochloride 1A (Scheme 3). Separation from the by-
product HNEt3Cl is accomplished by adding one equiv. of NaOH per guanidine functionality

3
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and removing the resulting NEt; and NaCl by crystallization from acetonitrile / diethyl ether.
In the present case, the free base 1 was obtained as ayellow oil that crystallized upon standing
in an overal yield of up to 86% by deprotonation of the tris(hydrochloride) using a two-phase
system MeCN/50% aqueous KOH.

o] o) 0 °C, cl cr
)]\ toluene
D Cl Cl * MeN" "NMe, —>  Me,N“+ NMe,
-Co,
3CI’
NN
MezN + + NM92
NEt, >4N\ N
Cl - MeCN H H
Cl 3 h reflux Me,N H-N" NMe,
2) 3 Me,N7+SNMe, T N(CH,CHNHp);  —— >\—N|\/|e2
- HNEt,CI
tren 3 Me,N
TMGgtren - 3 HCI 1A
N
MeN | ) NQ(NMeZ
50 % KOH Me,N N NMe,
3 MeCN \
) 1A — »—NMe,
-3 HCI Me.N
eZ
TMGgtren 1

Scheme 3. Preparation of peralkylated oligoguanidines.

The spectroscopic features of the protonated ligand 1A are very similar to those of the free
guanidine base 1. A difference can be seen in the IR spectra, where TM Ggztren shows asingle
absorption a v(C=N) = 1620 cm® while the corresponding absorption of the
tris(hydrochloride) is split into two separate bands at 1627 and 1584 cm™. This splitting is a
typical feature due to the decreased molecular symmetry in guanidinium cations. It is also
observed for the hexamethylguanidinium cation.’” In order to avoid steric interactions the
NMe, substituents adopt a mutually twisted propeller-like conformation'®?? rather than a
coplanar one. The UV/Vis spectrum of 1 in MeCN shows an absorption of 216 nm with a
molar extinction coefficient € of approximately 1 x 10" for each guanidinium unit,

attributable to the 77— p* transition of the C=N bond.’?® The *H-NMR spectrum of 1 features
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only one signal due to the methyl groups, while the **C NMR reveals the presence of two
chemically non-equivalent methyl groups. It is known from the literature that the barrier to
rotation about the C=N double bond of pentaalkylguanidines (Scheme 4) leading to a syn-anti
isomerization.®2¥ is markedly lowered by protonation or by increased steric demand of the
akyl groups. The bulkiness of the tren backbone leads to a lower barrier, which is manifested

in the equivalence seen in the *H NMR spectrum.

R\NO QN/R
A, = N

Me,N NMe, Me,N NMe,

Scheme 4. The syn-anti isomerization of pentasubstituted guanidines.

Metal complex synthesis

The free guanidine base 1 is moderately stable in D,O. Due to sow hydrolysis,
tetramethylurea is formed over a period of several days by decomposition of the guanidinium
hydroxide. In contrast, the hydrochloride 1A is perfectly stable in D,O. In order to avoid side
reactions due to hydrolysis of the ligand and of the metal salts, the latter were dehydrated by
the orthoester method® prior to complexation. The complexes were synthesized in good
yields by combining the dehydrated metal salts with 1.05 equiv. of TMGgtren (1) in dry
acetonitrile and stirring for 30 min (Scheme 5 and 6). The resulting ionic complexes 2-5
proved to be soluble in polar aprotic media such as MeCN, CH,Cl, or acetone, but insoluble

in diethyl ether and hydrocarbons.

CH,CN
Mn'Cl, + TMGgtren (1) ———

Scheme 5. Complex formation of MnCl, with TMGgtren (1).
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CH,CN
MI(CIO,), + TMGgtren (1) ———

M = Mn'' (3)
Fell (4)
zn! (5)

Scheme 6. Complexation of M?* perchlorate salts with TM Ggtren.

The spectroscopic properties of the complexes resemble those of the protonated ligand (1A).
For example, two IR absorptions are seen in the 1600 cm™ IR region due to v(C=N). The
UV/Vis maximaare shifted 5 - 10 nm to lower wavelengths. While the zinc(I1) complex (5) is
diamangnetic, the manganese(ll) (2, 3) and iron(l1) (4) complexes are paramagnetic with spin-
only values of the order expected for d° and d® high-spin complexes®® comparable to those of
known complexes: L[Mn(Mestren)Br]Br: 6.01 B.M.; L[Fe(Mestren)Br]Br: 5.34 B.M.;!?"
LessIMn(ntb)CI]Cl (ntb = tris(2-benzimidazolylmethyl) amine): 5.83 B.M..®® Their magnetic
susceptibilities f&r 2: 5.9 B.M.; it 3: 5.8 B.M.; g 4: 5.4 B.M.; all with an uncertainty of +
0.1, were determined by the Evans method.!*!

Attempts to prepare well-defined complexes of 1 with Fe" and Mn"" salts have hitherto
proved unsuccessful. It seems that, due to steric repulsion, the bite of the ligand is better
matched with larger ions than with smaller, highly charged ions. This interpretation is in
accordance with the electrochemical results discussed below, which revea the rapid

decomposition of the oxidized iron species.

The stabilities of compounds 2-5 towards hydrolysis were examined. All the complexes were
found to be sensitive to air and moisture, despite the extreme steric shielding provided by the
ligand. In genera, it was observed that metal hydroxides along with the protonated ligand
were formed when 2-5 were exposed to aqueous solvent mixtures. These findings may be

explained by the extremely high proton affinity of guanidines. Deprotonation of an aqua



TMGstren Complexes of Mn, Fe, Zn and Mo Chapter 4

ligand irreversibly induces the hydrolytic cleavage of the metal-nitrogen bond, a pattern that

isalso typical for amido complexes (Scheme 7).

H n+
0
_‘n+ s H
[M]\N/R [M]\N/R H (R

RICE
M, e

I —  [MI—OH -

R,N” "NR, R,N™ NR, R,N” "NR,

Scheme 7. Hydrolytic cleavage of the metal-nitrogen bond.

Structural Characterization

Single crystals of all the ionic complexes suitable for X-ray crystallography were grown by
slow diffusion of diethyl ether into acetonitrile solutions. The results of the structure analyses
are presented in Figures 1-5, while selected bond lengths and angles are collected in Table 1
and parameters relating to the data collection and refinement are listed in Tables 7 and 8.
Complexes 2 (Figure 1), 3 (Figure 2), 4 (Figure 3), and 5 (Figure 4) each possess a nearly C;
symmetric trigonal-bipyramidal molecular geometry, with the amine nitrogen atom located in
one of the axial positions, and N-coordinated acetonitrile (3, 4, 5) or chloride ion (2)

occupying the other.

Figure 1. Molecular structure of [(TMGgtren)Mn"CI]CI (2) (A), Schakal plot of a projection
along the local C; axis (B).1*"!
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Figure 4. Molecular stucture of 5.7
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Table 1. Selected bond lengths [pm] and bond angles [°] in complexes 2-6, with standard
deviationsin parentheses.

[(TMGstren)Mn'"'CI]Cl (2)
Mn(1)-N(1) 2182(2) Mn(1)-N(4)  217.7(1) Mn(1)-N(7) 219.1(2)
Mn(1)-N(10) 237.8(1) Mn(1)-Cl(1)  243.0(1)
0 NegMn-Ngg  114.63(6) O Na-Mn-Ngg  76.38(5)  N(10)-Mn(1)-Cl(1)  177.57(4)

[(TMGstren)Mn"(NCMe)](ClO,)> (3)
Mn(1)-N(2) 2127(3)  Mn(1)-N(5)  214.8(3) Mn(1)-N(8) 213.1(3)
Mn(1)-N(1)  232.8(3) Mn(1)-N(11) 221.5(3)
0 NegMn-Ngg  115.79(11) O Na-Mn-Ngg  78.00(10)  N(1)-Mn(1)- N(11) 175.64(11)

[(TMGstren)Fe' (NCMe)](CIO,), (4)
Fe(1)-N(2)  207.3(3) Fe(1)-N(5) 206.1(4) Fe(1)-N(8) 208.4(4)
Fe(1)-N(1)  2254(3)  Fe(1)-N(11)  215.1(4)
0 NegFe-Ngg  116.95(14) O Nap-FeNe — 79.85(14)  N(1)-Fe(1)- N(11) 176.62(14)

[(TMGstren)Zn"(NCMe)](ClO,)> (5)
Zn(1)-N(2)  203.4(2) Zn(1)-N(5) 203.4(2) Zn(1)-N(8) 205.1(3)
Zn(1)-N(1)  226.9(2) Zn(1)-N(11)  218.7(3)
0 NegZN-Neg  117.46(10) O Nag-Zn-Neg  80.74(9)  N(1)-Zn(1)- N(11)  177.25(9)

[(TMGstren)Mo’(CO)3] (6)

Mo(1)-N(1)  2354(2) Mo(1)-N(2)  2336(2) Mo(1)-N(5) 231.9(2)
Mo(1)-C(22) 193.0(3) Mo(1)-C(23)  192.4(3) Mo(1)-C(24) 192.4(3)
N@2)-C@3)  13L7(3) C(3)-N@3) 136.4(4) C(3)-N(4) 137.7(4)
N(5)-C(10)  131.1(3)  C(10)}-N(6)  137.2(4) C(10)-N(7) 137.2(4)
N(8)-C(17)  127.6(4)  C(17)-N©)  139.6(4) C(17)-N(10) 137.8(4)
N(1)-Mo(l)- 175.64(10) N(2)-Mo(1)- 174.64(10)  N(5-Mo(1)-  167.41(10)
C(23) C(24) C(22)

The imino nitrogen atoms of the guanidine groups define the equatorial plane. The metal
atom is dightly axially distorted from the equatorial plane towards the acetonitrile molecule.
As is evident from Table 2, this deviation is accompanied by a change in ionic radius of the
metal center. It also has an effect on the bond lengths between the amine and guanidine
nitrogen atoms and the metal ion, whereas the distance to the acetonitrile nitrogen atom

remains essentialy the same. Other compounds containing Mn, Fe and Zn in similar tren

9
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ligand coordination spheres are included in the table in order to correlate our results.
However, an absolute comparison remains difficult because the ligand properties differ
significantly, e.g. in terms of steric hindrance or considering the different neutral and anionic
coligands which lead to different effective charges at the metal atoms and hence to different

bond lengths to the equatorial nitrogen atoms.*"

Table 2. lonic radii of Mn, Fe and Zn; structural features of complexes 2-5 and literature
counterparts.

Com Metal lonic Axid d d d
plex atom radius®™  distortion®  (M-Ng) (M-Ng)®™  (M-Lg)
[pm] [pm] [pm] [pm] [pm]
A [L'Mn"-Br]? 89 36 219 227 249
I L R 89 63 252 216 236
B [LiFe'-Br] "3 85 32 221 215 248
C [L'zn"-Br"* 82 27 219 211 245
C [L%Zn"-CI] % 82 64 248 205 225
C [L3Zn'"-CI 3 82 39 232 206 231
2 [(WMn"-CI* 89 51 237.8(1) 218.3(2) 243.0(1)
3 [(WMnI(NCMe)]*™ 89 44 232.8(3) 2135(3)  221.5(3)
4 [(1)F(NCMe)]* g5 37 225.4(3) 207.3(4)  215.1(4)
5 [(1)Zn"(NCMe)]*™* 82 33 226.9(2) 204.0(2)  218.7(3)

[ Distance of M from the equatorial plane defined by the three equatorial nitrogen atoms. -
Average distance of the three equatorial nitrogen atoms from the metal center. - [4 Average radius of
Fe’* for coordination numbers 4 and 6 (high spin).®™™ Standard deviations in parentheses. L* =
Megstren, L2 = Tris(2-benzimidazolyl-methyl)amine (ntb), L= Hgtren.

Comparing complex 2, which bears an anionic chloro ligand, with dicationic 3, which has a
neutral acetonitrile ligand instead, the increased contraction of the TMGs-tren ligand can be
directly attributed to the higher effective charge at the metal center. As expected, the axia

distortion decreases with decreasing ion radius of the central atom.

A comparison of 2 with [(Mestren)Mn'"Br]Br*? (A) as regards the relative donor abilities of
the amine and guanidine ligands is made difficult by the different steric requirements of the
two ligand regimes. In the case of 1, steric repulsion is greatest at the periphery. Since donor

ability incorporates basicity and steric hindrance, the TM Ggtren ligand can be estimated to be

10
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superior to Megtren in its donor ability. The guanidine sp®-nitrogen atom is much more basic
than the amine sp>-nitrogen of Megstren and is also sterically less hindered. The net result is
that the average bond length between the equatorial guanidine nitrogen atoms and the metal
center is much smaller (218 pm) than the corresponding amine-metal distance in
[(Megtren)Mn"Br]Br (A) (227 pm). A stronger donor component by the equatorial guanidines
is a'so consistent with the longer distance to the axial amine in 2 (238 pm) compared to that
in the corresponding Megtren complex A (219 pm). In the latter donor acceptor-complex, the
axial amine has to provide more electron density towards the overall charge compensation. As
a consequence, the displacement of the manganese cation out of the equatoria plane is

significantly greater in 2 ( 51 pm) compared to that in [(Mestren)Mn"Br]Br (A) (36 pm).

A characteristic structural feature of all the complexes 2-5 is shown in Figure 1 (B). In order
to reduce steric repulsion, the guanidine dimethylamino units are twisted by approximately
40° into a propeller-like conformation. The dimethylamino groups are not coplanar within the
planar guanidine CN3 unit but show out-of-plane torsion angles of 20-45° (Table 3). A similar

distortion has been found for the hexamethyl guanidinium cation in its ground state.!*

Table 3. Torsion angles [°] in complex [(TMGstren)Mn'"'CI]Cl (2).
Mn(1)-N(1)-C(3)-N(2/3)  N(1)-CQ)-N(2)-C4/5)  N(1)-C(3)-N(3)-C(6/7)
-42.7 1 140.3 -22.41139.9 -40.6/ 147.2

In spite of these steric limitations to perfect 7zconjugation in the outer ligand sphere, the
superbasic tripod 1 efficiently stabilizes dicationic complexes by delocalizing the charge over
the three perfectly planar guanidinium cations (sum of angles in representative 2: see Table
5).

According to a CCDC search (September 2000), no structurally characterized complexes of
iron and manganese with pentacoordination by five neutral N-donor ligands have hitherto
been reported. On the other hand, for d'® zn* ¥ cd?* 31 Ag' B8 and d® cu® [* this
coordination mode is more common. Just afew representatives involving the tren ligand or its
N-methyl derivatives and an anionic ligand have been reported, for example the halide
complexes of Di Vaira et a.®¥ and Templeton et a.,*¥ and the pseudohalide (OCN™ and
SCN") investigated by Laskowski and co-workers.[*”

11
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The Question of 77Bonding Contributions of Guanidine Ligands

Because the C=N valence vibrations of coordinated guanidines do not seem to give areliable
measure of the donor and acceptor qualities of TMGgtren, we set out to synthesize a complex
containing CO as a an indicator ligand for electronic interactions of the coligands. The
tris(acetonitrile) complex [(CH3CN)sMo(CO)s] was found to react cleanly with 1 to give
compound 6 in 79 % yield (Scheme 7). The IR spectrum of 6 features more than two v(C=N)
absorptions in the region 1515-1580 cm™, while in the **C NMR spectrum two resonances
due to guanidine CN3 moieties are observed. Complex 6 proved to be stable under
atmospheric conditions for a short period of time, but ultimately turned from yellow to
brown. It showed a similar sensitivity to oxidation in solution. While the TMGs-tren ligand is
able to displace even an anionic chloro ligand from 2, it is incapable of displacing more than
three carbon monoxide ligands from [Mo(CO)e] or derivatives thereof. It bonds in a facial
manner, leaving one guanidine functionality as a dangling arm. This may be taken as an
indication that 1 is not a good 7zacceptor, and furthermore that it is a ligand of constraint
geometry, not being able to stabilize geometries other than trigonal-bipyramidal in its tripodal
coordination mode. Figure 5 shows the results of a X-ray analysis of single crystals of 6
obtained from acetonitrile / diethyl ether.

[MO(CH,CN)4(CO),] + TMGitren (1)

Scheme 8. Facial coordination of TMGgtren to [Mo(CO)3] in 6.

12
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Figure 5. Molecular stucture of 6.7

The molecule of 6 exhibits local Cs symmetry in the crystalline state with a mirror plane
defined by C(15), N(1), Mo(1), C(23), and O(2). The molybdenum atom is coordinated in a
distorted octahedral manner. The inner ligand core is defined by three facial carbonyl ligands,
one amine, and two guanidine ligands. One dangling guanidine arm points away from the
inner core. The amine is bonded with a slightly longer Mo-N(1) distance [235.4(2) pm] than
the two guanidines Mo-N(2) [233.6(2) pm] and Mo(1)-N(5) [231.9(2) pm]. However, this
difference in bonding is not reflected in specific bonding differences of the trans-CO ligands.
On the other hand, a comparison of structural parameters of the closely related complexes 6
and [Mo(CO)s(dien)],/*¥ in which cis-(diethylenetriamine) (dien) acts as a pure o-donor,
indicates dlightly stronger donation by the guanidine ligand. Back-donation in 6 is slightly
stronger; the Mo-C bonds tend to be shorter and the C-O bonds tend to be slightly longer as
compared to those in the amine complex [(dien)Mo(CO)3] (Table 4).

13
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Table 4. Comparison of bond lengths in 6 and [(dien)Mo(CO)3]; dien = cis
diethylenetriamine.

6 [(dien)Mo(CO)3]
[ (Mo-Namine) [pm] 235.4 232.3
[ (M0-Nimine) [pm] 232.7 -
[ (Mo-C) [pm] 192.6 194.3
0(C-O) [pm] 117.8 115.3
0(C-Mo-C) [°] 84.8 85.3

Carbonyl stretching frequencies are often used as an additional criterion for evaluating the
donor / acceptor qualities of coligands. There is no clear trend when guanidine 6 (1883 cm™)
is compared to complexes of amines that act as pure o-donors such as [(tacn)Mo(CO)3] (1850
em )3 or [(dien)Mo(CO)3] (1887 cm™).l*Y On the basis of structural and IR spectroscopic

evidence, it appears that there is no 7Finteraction between the metal center and ligand 1.

Finally, the comparison of C-N bond lengths in guanidines, guanidinium hydrochlorides, and
guanidine complexes (Lewis acid adducts) allows us to estimate the extent of electron density
donation to a proton or a Lewis acid, respectively. The greater the donation, the more the
imino nitrogen-carbon bond length should become equivalent to the peripheral C-NMe, bond
lengths. In the dangling guanidine group of 6, a short bond C-Ngyaigine bond [127.6(4) pm]
and two long bonds to the peripheral C-NMe, groups [139.6(4) and 137.8(4) pm] are
observed. The differences between these three guanidine C-N bond lengths become much
smaller when the guanidine is coordinated to a Lewis acid (e.g. 2), and become negligible

upon protonation as aresult of complete charge perfect delocalization (Table 5).

14
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Table 5. Bond angle sums [°] and selected guanidine C-N distances [pm] in the non-
coordinated guanidine of 6, the coordinated guanidine in 2, and protonated guanidine in
bi s(tetramethyl guani dino)ethane hydrochloride.

[(TMGstren)Mo(CO)3] (6)

>° N(8) - >° N(9/10) 344.5/ 358.8 >° C(17) 359.9
C(17)-N(8)  127.6(4) C(17)-N(9) 139.6(4) C(17)-N(10)  137.8(4)
[(TMGstren)Mn"CI]CI (2)
>° N(1) 359.4 >° N(2/3) 357.8/359.6 ¥° C(3) 359.9
C(3)-N(1)  131.9(2) C(3)-N(2) 135.5(2) C(3)-N(3)  136.9(2)
TMGgen (2 HCI [*
7° N(3) 358.1 >° N(1/2) 359.9/ 359.9 ¥° C(5) 360.0
C(5)-N(3)  133.6(2) C(5)-N(1) 134.2(2) C(5)-N(@2)  13338(2)

Cyclic Voltammetric M easur ements
In order to gain additional information about the synthesized compounds, cyclic voltammetry

experiments were carried out. A reversible Mn*¥*2

+0.47 V, AEy», =011V, iy / ic = 1), dlong with an additional wave (Ey, = +0.92 V, AEy, =

couple could be observed for 2 (Ey» =

0.22 V, ia ! ic = 4) for the couple Mn*™*3, The latter was irreversible, pointing to rapid

decomposition of the oxidized species (Figure 7).

| | | |

oV +1.5V oV +1.5V

Figure 6. Cyclic voltammograms of 2 and 3 (CH3CN / TBAP, 2 mm glassy carbon / SCE / Pt,
v =100 mV s, 20 °C).
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Compound 3 shows only a single wave in the anodic region at Ey;, = +0.88 V (AEy, =0.09V,
ia/ ic = 1) corresponding to the reversible couple Mn™*2. The Mn" - Mn"" transition for
compound 2 was found to occur at alower oxidation potential than the corresponding step for
3 owing to the presence of the anionic chloro ligand, which facilitates the oxidation of 2. The

oxidation potential of Mn"' - Mn" does not liein the window of 0to 1.5 V.

-25V ov +10V

Figure 7. Cyclic voltammogram of 4 (CH3CN / TBAP, 2 mm glassy carbon / SCE / Pt, v =
100 mV s?, 20 °C).

Complex 4 displays a potential of Ey, = +0.52 V (AEy, = 0.11 V) for the Fe' - Fe'" electron
transfer, ia/ ic= 1 (Figure 8). The irreversible wave in the cathodic region (-2.09 V) can only
cautiously be assigned to an Fe' - Fe' reduction because of its low intensity and position

near the border of the electrochemical window.

The values of the normal potentials can only be compared indirectly due to the different
recording conditions (solvent, temperature) but can still be used to draw qualitative
conclusions. All the complexes display lower oxidation potential compared to the redox
potentials of the aqua complexes Mn (Il — 111): +1.54 V; Fe (Il - I11); +0.77 VI*¥ as aresult
of the electron-donating TMGgtren ligand. As expected, the monocationic complex 2 is more
easily oxidized than the dicationic compound 3 (Table 6).

16



TMGstren Complexes of Mn, Fe, Zn and Mo Chapter 4

Table 6. Selected redox potentials.

Metal complex Evt*® [V]
[Mn(H,0)g]?* (+3/+2)d +1.54
[(DMN(NCMe)]?" (+3/+2)!"! +0.88
[(DMN-CI]* (+3/+2)1" +0.47
[Fe(H,0)]*" (+3/+2)1@ +0.77
[(L)Fe(NCMe)]?" (+3/+2)! +0.52

@ Recorded in H.,0. - ™ Recorded in MeCN.

Besides the inherent donor abilities of aligand, steric factors cannot be neglected with
regard to the resulting oxidation potential and stability of the oxidized species!* This
statement is related to the investigations of Ray*® and Schrock,*® who commented on the
oxidation potentials of various transition metal complexes with tren-like amido ligands
possessing varying degrees of steric strain. We believe that the instability of our oxidized
complexes is due to the steric strain of the ligand periphery imposed by the reduced radius of

the cation in its oxidized form.

Conclusions
Peralkyloligoguanidines are an unexplored class of mulitdentate nitrogen ligands within the
large family chelating N-donors typically containing amines, imines (Schiff bases), and
azaaromatic building blocks. The novel tripod ligand TMGgtren (1), a derivative of tren with
three superbasic pentaalkylguanidine donor functions and a geometry constrained to
coordinate metal ions only in a trigonal-bipyramidal mode, has been introduced. Due to its
ability to delocalize positive charge over the three guanidinium moieties, 1 stabilizes cationic
and even dicationic complexes, which are not so common for the corresponding parent
compounds with tren ligands. However, increasing steric strain on the ligand periphery as a
consequence of the decreased ionic radii of highly oxidized metal cations seems to limit the
stability of such high-valent species. Initial evidence that larger cations are coordinated more
favourably than smaller ones was provided by the bite angle and steric constraints of the
tripodal ligand sphere of 1. Our current interest is focused on the Lewis acid activation of
small molecules other than acetonitrile and their transformations in the molecular pocket
imposed by the guanidine ligand environment. Furthermore, we are extending our

investigation of this class of ligands to other metals and other guanidine building blocks.
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Experimental Section

Materials and methods:

All experiments were carried out in glassware that was assembled while hot and cooled under
inert atmosphere of argon 4.8 dried with P40y granulate. Solvents were purified according to
literature procedures and were also kept under inert gas. Tris(2-aminoethyl)amine and the
metal salts were used as purchased from Fluka. Triethylamine was freshly distilled and stored
under argon prior to use. Substances sensitive to moisture and air were kept in nitrogen-
flushed glove-box (Braun, Type MB 150 BG-I). - Spectra were recorded with the following
spectrometers; - NMR: Bruker AM 400 (*3C: gated-decoupled), - IR: Bruker IFS 88 FT, -
MS(EI, 70 eV): Varian MAT CH-7a, Elemental Anaysis. Heraeus CHN-Rapid, Melting
points. Blchi MP B-540 (uncorrected), X-ray crystallography: ENRAF-Nonius CAD4 and
Siemens P4, - Magnetic susceptibility: Evans-method.*”

Electrochemical Measurements. Cyclic voltammetry (CV) was performed with
electrochemical equipment from AMEL (Milano) consisting of a Model 552 potentiostat,
Model 563 multipurpose unit, Nicolet Model 3091 storage oscilloscope and Kipp & Zonen
Model BD 90 x /'y recorder. The electrochemical cell was operated under argon, with glassy
carbon, platinum rod, and saturated calomel (SCE) serving as working, counter, and reference
electrodes, respectively. For temperature control the cell was immersed in a thermostated
cooling bath. CV curves were obtained at a scan rate of 100 mV s working at 20 °C in
MeCN /0.1 M nBusNCIOy.

Caution! Phosgene is a severe toxic agent that can cause pulmonary embolism and in case of
heavy exposition may be lethal. It should only be used in a well-ventilated fume hood.
Perchlorate salts are potentially explosive and should be handled with care.
Tetramethylchlorformamidiniumchloride: ™

In aflask fitted with areflux condenser cryostatted at -30 °C, phosgene was passed through a
solution of tetramethylurea (50.00 g, 430 mmoal) in toluene (200 mL) kept at 0 °C for 2 h. The
phosgene inlet was then closed and the solution is allowed to warm to room temperature
under stirring for a period of 24 h, with the reflux condensor being maintained at -30 °C. The
precipitate formed was collected by filtration, washed three times with dry diethyl ether and,
dried in vacuo. Yield: ca. 95 %.
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1,1,1-Tris{2-[N*(1,1,3,3-tetramethylguanidino)]ethyl}amine (1):

To a solution of tris(2-aminoethyl)amine (14.62 g, 100 mmol) and triethylamine (30.36 g,
41.6 mL, 300 mmol) in acetonitrile (50 mL), a solution of [(MeN).CCI]Cl (51.32 g, 300
mmol) in acetonitrile (150 mL) was slowly added under cooling in an ice bath. After the
exothermic reaction had occurred, the mixture was refluxed for 3 h, in the course of which a
clear solution was produced. NaOH (12.00 g, 300 mmol) in water (30 mL) was subsequently
added under vigorous stirring in order to deprotonate the NEtsHCI. After evaporation of the
solvents and excess NEts, TMGgstren (1) was obtained by deprotonation of 1A
[tris(hydrochloride)] with 50 % KOH (50 mL) and extracting the aqueous phase MeCN (3 x
50 mL). The combined extracts were concentrated to dryness and the residue was taken up in
warm hexane. The resulting solution was dried with MgSQ,, stirred with activated charcoal
while still warm to eliminate impurities, and then filtered through Celite. Finally, removal of
the solvent and drying of the residue in vacuo gave TMGgtren (1) as yellow oil that
crystallized upon standing in 86 % yield (38.03 g, 86.3 mmoal).

M.p.: 59-60 °C; 'H NMR (200.1 MHz, CDCl3, 25 °C, CDCls): = 3.23 (m, 6 H, CH,), 2.84-
2.59 (m, 42 H, CH,+CH3) ppm; *C NMR (50.3 MHz, CDCls, 25 °C, CDCls): J = 160.37
(CN3), 58.18, 48.35 (CH,), 39.61, 38.84 (CH3) ppm; IR (Film): 7/ = 2880's, 2839 sh, 1620 s [
v(C=N)], 1495 m, 1453 w, 1364 s, 1236 w, 1130 m, 1062 w, 989 w cm™%; UV/Vis (MeCN): A
max (£) = 216 nm (24000 mol™ dm® cm™); MS (El, 70 eV): m/z (%) = 439.0 (1) [M—-H]*, 312.0
(100) [C1sHaaN7]*, 210.0 (73) [C1iH2oN4]*, 142.0 (43) [C7H1Ns]*, 128.0 (54) [CsH1aN3]",
85.0 (82) [C4H9NZ] ", 72.0 (26) [C3HsN2] ", 58.0 (80) [CoHgN2]"; elemental analysis calcd. (%)
for Ca1H4sN1o (440.7): C 57.24, H 10.98, N 31.78; found C 56.87, H 10.83, N 31.45.

1,1,1-Tris-{2-[N*(1,1,3,3-tetramethylguanidinium)]ethyl}amine Trichloride (1A; 1 x 3
HCI):

The Hydrochloride salt could be obtained by treating the free oligoguanidine base (0.57 g,
1.13 mmol) dissolved in EtOH (10 mL) with the requisite amount of 1 M HCI (3.5 mL).
Recrystallization from EtOH/Et,O gave strongly hygroscopic, colorless crystals that analyzed
as the trihydrate. Yield 0.51 g (0.84 mmol, 74 %). Following our synthesis of 1, the
TMGgtren tris(hydrochloride) 1A could also be obtained without isolation of the free base.
After deprotonation of NEtzHCI with an equimolar amount of NaOH dissolved in the
minimum volume of water and removing all volatiles in vacuo, the crude tris(hydrochloride)

was redissolved in warm MeCN. The resulting solution was dried with MgSO,, treated with
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activated charcoal, passed through Celite, and the solvent was evaporated. The residue was
washed with dry diethyl ether and dried in vacuo to yield the tris(hydrochloride) 1A as a
colorless, strongly hygroscopic solid analyzed as the trihydrate.

M.p. 153 °C (dec.); H NMR (200.1 MHz, CD4CN, 25 °C, CDsCN): = 8.91 (s, br, 3 H,
NH), 3.76 (br, 12 H, CH,), 2.92 (s, 36 H, CHa), 2.55 (br, 6 H, H,0) ppm; **C-NMR (50.3
MHz, CD3CN, 25 °C, CDsCN): = 161.31 (CNs), 51.70 (CH,), 39.51 (CHs), 39.35 (CH,)
ppm; IR (KBr): 7 =3431s, 1627 s, 1584 s[v(C=N)], 1457 m, 1406 s, 1311 w, 1233 w, 1176
w, 1136 w, 1067 w, 900 m, 668 m(br) cm™; UV/Vis (H20): Ama (€) = 213 nm (34000 mol ™
dm?® cm™); MS (El, 70 eV): m/z (%) = 440.0 (1) [M-3HCI]*, 312.0 (95) [C1sHwN/]*, 255.0
(28) [C12H27Ng]", 222.0 (17) [CioH18Ng]*, 210.0 (67) [C1iH2oN4]*, 197.0 (28) [CioH2N4]",
142.0 (91) [C/H16N3]*, 128.0 (94) [CsH14N3]*, 97.0 (45) [CsH1N]*, 85.0 (94) [CsHoNo]*,
71.0 (64) [CsH7N;]*, 58.0 (95) [CHeN-]*, 36.0 (100) [HCI]*; elemental analysis calcd. (%)
for CHs1Cl3Nyg x 3 H2O (604.1): C 41.75, H 9.51, N 23.19; found C 41.69, H 9.86, N
22.83.

General Procedurefor the synthesis of the TM Gstren complexes:

The metal salts were first dehydrated by the orthoester method.!*® Thus, the hydrated salts
were stirred in dry EtOH containing twice the molar amount, with respect to water present in
the salt, of triethyl orthoformate at 60 °C for 1 h. Equimolar amounts of the dehydrated metal
sat and 1 were separately dissolved in 5 mL portions of dry MeCN under argon. These
solutions were then combined and the resulting mixture was stirred for 30 min. at 40-50 °C,
filtered through Celite, and concentrated to a volume of ca. 3 mL. The complex was then
precipitated by the addition of 10 mL dry diethyl ether, washed with absolute diethyl ether,
and dried in vacuo. Single crystals suitable for X-ray analysis could be grown by slow

diffusion of diethyl ether into the respective acetonitrile solutions.

Chloro{1,1,1-tris[N*(1,1,3,3-tetramethylguanidino)ethyl]amine}manganese(I 1)

Chloride (2):

The genera procedure was followed using MnCl; (0.15g, 1.12 mmol) and 1 (0.66 g, 1.15
mmol). Yield: 0.59 g (1.04 mmol) 93 % as colorless crystals.

M.p. 230 °C (dec.); IR (KBr): v =2947 m, 2881 m, 1618 s, 1573 s [v(C=N)], 1553 vs, 1427
m, 1395 m, 1342 w, 1164 sh, 1151 s, 1075 m, 891 m, 764 m cm'™*; UV/Vis (MeCN): Anex (&)
= 226 nm (49000 mol™* dm® cm™); MS (El, 70 eV): m/iz = 312.0 (60) [C1sHz4N7]*, 210.0 (33)
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[CuiH2N4]", 142.0 (32) [C/H16N3] ", 128.0 (43) [CeH14N3], 85.0 (100) [C4HeN;]*, 71.0 (31)
[CsH7N2]", 58.0 (74) [C2HsN2] ¥, 28.0 (80) [CH2N]™; per (Evans method, 5 % [De]-benzenein
CD3CN, 25 °C): wg/mol =59 + 0.1; CV (MeCN / TBAP, 2 mm GC / SCE / Pt, v = 100
mV s, 20 °C): Ey (+3/+2) 0.47 V, AEy; (+3/+2) 0.11 V, lpape 1, Evp (+4/+3) 0.92 V, Ay,
(+4/+3) 0.22 V, lapc 4; elemental analysis calcd. (%) for Co1H4gCloN1oMn (566.5): C 44.52,
H 8.54, N 24.72; found C 44.06, H 8.53, N 23.73.

Acetonitrile(1,1,1-tris{2-[N*-(1,1,3,3-tetr amethylguanidino)] ethyl}amine)manganese(l 1 )-
Diperchlorate (3):

The general procedure was followed using Mn(ClQOg), (0.47 g, 1.86 mmol) and 1 (0.84 g, 1.90
mmol). Yield: 1.30 g (1.77 mmol) 95 % as colorless crystals.

IR (KBr): U= 2893 m, 2275 w [v(C=N)], 1616 sh, 1565 vs, 1535 s [v(C=N)], 1463 m, 1427
m, 1398 s, 1346 w, 1257 w, 1164 m, 1092 vs [v(CI=0)], 906 w, 892 w, 769 m, 624 s cm’;
MS (El, 70 eV): miz (%) = 128.0 (24) [CsH1N3]*, 85.0 (100) [CsHoN]*, 71.0 (25)
[CaH/N,]", 44.0 (46) [CoHeN]™; et (Evans method, 5 % [Dg]-benzene in CDsCN, 25 °C):
4s/mol = 5.8+ 0.1; CV (MeCN / TBAP, 2 mm GC / SCE / Pt, v = 100 mV s*, 20 °C): Ey;
(+3/+2) 0.88 V, AEy, (+3/+2) 0.09 V, lpapc 1, elemental anaysis calcd. (%) for
C23H51CluMNnN1410g (735.6): C 37.56, H 6.99, N 20.95; found C 37.42, H 6.95, N 20.62

Acetonitrile(1,1,1-tris{2-[N-(1,1,3,3-tetr amethylguanidino)]ethyl}amine)iron(l1)-
Diperchlorate (4):

The general procedure was followed using Fe(ClOg), (0.32 g, 1.26 mmol) and 1 (0.57 g, 1.30
mmol). Yield: 0.83 g (1.13 mmol) 89 % as light yellow crystals.

IR (KBr): 7= 2893 m, 2270 w [v(C=N)], 1614 sh, 1558 vs, 1533 sh [v(C=N)], 1463 m, 1427
m, 1399 s, 1346 m, 1257 w, 1166 m, 1090 vs [v(CI=0)], 908 w, 894 m, 772 m, 623 scm’™;
Herr (Evans method, 5 % [De]-benzene in CD3CN, 25 °C): us/mol = 5.4 £ 0.1; CV (MeCN /
TBAP, 2mm GC/ SCE/ Pt, v = 100 mV s?, 20 °C): Ey, (+3/+2) 0.52 V, AEy, (+3/+2) 0.11
V, lpape 1, Exp (+2/+1) - 2.09 V; elemental analysis calcd. (%) for CxsHs1CloFeN110g (736.5):
C 37.51, H 6.98, N 20.92; found C 36.90, H 7.03 ,N 20.52.
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Acetonitrile(1,1,1-tris{2-[N(1,1,3,3-tetramethylguanidino)]ethyl}amine)zinc(l 1 )-
Diperchlorate (5):

The genera procedure was followed using Zn(ClO,), (0.41 g, 1.54 mmol) and 1 (0.71 g, 1.60
mmol). Yield: 0.96 g (1.29 mmol) 84 % as colorless crystals.

'H NMR (200.1 MHz, CDClg, 25 °C, CDCl3): d= 3.02-2.77 (m, br, 48 H, CHz+CH,), 2.04 (s,
3 H, NCCH3) ppm; **C NMR (50.3 MHz, CDCls, 25 °C, CDCl3): J= 165.95 (CN3), 53.84
(CH>), 46.59 (CH,), 39.35 (CH3) ppm; IR (KBr): 7 = 2948 w, 2894 w, 2251 w [v(C=N)],
1620 sh, 1571 s, 1555 s [v(C=N)], 1463 w, 1427 m, 1398 s, 1348 w, 1250 w, 1165 m, 1146
m, 1096 vs [v(CI=0)], 894 w, 766 w, 625 m cm'*; MS (El, 70 eV): m/z (%) = 85.0 (100)
[C4sHoNS]™, 71.0 (33) [CsH/NJ]*, 44.0 (60) [CoHeN]"; elemental analysis calcd. (%) for
Ca3Hs1Ci2N110sZn (746.0): C 37.03, H 6.89, N 20.65; found C 36.88, H 7.09, N 20.53.

Tricarbonyl(fac-tris{2-[N?(1,1,3,3-tetramethylguanidino)]ethyl}amine)molybdenum(0)
(6):

The genera procedure was followed using [Mo(CH3CN)3(CO)3] (0.42 g, 1.40 mmol) and 1
(0.88 g, 2.00 mmol). Yield: 0.689 g (1.11 mmol) 79 % as yellow powder.

'H NMR (300.1 MHz, CD5CN, 25 °C, CDsCN): 0= 3.50 (m, 2 H, CH,), 3.16 (m, 6 H, CH)),
2.70 (M, 40 H, CH3+CH,) ppm; *C NMR (75.5 MHz, CDsCN, 25 °C, CDsCN): d= 232.71,
230.11 (CO), 166.54 (CNs3, coordinated TMG), 160.82 (CNs3, free TMG), 66.08, 57.19, 50.70,
46.20 (CH,), 39.79, 39.33 (CH3) ppm; IR (KBr): 7= 2889 s, 1883 s, 1740 vs, 1730 sh [v
(C=0)], 1619 s, 1577 s, 1553 sh, 1515 s [V(C=N)], 1455 m, 1424 w, 1390 s, 1236 m, 1142 m,
1060 w, 1026 w, 976 w, 895 w, 763 w cm'™’; MS (El, 70 eV): m/z (%) = 621.0 (1) [M]*, 594.0
(2) [M—=COJ*, 312.0 (98) [C1sHaaN7]*, 255.0 (17) [C11H25N7]", 210.0 (52) [C11H2oN4]*, 142.0
(60) [C7H16N3] ", 128.0 (64) [CsH14N3]", 101.0 (40) [CsH13N2]", 85.0 (96) [C4HoN2]", 72.0
(53) [CsHsN3]|*, 58.0 (100) [CoHeN3*, 44.0 (37) [C:HeN], 28.0 (72) [CHoN]*; elemental
analysis calcd. (%) for Cy1HasM0ON1003 (620.7): C 46.45, H 7.80, N 22.57, found C 45.89, H
8.07, N 22.29.
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Table 7. Crystal data and details of the structure refinement for 2, 3, and 4.

Complex [(L)Mn"Cl]Cl [(OMN'(NCMe)]  [(DFE'(NCMe)]
2 (ClO4)2 (3) (ClO4)2 (4
Empl rica formula C21H4SC| >MnN1g C23H510| >MnN110g C23H510| >FeN110g
Molecular mass [g mol™] 607.59 735.59 736.50
Temperature [K] 223(2) 198(2) 198(2)
Crystal system triclinic monoclinic monoclinic
Space group P1 P2, /c P2, /c
a[pm] 1174.6(3) 1619.1(1) 1614.4(1)
b [pm] 1227.4(2) 1333.6(1) 1329.3(1)
c[pm] 1298.1(2) 1651.1(1) 1641.7(1)
o [°] 92.451(9) 90 90
B[] 96.182(10) 94.669(10) 94.460(10)
vI[°] 117.907(10) 90 90
Volume[A3 1635.1(5) 3553.1(5) 3512.7(4)
Z 2 4 4
p [Mgm™] 1.234 1.375 1.393
i [mm™?] 0.598 0.580 0.640
F(000) 650 1556 1560
Crystal size [mm?] 040x0.30x0.20 0.39x0.33x0.15 0.28x0.21x0.10
Diffractometer Siemens P4 Enraf Nonius Enraf Nonius
CAD4 CAD4
Scan technique w-scan -scan -scan
Grange for data collection [°] 1.89...27.71 2.48...24.99 3.06...24.98
Index ranges 0<h<13, 0<h<19, -19<h<0,
-14<k<14, O<k<15, -15<k<0,
-14<1<14 -19<I<19 -19<I<19
Reflections collected 5996 6462 6379
Independent refl. 5720 6227 6150
Rint 0.0461 0.0169 0.0309
Observed reflections 5230 5272 3741
[F = 40(F)]
Data/restraints/ 5720/0/ 6227/0/ 6150/0/
parameters 366 430 430
Goodness of fit on F? 1.033 1.106 1.032
R1 [Fo= 40(F)]®@ 0.0327 0.0487 0.0599
WR; (all data) 1@ 0.0916 0.1655 0.1490
Transmission (min./max.) 0.8898 / 0.9181/ 0.9388/
0.7959 0.0855 0.8412
Largest diff. Peak 0.364/ 0.532/ 0.529/
and hole [eA ] -0.316 -0.448 -0.364

[a) Ru=2|| Fol-| Fel 1721 Fo

WR, = { Z[W(Fo>- FA)?]/=[w(Fo?)?]} 2.
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Table 8. Crystal data and details of the structure refinement for 5 and 6.

Complex [(1)Zn"(NCMe)](CIO,), [(L)MO%(CO)4]
©) (6)
Empl rica formula C23H510I2N11082n Co1HagsM0ON 1003
Molecular mass [g mol™] 746.02 661.72
Temperature [K] 193(2) 223(2)
Crystal system monoclinic triclinic
Space group P2, /c P1
a[pm] 1618.2(10) 1006.0(2)
b [pm] 1320.4(9) 1259.5(2)
c [pm] 1634.3(6) 1529.3(2)
al[°] 0 66.470(12)
B[] 94.63(4) 75.237(9)
vI[°] 0 76.840(15)
Volume[A3 3481(3) 1700.3(5)
Z 4 2
p [Mgm?] 1.424 1.292
i [mm™?] 0.918 0.429
F(000) 1576 700
Crystal size [mm?] 0.25x 0.25 x 0.25 0.45x 0.35x 0.25
Diffractometer Enraf Nonius Siemens P4
CAD4
Scan technique w-scan w-scan
Grange for data collection [°] 2.30...26.01 1.78..25.04
Index ranges -19<h<19, O<h<11,
-16<k<0, -13<k<13,
O=<I=20 -14<1<14
Reflections collected 7086 5789
Independent refl. 6834 5483
Rint 0.0194 0.0281
Observed reflections 5251 4982
[F = 40(F)]
Data/restrainty/ 6834/0/ 5483/0/
parameters 418 403
Goodness of fit on F2 1.038 1.010
R1 [Fo= 40(F)]®@ 0.0418 0.0334
WR; (all data) 1@ 0.1192 0.0907
Transmission (min./max.) 0.8030/ 0.9004 /
0.8030 0.8305
Largest diff. Peak 0.595/ 0.722/
and hole [eA ] -0.537 -0.619

[a] Ru==|1 Fol-1 Fel /2] Fol; WRy = { S[W(Fo* FA)/Z[W(Fod)?} Y2
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X-ray structure analysis: Crystal data and experimental conditions are listed in Tables 7 and
8. The molecular structures are illustrated as Schakal*”! plots in Figures 1-6. Selected bond
lengths and angles with standard deviations in parentheses are presented in Table 1. Intensity
data were collected with graphite monochromated Mok, radiation (A = 71.069 pm). The
collected reflections were corrected for Lorentz and polarization effects. Structures 2, 5 and 6
were solved by direct methods and refined by full matrix least squares methods on F?, while 3
and 4 were solved with SIR92.1*®! Hydrogen atoms were calculated and isotropically refined
except for those of H23A, B, C of 3 and 4, which were found and then isotropically refined.
An empirical absorption correction based on the psi-scans of 9 reflections (Trin = 0.4508,
Tmax = 0.5098) was performed for 4.4
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— Chapter 5.1 —
1,8-Bis(tetramethylguanidino)naphthalene (TM GN):
A New, Superbasic and Kinetically Active,, Proton Sponge"

Keywords. Basicity * Dynamic NMR Spectroscopy ¢ Peralkylated guanidines ¢ Protonation
» , Proton sponge*

Abstract
1,8-Bis(tetramethylguanidino)naphthalene (TMGN, 1) is a new, readily accessible, and stable
»proton sponge* with an experimental pKgy+ value of 25.1 in MeCN, which is nearly seven
orders of magnitude higher in basicity than the classical ,proton sponge” 1,8-
bi s(dimethylamino)-naphthalene (DMAN). Because of the sterically less crowded character of
the proton-accepting sp®-nitrogen atoms, TMGN also has a higher kinetic basicity than
DMAN, which is shown by time resolved proton self-exchange reactions. TMGN is more
resistant to hydrolysis and is aweaker nucleophile with the alkylating agent Etl in comparison
to the commercially available guanidine 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene
(MTBD). Crystal structures of the free base, of the mono- and bisprotonated base were
determined. The dynamic behavior of all three species in solution was investigated by
variable-temperature *H NMR experiments. AG* values obtained by spectra simulation reveal

a concerted mechanism of rotation about the C-N bonds of the protonated forms of TMGN.

I ntroduction
For over three decades, neutral organic bases with chelating proton-acceptor functionalities
have attracted particular interest. On account of their high proton affinity, they are named
»proton sponges’ according to the classica example, 1,8-bis(dimethylamino)naphthalene
(DMAN, Scheme 2), that was introduced by Alder et a.[*? The field has been reviewed by
Staab and Saupe,® and more recently by Llamas-Saiz et a.,[” as well asin alimited manner
on 1,8-diaminonaphthalene derivatives by Pozharskii.l® , Proton sponges® are still the focus
of current research activity!®® and are also the subject of vivid interest of theoretical
chemists.!? A general feature of all ,proton sponges® is the presence of two basic nitrogen

centers in the molecule, which have an orientation that allows the uptake of one proton to

yield a stabilized [N---H-N]" intramolecular hydrogen bond (IHB). Compared to ordinary
1
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akyl and aryl amines, amidines and guanidines such proton chelators present a dramatic
increase in basicity on account of i) destabilization of the base as a consequence of strong
repulsion of unshared electron pairs, ii) formation of an IHB in the protonated form, and iii)
relief from steric strain upon protonation. Two general concepts to raise the thermodynamic
basicity or proton affinity have been followed (Scheme 1). One is to replace the naphthalene

skeleton by other aromatic spacers, such as fluorene,® heterofluorene,'® phenanthrene™® and

|’[11]

bipheny thus influencing the basicity by varying the nonbonding N--N distance of the

proton-acceptor pairs. The other concept focuses on the variation of the basic nitrogen centers

[6de12.13.14.39] or jts adjacent environment (, buttressing effect*).[2351617]

Ph,P PPh
R,N NR, 3 %N N& 3

5

Biphenyl type
Y =(), (CH,),, CH,-O-CH,

&

Iminophosphorane type

N

Heterofluorene type

X
N

Quinolino[7,8-h]quinoline type
R,N NR, y RN NR, .
"buttressing effect"
X = alkyl, OR

)
o O

Fluorene type

Skeleton RN NR, N-center

"Classic" proton sponge
R = Me

R # Me type

Scheme 1. Survey of strategies to influence the basicity of ,, proton sponges”.
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There is atrend that , proton sponges* with high thermodynamic basicity typically have alow
Kinetic basicity: The captured proton does not usually take part in rapid proton-exchange
reactions, which would allow such neutral superbases to serve as catalysts in salt-free base-
catalyzed reactions. A successful strategy to overcome the kinetic inertness has been
presented by Schwesinger et a., who developed a thermodynamically strong and at the same
time kinetically active superbase that incorporates the vinamidine structure (Scheme 2).[*8
However, its multistep synthesis, moderate stability, and moderate solubility in aprotic
solvents are some limitations of this ,, proton sponge*, that proved to take up two protons in

the presence of excess acid.

Me,N NMe,
Me,N NMe, Me,N N N NMe,
1,8-Bis(dimethylamino)naphthalene 1,8-Bis(tetramethylguanidino)naphthalene
DMAN, Alder 1968 TMGN (1), this work
pPKgy+ (MeCN): 18.18 pKgy+ (MeCN): 25.1
N N
CPy)
N N
S,
/
Vinamidine type Quinolino[7,8-h]quinoline type
VA, Schwesinger 1987 QQ, Staab 1987/1989
pPKgy+ (MeCN): 31.94 pKgy+ (DMSO): 12.8

Scheme 2. Representative ,, proton sponges’ in relation to TMGN (1).

After an examination of the reported strategies to increase the basicity of 1,8-
diaminonaphthalene ,, proton sponges* and being aware that peralkyl guanidines belong to the
strongest organic neutral bases known,*® we decided to use the tetramethylguanidino group
as an efficient and straightforward modification of the chelating proton-acceptor.
Peralkylguanidines are several orders of magnitude higher in basicity than tertiary amines
because of the excellent stabilization of the positive charge in their resonance-stabilized
cations.”® This trend may be demonstrated by the pKgn+ (MeCN) values of the 1,2,2,6,6-

pentamethylpiperidinium cation (18.62), the parent guanidinium cation (23.3), and the
3
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pentamethylguanidinium cation (25.00).°? It is interesting to note that pKgy+ values of a
wide range of nonchelating N-aryl guanidines have been determined!® and that one
promising candidate for proton chelation, 2,2’ -bis(tetramethylguanidyl)-1,1’ -biphenyl, did not
exhibit , proton sponge* properties, such as formation of an IHB.?? Dissociation constants
and kinetics of proton transfer reactions of nonchelating guanidine bases in acetonitrile®! as
well as DMAN systems %224 haye been the subject of previous detailed studies.

In the present paper, we report on the synthesis as well as the spectroscopic and structural
properties of 1,8-bis(tetramethylguanidino)naphthalene (TMGN (1), Scheme 2) and its mono-
and bisprotonated forms. Surprisingly, this new ,, proton sponge”, which has a basicity that is
higher by the factor of more than 10" than Alder's classicd DMAN, was successfully
prepared by a one-step synthesis in high yield. It is relatively stable towards autoxidation,
soluble in aprotic nonpolar solvents, and in contrast to DMAN, kinetically active in proton-

exchange reactions.

Results and Discussion
Synthesis. TMGN (1) is synthesized by a method previously described by us for the synthesis
of multidentate metal-chelating oligoguanidines.!®  Tetramethylchlorformamidinium
chloride®! is treated with 1,8-diaminonaphthalene in the presence of triethylamine as an
auxiliary base and in MeCN as the solvent. After deprotonation of the guanidinium cation
with 50% agueous KOH and extraction into hexane, 1 is obtained in analytically pure form
(Scheme 3). In comparison to other , proton sponges* of similar basicity, this represents a
rather ssimple synthesis from convenient precursors, as the Vilsmeyer salt [Cl-C(NMe,),]Cl

and related electrophiles may be produced in large scale from ureas and phosgene or oxalyl

chloride.
Meill )N\Mez
H2N NH2 j:\| Cl 1) NEt3y MeCN, reflux MezN N N NM62
2) 50 % KOH, hexane
- HNEL,CI
- KCl TMGN (1)

Scheme 3. Synthesis of TMGN ().
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Reactivity studies. TMGN (1) is cleanly monoprotonated by an equimolar amount of
NH4PFs in MeCN to yield [1-H][PFe] (2a). Colorless single crystals are obtained by slow
diffusion of dry ether into the MeCN solution.

Surprisingly, monoprotonated [1-H]" does not show the kinetic inertness with respect to
bisprotonation, that is typical for many ,proton sponges*. Similar to the kinetically active
vinamidine , proton sponge* of Schwesinger,!*® it readily takes up a second proton when
treated with an excess of strong acids, such as trifluormethanesulfonic acid, tetrafluoroboric
acid etherate, trifluoroacetic acid, agueous hexafluorophosphoric acid or gaseous HCI.
However, complete bisprotonation could not be achieved by excess NH4PFs in MeCN.
Colorless single crystals of [1-H,][Cl, CI,H] (3a) were obtained after excess of hydrogen
chloride was passed through a CH,Cl, solution of 1 and crystalization from MeCN.
Bisprotonation is a rather unusual feature observed in only a small number of , proton
sponges*, which can be divided into ,, proton sponges* that bear a double set of basic centers
(A2 and a second class where the formation of the IHB is insufficiently strong or
completely prevented (B) (Scheme 4) 1172182829

Me,N NMe
Me,N  NMe,
2

Me,N  NMe

MeZNNMe2
Me,N NMe,

Scheme 4., Proton sponges®* that can be bisprotonated, with two sets of basic centers (A) and

Sarys

forming insufficiently strong IHB’s (B).

TMGN (1) is perfectly stable towards hydrolysis under acidic conditions (1 M D30", 25 °C, 6
d). The hydrolysis of 1 in basic media was monitored by *H NMR (0.83 M NaOD in
[Dg] DMSO/D,0) and compared to the commercialy available guanidine 7-methyl-1,5,7-

triazabicyclo[4.4.0]dec-5-ene (MTBD). While 1 is stable at room temperature for 24 h,
5
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MTBD hydrolysis is observed. At elevated temperatures (60 °C, 5 d), 44% of 1 and 73% of
MTBD is hydrolyzed to the corresponding urea.

In order to evaluate the nucleophilicity of 1, an alkylation reaction of 1 and MTBD with
C,Hsl was performed under identical conditions (2.5 eq C,Hsl per guanidine function, 25 °C,
CD,Cl5). While no conversion of 1 was observed after 15 min by means of *H NMR, = 50%
of MTBD was converted into the ethyl guanidinium salt. At longer reaction times (3 d, 25 °C)
even less nucleophilic 1 was converted into a mixture of protonated and alkylated products,

which however, could not be quantified because of signal overlap.

Structure of the base 1. Single crystals of TMGN suitable for X-ray crystallography were
obtained by crystallization from hexane. The result of the structural analysis is shown in
Figure 1, selected bond lengths and angles are given in Table 1. The molecular structure of 1
is close to C, symmetric molecular structure of 1 with only small deviations from ideal
symmetry as a consequence of the strong repulsion of the two lone pairs centered at the

proton-acceptor sp>-hitrogen atoms N(1) and N(4) in an anti-orientation.

Cs) Ceo

Figure 1. Molecular structure of TMGN (1), view perpendicular to the naphthalene ring plane
(A) and projection along the C,-axis C(16)-C(15) of the molecule (B).["!

Both guanidine centers C(1) and C(6) are trigonal planar (2° 359.9°, Table 1). As found in
other peralkyl oligoguanidines,’®*?! the four dimethylamino groups in the periphery deviate
from ideal conjugation with the C(1)N3 and C(6)N3 planes as indicated by torsion angles N-
C-N-C of 8-45°. A similar propeller-like distortion as a result of steric repulsions has been
6
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found for the ground state of the hexamethylguanidinium cation.® The guanidine double
bonds C(1/6)-N(1/4) (128.2+0.1 pm) are shorter by the factor p = 0.93!%°Y (vide infra) than
the average bonding lengths of C(1) and C(6) to the periphera NMe, nitrogen atoms

(138.4+0.1 pm, Table 2). This demonstrates the effect of conjugation of the guanidine group

with the aromatic naphthal ene system, weakening the double bond in contrast to the situation
in compounds A and B (Table 2).

Table 1. Selected bonding, nonbonding lengths [pm], angles, dihedral angles and bond angle
sums[°] in TMGN (1), [1-H][PFe] (2a), [1-H2][Cl, Cl2H] (3a), and [1-H2][PFs, BF4] (3b).”

TMGN [1-H][PFs]  [1-HJ][CI, CloH] [1-HJ][PFe, BF4]
1) (22) (32) (3b)
C(D=N(2) 128.1(3) 135.1(6) 136.6(3) 133.3(17)
C(6)=N(4) 128.3(3) 132.6(6) 136.5(3) 133.3(18)
C-NMe; (O) 138.4+0.1 134.2+2.0 133.1+0.4 133.9+1.8
C(11)-N(2) 140.1(3) 140.9(6) 142.6(3) 143.7(14)
C(17)-N(4) 139.6(3) 141.4(6) 143.4(3) 143.6(15)
N(1)-H(1A) - 91(6) 90(3) 87
N(4)-H(1A)/H(4) - 175(6) 92(3) 87
N(1)---N(4) 271.7(3) 259.3(5) 288.1(3) 282.3
C(11)--C(17) 251.9(3) 255.3(7) 258.2(4) 256.0
C(11)-C(16)-C(17) 122.6(2) 124.6(4) 127.8(2) 126.6(10)
C(11/17)-C(16)- 173.7(2) | 178.7(4) / 178.2(2) / 179.4(11) /
C(15)-C(20/14) 172.3(2) 178.9(4) 177.3(2) 179.9(12)
N(1/4)-C(11/17)- -161.6(2) / 177.4(1) / -172.5(2) / -178.5(10)
C(16)-C(15) -161.2(2) -171.0(4) -174.8(2) 178.9(10)
C(16)-C(1V17)- - -9(4) 62.58(1) / -
N(1/4)-H(1A/4A) - - 68.66(0) -
C(1/6)=N(1/4)- 57.7(3)/ -10.3(8) / 31.4(3)/ -37.6(15) /
C(11/17)-C(12/18) 53.2(4) 49.2(7) -34.1(3) -27.7(18)
2°N(2) - 360.0 350.6 proton calcd. -
>°N(4) - - 3515 not found
>°C(1 359.9 360.0 360.0 360.0
>° C(6) 359.9 359.9 360.0 359.9
2° Nme2 (O) 353.2+3.9 359.0+1.1 359.7+0.3 358.7+0.6

& Crystallographic standard deviations in parentheses, calculated average values (L) are denoted with

standard deviation ().



Chapter 5.1 1,8-Bis(tetramethylguanidino)naphthalene (TM GN)

Table 2. Average C=N vs. C-NR; lengths [pm] and quotient o, standard deviations (+).*

Complex 0 C=N (a) 0 C-NRz (b, ¢ P
TMGN (1) 128.2+0.1 138.4+0.1 0.927
[(A)Mo(CO)3]c125) 127.6+0.0 138.7+0.9 0.920
[(B)zn"Cl,)P41% 127.9+0.0 139.5+0.4 0.917
[(C)Cu''Cl,) 8% 131.4+0.8 136.8+2.2 0.960
[1-H][PFe] (2a) (bridge) 132.6+0.0 135.8+0.4 0.977
[1-H][PFe] (2a) (bond) 135.1+0.0 132.6+1.6 1.019
[1-H][CI, CIH] (3a) 136.6+0.0 133.1+0.4 1.026
[(D)H,]Cl, "% 133.6+0.0 134.0£0.2 0.997
[(E)][F&(CO)4C(O)NMe;] =Y 132.9+0.0 133.7+0.7 0.994

2 Structural parameter p = 0 C=N/ 0 C-NR,. ® Complex bears a free guanidine group in form of a
noncoordinated ,dangling* arm of a tripodal ligand. ¢ Ligand (A) = 1,1,1-Tris{2-[N*(1,1,3,3-
tetramethylguanidino)]ethyl} amine (TMGgtren). ¢ Ligand (B) = 1,1,1-TrisiN*(1,1,3,3-tetramethyl
guanidino)methyl]ethane. © Ligand (C) = (1R 2R)-(-)-1,2-Bis[N*(1,1,3,3-tetramethylguanidino)]
cyclohexane (TMG,CH). ' Ligand (D) = 1,2-Di[N*(1,1,3,3-tetramethylguanidinium)]ethane
dichloride tetrahydrate (TMG,en x 2 HCI). ? Ligand (E) = [C(NMe&y)4]".

Some characteristic structural features reveal differences in the steric constraint of TMGN
and the sterically more crowded DMAN!? and less crowded Quinolino[7,8-h]quinoline (QQ,
Scheme 2)1**¥ (corresponding values in brackets). The indicators are the angle C(11)-C(16)-
C(17) 122.6° (DMAN: 125.8°; QQ: 125.4°) of the naphthalene ring, the nonbonding distance
C(11)--C(17) 251.9 pm (DMAN: 256.2; QQ: 258.3), and the very short nonbonding distance
between the acceptor atoms N(1)--N(4) 271.7 pm (DMAN: 279.2; QQ: 272.7, 18-
diaminonaphthalene: 272!'). Additional evidence for the extent of distortion comes from the
average anti-coplanar torsion angles within the naphthalene skeleton C(11/17)-C(16)-C(15)-
C(20/14) 173.0° (DMAN: 170.3°; QQ: 178.9°) and with respect to the twisted N-donor atoms
N(1/4)-C(11/17)-C(16)-C(15) 161.4° (DMAN: 168.2; QQ: 177.8). Because of the different
hybridization of the N-atoms (sp?) compared to typical ,proton sponges‘ (sp®) the anti-
conformation of the unshared electron pairs is more easily realized, as can be seen at the
position of the imine nitrogen atoms in Figure 1B. In addition, the average syn-coplanar
torsion angle C(1/6)-N(1/4)-C(11/17)-C(12/18): 55.5° (1) reveals that the degree of possible
conjugation between the 7esystems of the naphthalene ring and the guanidine moiety is

marginal. However, the quotient o discloses a noticeable influence of the aromatic system on
8
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the guanidine group, the C=N bond is elongated compared to aliphatic guanidines (first
section Table 2).

Structure of monoprotonated 1. The result of the structural analysis is shown in Figure 2,
selected bond lengths and angles are given in Table 1. In [1-H][PF¢] (2a), the C, symmetry of
the corresponding base structure is not preserved. The naphthalene system is flattened and can
be considered virtually planar with the captured proton located between the imine nitrogen
atoms in the same plane. There are no significant interactions between the PR anion and the
cation of 2a.

Figure 2. Molecular structure of [1-H][PFe] (2a), view perpendicular to mean ring plane (A)

and projection along C(15)-C(16) (B), anion omitted for clarity./"

In monoprotonated TMGN, the bond lengths between C(1/6) and N(1/4) become elongated, in
bisprotonated species they become equivalent to the periphera C-NR;, bonds (Table 1).
Indeed, o becomes 1.019 for the guanidine group with the smaller N-H distance within the
IHB and is 0.977 for the one with the larger N-H distance. This is in agreement with the
existence of atrue IHB in the monoprotonated form of TMGN (further evidence is raised by

the results of dynamic NMR spectroscopy, vide infra).
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The guanidine nitrogen atoms N(1)---N(4) of 2a are found at a closer distance of 259.3 pm
compared with 1 (271.7 pm), which is in the range of the average value of 258 pm in
DMANH" structures.>*? The torsion angles for the evaluation of planarity within the
naphthalene ring indicate that it is flattened to a large degree. On protonation, the angle
C(11)-C(16)-C(17) is stretched to 124.6° in 2a, while it remains essentialy unchanged in
DMANH" 125.6°.2* This trend is in agreement with an elongation of the C(11)--C(17)
distance to 255.3 pm (DMANH™: 253.9). Furthermore, the average anti-coplanar torsion
angles C(11/17)-C(16)-C(15)-C(20/14) 178.8° (DMANH": 178.7) and the twisting of the
donor atoms N(1)-C(11)-C(16)-C(15) and N(4)-C(17)-C(16)-C(15) 177.4° and 171.0°,
respectively, (DMANH™: 179.6° and 177.7°) and indicate the trend of planarization. The
proton was found and isotropically refined. For confirmation of the exact position of the
proton or differentiation of the imine nitrogen atoms, a neutron diffraction structure

analysis™® and ESCA spectroscopy,® respectively, would be the method of choice. The
proton is localized unsymmetrically in a nonlinear hydrogen bridge N(1)-H(1A)---N(4) as
indicated by the short N(1)-H(1A) distance of 91 pm, along distance N(4)---H(1A) of 175 pm
and an N(1)-H(1A)-N(4) angle of 152°. A similar geometry has been found in other ,, proton
sponges* (Table 3).

Table 3. Comparison of N-H bond lengths [pm] and angles [°] in various , proton sponges*
with [1-H][PFe] (2a) and [1-H][Cl, CI.H] (3a).

compound N--N N-H (N)H-N N-H--N
[DMANH]CIMH?® 264.4(2) 110.6(5) 160.8(6) 153.3(5)
[DMANH]HS 258.3(2) 108(2) 155(2) 157(2)
[TDMANH,]Br,® 256.7(5) 122(1) 139(1) 158(-)
[VAH](BPhy)° 254.1(-) 92.0(3) 178(2) 137.6(-)
[VAH,](CIO,),* 284.5(-)  86.0(34) / 86.0(49) - -
[1-H][PFe] (2a) 259.3(5) 91(6) 175(6) 152(5)
[1-H][Cl, Cl,H] (3a) 288.1(3) 90(3) / 92(3) - -

& 1-Dimethylamino-8-dimethylammonionaphthalene 1,2-dichloro maleate, determined via neutron
diffraction.® ® 1-Dimethylamino-8-dimethylammonionaphthalene hydrogen squarate!*® © 58-
Bis(dimethylamino)-1,4-bis(dimethylammonio)naphthal ene dibromide.”” ¢ Vinamidine.'®

10
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The syn-coplanar torsion angles, which indicate the probability of p-orbital overlap C(1/6)-
N(1/4)-C(11/17)-C(12/18), differ significantly for both guanidine groups of 2a. While the
guanidine group with the smaller N-H bond length unfolds a torsion angle of only 10.3°,
which permits conjugation, the other group remains at a disadvantageous angle of almost 50°,

similar to the angles observed in 1.

Structure of bisprotonated 1. The X-ray structure of [1-H;][Cl, Cl,H] (3a) is shown in
Figure 3, selected bond lengths and angles are given in Table 1, the hydrogen atoms H(1),
H(4), and H(2) were found and isotropically refined. In the dication 3a, the planarity of the
naphthalene ring observed in 2a is essentially maintained while the guanidinium units are
increasingly twisted with respect to each other. The protons adopt a syn-conformation with
hydrogen bonding to a bridging chloride anion so that the inner core of the molecule has

amost C; symmetry. The chelating hydrogen bonds lengths are 221(3) pm for N(1)-
H(1)--Cl(1) and 229(3) pm for N(4)-H(4)---CI(1). A solvate with hydrogen chloride is formed
by second chloride anion. The resulting anion [Cl-H--Cl]" reveals an unsymmetrical linear
hydrogen bond similar to the structurally characterized example [HzOe 18-crown-6][Cl,H] 3"

within a variety of characteristic bond lengths and angles that have been found for this anion
(Table 4).

Table 4. Comparison of Cl-H--Cl bond lengths [pm] and angles [°] in [1-H][CI, CI,H] (3a)
with structurally characterized reference compounds containing the [Cl,H]™ anion.

Compound Cl-H Cl---H Cl-H---Cl
[1-H][CI, Cl;H] (3a) 145(5) 170(5) 177(2)
[AsPh,][Cl,H]® 154.6 154.6 180.0
[H3Oe 18-crown-6][Cl H] ") 147.1 164.9 168.2
[(MesNH),Cl][ClH] P 138.4 178.6 163.2

3a exhibits close to perfect delocalization of the positive charge within the guanidine moieties
which is expressed by a p value of 1.026, again elongation of the former C=N bond (p > 1.00)
in comparison to the last two entries in Table 2 is caused by the conjugative effect of the

aromatic system.

11
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As a result of the second protonation the angle C(11)-C(16)-C(17) is further enlarged to
127.8°, the nonbonding distances C(11)---C(17) 258.2 pm and N(1)---N(4) 288.1 pm are aso

elongated. These parameters reflect a dramatic increase in steric strain as a consequence of
bisprotonation: Both protons point towards the bridging chloride ion, the guanidine functions
adopt a syn- and not an anti-conformation. As a result, the guanidine N-atoms lie almost in
the same plane as the naphthalene ring, as indicated by the anti-coplanar torsion angles
N(1/4)-C(11/17)-C(16)-C(15) 172.5° and 174.8°. It is plausible that this sterically congested
conformation is stabilized through hydrogen bonds to the chloride anion (Figure 3).

Figure 3. Molecular structure of [1-H,][Cl, Cl,H] (3a), view perpendicular to mean ring
plane (A) and front view along C(15)-C(16) (B).[™"

The planarity of the naphthalene ring is expressed by its average anti-coplanar torsion angle
C(11/17)-C(16)-C(15)-C(20/14) 177.8°. In 3a, the syn-coplanar torsion angles (C(1/6)-
N(1/4)-C(11/17)-C(12/18) relevant to evaluate a conjugation are approximately 33°. A p
value of 1.03 indicates that the former C=N bond is even elongated in comparison to the C-
NR; bonds, which is effected by the naphthalene ring.

The reaction of 1 with aqueous hexafluorophosphoric acid gave light brown crystals, which
were subjected to an X-ray analysis that identified the product as [1-H;][PFs, BF4] (3b). This
surprising result arises from an HBF4 impurity in the HPFg introduced in the manufacturing
process, as has been previously reported.*” Further evidence for the BF, anion is provided
by NMR (*°F, *'P, 'B) as well as ESl mass spectrometry (see experimental). Even though
the R values of its structure resolution were rather poor because of twinning and disorder of
the anions, the proportions in the naphthalene cation can be considered accurate according to
the temperature factors of cation vs. anion. Without going into a detailed discussion of
structural parameters, one specific difference between 3a and 3b should be pointed out:
12
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While the two protons are in a syn-conformation in 3a, in 3b an anti-conformation with
essentially noncoordinating anions is realized (Figure 4). Thus, the energetic difference
between the syn- and anti-conformeres cannot be very high. This is also documented by the
small difference in the populations revealed by dynamic NMR studies of solutions of
bisprotonated 3c (vide infra).

Figure 4. Molecular structure of [1-H,][PFes, BF4] (3b), view perpendicular to mean ring
plane (A) and front view along C(15)-C(16) (B) (anions omitted for clarity).l”!

Structural parameter p. The structural parameter p (254 = 2a/ (b + ¢) (Scheme 5) of the
average C=N distances (a) and C-NR; distances (b, ), is comparatively listed for all TMGN
derivatives together with representative examples in Table 2. In a free guanidine group, one
double and two single bonds are present, documented by a p value of = 0.92 (first section
Table 2). When C=N and C-NR; bonds are of equal length as a result of protonation and
perfect delocalization of positive charge, p assumes a value of = 1.00 (last section Table 2).

Metal complexes are placed in between (o= 0.96).

/R'
@ \\\a
/CTNRZ
RN P
E = H*, R*, M+

Scheme 5. C-N bonds a, b and ¢ for the determination of quotient p.
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NMR spectra and pKgp+. The 400 MHz *H NMR spectrum of [1-H][PFg] (2a) in CDsCN
shows a broad signal a & = 14.28 ppm for the N-H proton. This relatively moderate
downfield shift of the N-H proton in 2a compared to &, = 18.6 ppm (CD3CN) in DMAN and
other naphthalene-based ,, proton sponges*,™® or even &, = 19.38 ppm ([Ds] DM SO) for QQ, is
assigned to the formation of aweaker, unsymmetrical hydrogen bridge (Table 3). On the other
hand the N-H resonance of the bisprotonated analogue [1-H,][PFs, BF4] (3b) is observed as a
sharp singlet at oy = 7.84 ppm (CD3CN) as a consequence of the lack of N-H-*N hydrogen
bonding. In this context, it is noted that [1-H][Cl, Cl,H] (3a) gives arelatively sharp singlet
at &y = 11.18 ppm, which is at lower field than [1-H,][PFe, BF4] (3b) because of hydrogen
bonding to the chloride anion. Furthermore, there is a broad singlet in 3a at 4.33 ppm which
is assigned to the proton of the [Cl,H] " anion.!*"! The resonances in the aromatic region have a

typical ABX pattern.

For the determination of the pKgn+ valud*®*¥ UV/Vis spectroscopy could not be used
because of the similarity of the spectra for both 1 and 2a. Experiments to determine the
basicity of 1 by *H-NMR measurements of transprotonation reactions>**° (vide infra) with
bases of known pKgy+ also proved to be difficult. In contrast to typica ,proton sponges
TMGN does not show the ,, sluggish* proton-transfer behavior reported.*%°2% When we first
tried to evaluate the lower and upper limits of the pKgy+, mixtures of 2a with various bases in
CD3CN disclosed only coalesced signals at room temperature because of the lack of
hydrophobic shielding similar to QQ (Figure 5). Even at lower temperatures, a separate set of
signals for each, free base and monoprotonated form, cannot be observed, which clearly
points out the rapid proton-exchange between two kinetically active bases. From the shift of
the signals compared to the pure samples it could be estimated that e.g. tetramethylguanidine
(TMG) was basically unable to deprotonate 2a, whereas tris(dimethylamino)imino-
phosphorane (IPNH) deprotonated 2a to a large extent. An equimolar mixture with
pentamethylguanidine (PMG) however, gave one signal for 1/ 2a approximately at the center
of the individual resonances (doublet at 6.23 and 6.49 ppm, respectively). The dynamic
equilibrium could not be stopped on the NMR time scale in the temperature range of the
solvent (m.p. CD3CN: 229 K). When we employed the sterically more hindered guanidine
base MTBD to slow down the proton exchange rates, we were able to observe a low
temperature splitting of the signal in CD3CN into two baseline-separated sets for al aromatic

protons which could be readily integrated. In CD,Cl, no split could be observed. A second
14
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effect in addition to increased steric demand, is the increased basicity of MTBD (0.4 pKgn+
units, Table 5) compared to PMG because of better delocalization of positive charge due to
enforced planarity within the guanidine moiety in contrast to the propeller-like twisting of
permethylated guanidine groups. The experimental pKgy+ value of 25.1+0.21%! for TMGN is
in excellent agreement with the theoretically calculated value for the absolute proton affinity
(APA) in MeCN: 25.4.1*" The comparison with tetramethyl phenylguanidine (TMPhG, pKgn+
= 20.6, Table 5) states unquestionably that there is a cooperative effect which
overcompensates inductive effects of the naphthalene system. This value is amost in the
range of monoiminophosphoranes, for example IPNMe (Table 5), and even considerably

higher than most ordinary guanidines,!***2%*8 certainly aromatic amines.!*”!

Table5. Relative basicity values.

Base pKgn+ (MeCN)
Vinamidine (VA) 31.941%
(MeN)sP=NMe (IPNMe) 27.58129¢%0 1 24 495U (MeNO,)
(Me:N)sP=NH (IPNH) = 26.1519 / 23.12 (MeNO,)
8
MTBD N/)\ N 25.431% 20
Me
TMGN (1) 25.1M"!
(Me:N),C=NMe (PMG) 25.0012!
DBU 24,3212
(MeN),C=NH (TMG) 23.3/20d
(Me:N),C=NPh (TMPhG) 20.6!1%214
DMAN 18.18%54
Quinolino[7,8-h]quinoline (QQ) 12.8! (DM S0)

[a] Calculated from the difference of IPNMe and IPNH in MeNO.. [b] Present work.

15
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Estimation of pKgy+ values by *H-NMR transprotonation studies.***“%! The basicity of
novel bases can be estimated by *H-NMR transprotonation studies with bases of known
pKgn+ as areference, which differs by not more than + 2 pKgy+-units. Equimolar amounts of
the reference base and the conjugate acid of the base in question are dissolved in the same
solvent as the reference indicates. In an acid-base reaction the substance reaches an
equilibrium state with the reference. Integration of the separate set of signals for the base
investigated and its conjugate acid provides the information necessary in order to calculate
the rate constant (K). The pKgpy+ value then can be calculated from the rate constant
(equations 1 to 7).

In some cases, when the base is kineticaly highly active, it is unavoidable to record low
temperature NMR-spectra in order to achieve baseline-separation of the sets of signals by
lower rates of proton exchange. Employment of sterically hindered bases and the use of
spectrometers working at high frequencies (>400 MHz) or a combination of both may also

avoid the coalescence of signals.

(1) [AHT]T+[B] © [Al+[BH"]

Acid-base equilibrium (A: base investigated; B: base of know pKgy+)

« - [AITBH"]

2
@ [AH™]0B]

Rate constant (K) of the acid-base equilibrium.

If the reference base and the conjugate acid of the investigated substance are employed in

equimolar amounts, the following simplification can be made:
(3 [AH']=[B] und [A]=[BH"]

Thus, it is only necessary to receive separate signals of one acid-base pair in case the other is

inaccessible because of signal overlap.

16
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For the rate constant (K) can be concluded:

A2  [BHT

4 K= :
“ [AH]? [B]*

Integration of the signals corresponds directly to the molar amounts present in the

equilibrium.

[A? _ 1

(5) = [AH +]2 -

e
The unknown pKgy+ value is calculated from the following equations:
(6) 1ogKsg) =ApKg,. (A B)

Whereas the algebraic sign of ApKgy+ is determined by the qualitative analyses of the

experimental spectrum indicating the stronger base.

(7)) PKgy.(A) = pKg,, (B) + ApKy, . (A B)

Kinetic activity. From the pKgy+ determination it became clear that, in contrast to the known
slow proton transfer to and from classical , proton sponges:!*%22242 1 gllows rather fast rates
of proton-exchange which is required for applications as auxiliary bases in base-catalyzed
reactions. This tendency in kinetic activity may also be understood by the optical impression
in the comparison of TMGN, DMAN, and their monoprotonated forms along with QQ as free
base in an illustration with space-filling models (Figure 5). The steric situation around the
basic centers is much more congested in the environment of DMAN than for TMGN, which

shows considerably less steric shielding, QQ appears to be practically unshielded.

17
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TMGN (1) [1-H][PFq]

Quinolino[ 7,8-h]quinoline (QQ)

18
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DMAN [DMANH]BF,

Figure 5. Spacefilling illustration of steric shielding around the N-centers of TMGN,
TMGNH', DMAN, DMANH?*, and QQ in two projections.™
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The trend in kinetic activity will be demonstrated in particular by comparing the proton self-
exchange rates between the free base (1) and the monoprotonated form (2a) relative to the
system DMAN / DMANH*® as a criterion for kinetic activity. Equimolar anounts of 1 and
2a were dissolved in CDsCN and *H NMR spectra of the mixture recorded at temperatures
ranging from 344 to 225 K with a coalescence signal at 300 K (500 MHz). The free energy of
protonation was determined to be 59.3 kJ/mol from an Eyring plot that resulted from a line
shape analysis of the variable-temperature 'H NMR spectra (Figure 6).* However, no
coalescence could be observed for DMAN / DMANH®, either in CD3CN or [Dg] DM SO up to
temperatures of 336 and 371 K, respectively.*™® Therefore, it can be estimated that DMAN
should exhibit a free energy of proton-exchange of > 65.5 (CD3CN) or > 72.6 kJmol
([De]DM SO), respectively, which is in the range of the activation enthalpy estimated for the
exchange of D* in DMAN / DMAND™.1%®

In(k /T)

3.1 35 3.9

10374k 1

Figure 6. Eyring plot from proton self-exchange experiments of 1/ 2a.

NMR spectra and molecular dynamics. The intrinsic dynamic behavior of the guanidine
group, combined with the change in structure as a result of protonation, leads to complex
intramolecular exchange processes which were investigated by dynamic ‘H NMR

spectroscopy.
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Free base 1. Compound 1 exhibits one signal for the methyl groups at room temperature. At
lower temperatures, this signal splits into two signals of equal intensity (Figure 7), with a
coaescence point at T, = 253 K (400 MHz), which is attributed to hindered rotation about the
C=N double bond (Scheme 6). This is caused by the typical syn/anti-isomerization of
guanidines, which is already documented in the literature for other guanidiné®®>"*® and

TMGP systems.

ki/s*
18000~A‘ﬁ
1700
550
253 A, 330
251 300
245 | 170
234 Cj 45
222 | 10 \
\ \ ' \ \ \ ‘ \
40 30 20 40 30 20
On ppm OH ppm

Figure 7. Temperature dependent *H NMR spectra at 400 MHz for the N-methyl singlet of
TMGN (1) in CD.Cl, (experimental spectra: left, simulated by iterative fitting:!>¥ right).

Generally, this isomerization can be caused by rotation or inversion, but in the case of 1, only
the rotation has to be considered for steric reasons and inversion is unlikely. At ambient
temperature, the protons of the two N-dimethylamino units are equivalent. Thus, a flip

mode®® with two separate ground-state conformers as investigated by fluorescence
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spectroscopy and ab initio calculations!” such as that observed in DMAN, where free
rotation is impossible because of the repulsion between the methyl groups, cannot be present.
Within the guanidine base 1, the C-NR; single bonds rotate rapidly with respect to the NMR
time scale, even at low temperatures.!®”

NMe, NMe,

Scheme 6. Rotation about C=N bondsin TMGN (1).

From an Eyring plot, the free energy of activation AG* for 1 was determined to 49.0 kJ/mol
(256 K), which corresponds to be 49.3 kJ/mol at 238 K (Figure 8). Thisvalueisin agreement
with the 50.7 kJ/mol (at T, = 238 K, 60 MHz) measured with TMPhG.!*®¥ Of course, these
values vary from alkyl substituted guanidines, which exhibit a reasonably higher barrier of
activation (PMG: AG* = 78.7 kImoal at T, = 351 K, 100 MHZ!*®*®) because the C=N double
bond is not weakened due to inductive effects of the aromatic system. In 1 however, a

considerable weakening of the C=N bond order is realized by inductive effects of the
naphthalene ring.

In(k/T)

T T T »

3.8 4.1 4.4

10371 YKL

Figure 8. Eyring analysis of rates of interconversionin TMGN (1).
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Monoprotonated 1. The low-temperature *H NMR spectrum of 2a reveals four separate
resonances (1:1:1:1) at 190 K (Figure 9) and is markedly more complicated than that of the
free base 1. It adso differs significantly from the known spectra of [HTMPhG]® and
[PMPhG]*.1*"

k/s?
T/K

16000
289

Jk
245
. jM
224 2
222 17
190 1 J\M
I L B R R B O R B A “\“‘\‘\\\\‘f\\\
35 3.0 25 35 30 25
o1 ppm A1 ppm

Figure 9. Temperature dependent *H NMR spectra at 400 MHz for the N-methyl singlet of
[1-H][PFg] (2a) in CD,Cl, (experimental spectra: |eft, simulated by iterative fitting:!>¥ right).
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The fact that 2a also exhibits rea , proton sponge” properties in solution with a rapidly
exchanging proton in an IHB (Scheme 7), is documented in the number of aromatic proton
signals, along with the number of methyl signals in the range of fast exchange.
Unsymmetrical protonation would result in six resonances in the aromatic region and two for
the methyl signals. In 2a only three aromatic signals and one methyl signal is observed,
indicating the equivalence of both basic centers. Now two exchange phenomena are possible,
leading to the four methyl resonances at in the low-temperature spectrum. A single concerted
process with all four of the guanidine units exchanging at the same time. Otherwise, one
rotation would be preferably restricted if the energy content of the partial double bonds would
significantly differ from each other (probably as a result of conjugation of the former C=N
double bond with the aromatic ring system). The latter should first cause a symmetrical split
(3:1) into two singlets, followed by a second split of the two singlets at even lower
temperatures into another set of singlets, which can in part be seen in [RTMPhG]" (R = H,
Me).[%]

2'\N/1' L 2 2 A 1\N/2
5 5 5 5
Lo o Lo
~ _--H. O - ~. XK H-, /
N N N~ N N N
| 5 | | 3 |
4 OO 4 - 4l OO 4

Scheme 7. Rotation about partial C=N bondsin [1-H][PFg] (2a) with proton-equilibration.

There are severa indications of a single concerted process in the variable-temperature spectra
of 2a. In the *H NMR spectra of 2a recorded below 249 K (T, firstly an unsymmetrical
separation of the singlet for the N-methyl protons with an intensity of 3:1 becomes visible;
this excludes a sequential process. Thereafter, the downfield signal gradually splits into three
singlets (1:1:1) that exhibit a similar chemical shift which is significantly different from the
signal at higher field (for studies on mesomeric cations see ref. [62]). Moreover, the concerted
process is confirmed by free energies of activation of the three observable coaescence
phenomena that are obtained from an Eyring plot (Figure 10) and are very similar with AG*;
(249 K) = 48.7, AG*, (231 K) = 48.6 and AG*; (224 K) = 48.5 kJ/mol (all recorded at 400

MHz). Furthermore, the line shape anaysis on the basis of a single concerted process as the
24
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exchange mechanism leads to an excellent agreement with the obtained experimental spectra
(Figure 9). In addition, the AG* values determined from the resulting Eyring plot are in good
agreement with those received from the calculations based on the experimental coalescence
points. They are in the range of the activation barriers found in [HTMPhG]*"® (AG*; (248
K) = 52.3, AG*, (248 K) = 54.0 and AG*; (225 K) = 46.9 kJ/mol, all recorded at 60 MHz) and
quite contradictory to [PMPhG]™ *@ (only AG*; (301 K) = 64.9 and AG¥, (227 K) = 46.5
kJ/mol were determined, 60 MHz). These findings are well in accordance with the values of
benzyl-substituted guanidinium sats which show considerably higher free energies of
activation ([Bz,TMG]":AG* (at T, = 276 K, 60 MHz) = 61.1 k¥mol®®)) since there is no
weakening of the C=N double bond by the adjacent aromatic system resulting in lower energy
barriers. In summary, the described behavior is a convincing argument that a true IHB with a
rapidly equilibrating proton is formed, both guanidine groups are indiscriminate within the
observed temperature region (as is reported for the NMe, units of DMANH ™). Therefore,
[1-H][PFe] (2a) is assumed to possess a symmetrical double minimum energy profile with a

low barrier of transition.[>®3

In(k/T)
ﬂk
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2 11 2
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Figure 10. Eyring analysis of rates of Scheme 8. Rotation about partial C=N
interconversion in [1-H][PF¢]. bondsin [TMG,NH,]*".
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Bisprotonated 1. On account of the insolubility of hydrochloride 3a in CD.Cl, a low
temperatures, the triflate 3c was employed for the kinetic NMR studies. The low-temperature
'H NMR spectra of [1-H,][OTf], (3c) resemble those of [1-H][PFg] (2a) down to a
temperature of 222 K. The split of the methyl resonances follow the same interpretation, and
it becomes clear that the proton exchange in the IHB of 1-HPFs (2a) does not affect the
splitting of the signal, otherwise the spectra of mono- and bisprotonated 1 should differ.

The free energies of activation for the first three coalescences (smilar to 2a), are calculated
from the coalescence points in the experimental spectra: AG* 3 = 48.2 / 47.3 / 45.4 kJ/mol
(Te =256/ 235/ 226 K). In the TMGN system and its protonated species, contrary steric and
electronic effects seem to interfere. Thus, it cannot be clearly stated from the AG* values, that
as one would expect, the more the guanidine groups are protonated, the more the double bond
character of the C=N bond is reduced and the barrier to rotation should decrease: Further
reduction is achieved from mono- to bisprotonated species, one proton has no longer to be
shared between two guanidine groups and as a result the individual bond characters — single
versus double — are less pronounced (Scheme 8). Therefore, the trend of the AH* values has to
be approached with great care since the value for [1-H,][OTf] (3c) is hampered with a rather
large experimental error,'®¥ although in relative view this row demonstrates the expected
effect (Table 6). The steric effect of the N-H protons in the bisprotonated species obvioudly is
of less significance — the free energy is lower than for the guanidine methyl groups despite
smaller contact distance (AG* s = 47.1(3a) vs. 48.3 (1) and 49.2 (2a) kJ/mol, Table 6).

Table 6. Free activation energies and enthalpies of rotation, syn/anti-conformation and self-
exchange in the bis(guanidine) ,, proton sponge* system.®

Compound AG¥ 05 [kKIMOI]®  AG 56 [kImMOI]®!  AH* [kdI/mol]!®!
TMGN (1)° 48.3+0.1 49.0+0.1 53.4+0.3
[TMGNH]PFs (2a)° 49.2+0.1 48.8+0.1 46.5+0.3
[TMGNH,]OTf, (3c)!%! 51.9+1.0 48.2+0.1° 27.0+3.0
[TMGNH_]OTf; (3c)° 47.1+0.1 45.6+0.1 36.1+0.3
syn/anti-N-H
TMGN / [TMGNH]*® 59.3+0.1 58.2+0.1 51.6+0.3
self-exchange

2 Activation entropy is omitted due to large error of its determination.'® ° Calculated from graphical
analysis of rate constants obtained from simulated spectra!®”? ¢ Vaue obtained from coalescence
points of experimental spectrum.'®®
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Below 222 K further coalescence phenomena are observed, the exchange rates between the
syn- and anti-conformation become detectable. Finally, at 190 K (400 MHz) no less than
seven resonances are recorded for the guanidine methyl groups with two additional signals for
the N-H protons (Figure 11).

N-Me
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H
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M JL EtZZJ uJ
) X L
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Figure 11. Low temperature (190 K) *H NMR spectrum (400 MHz) of [1-H][OTf], in
CD,Cl..

Integration of the signals reflects a syn/anti-population ratio of 42:58. In agreement with our
preliminary crystal structure determination on 3b and theoretical calculations on the gas-
phase structure of bisprotonated 1,"” it is assumed that the anti-conformer is predominant in
solution, especially if noncoordinating counteranions are employed. From the corresponding
Eyring plot, the free energy of activation for the syn/anti-equilibrium is calculated to be
AG* s = 47.1 kdmol™ (Figure 12). It is interesting to note that in the bisprotonated 3c, the
AG*e5 vaue for the free energy of the syn/anti-process (47.1 kdmol™) is lower than the
barrier to rotation (51.9 kJmol™) about the C=N bonds.
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Figure 12. Graphical anaysis of rate constants determined from spectra simulation for the
syn/anti-conformation equilibrium of [1-H2][OTf] (3¢c).l*!

Unfortunately, in an attempt of a structura solution the triflate anions were found to be
severely disordered, which accounts for R values of = 9 for [1-H,][OTf]» (3c), similar to a
structure resolution of an amide ,, proton sponge* published by Lectka!®™® It can be presumed
that, based on this structural evidence, a syn-conformation analogous to [1-H][Cl, Cl,H] (3a)
is redlized, and therefore syn should be the favored population expressed in the low-
temperature NMR spectrum (Figure 11) if the interaction of the cation [1-H]* and an anion is

taken into consideration.

Conclusion
TMGN (1) is areadily accessible and extremely basic guanidine derivative with the classical
»proton sponge” backbone of DMAN. To date it is the most basic compound in the class of
naphthalene-based ,, proton sponges‘. TMGN (1) has an experimentally determined pKgp+
value of 25.1+0.2 (MeCN) revealing a thermodynamic basicity nearly seven orders of
magnitude higher than the parent DMAN. On the other hand TMGN (1) also has a much
higher kinetic basicity than DMAN, which is demonstrated by the kinetics of its proton self-
exchange (AG¥es = 59.3+t0.1 kJmol). On account of this high kinetic activity, the

monoprotonated [1-H]™ may take up a second proton if treated with excess of strong acid.
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TMGN is more stable to hydrolysis in comparison to the commercialy available guanidine
MTBD and less nucleophilic towards alkylating agents such as C,Hsl. Dynamic *H NMR
studies on mono- and bisprotonated TMGN reveal a concerted mechanism of rotation about
three close to equivalent C-N bonds. Furthermore, it is shown that there is an equilibrium
between a syn- and an anti-conformation with respect to both guanidine functionalities of the
bisprotonated 3c. The base and corresponding acids are spectroscopically and structurally
characterized. It is anticipated that a high thermodynamic basicity combined with a high
Kinetic activity isinteresting for base-catalyzed applications.

Experimental Section
Materials and methods:
All experiments were carried out in glassware assembled while hot and cooled under vacuum
in an inert atmosphere of argon 4.8 dried with P,O, granulate. Solvents and triethylamine
were purified according to literature procedures and also kept under inert atmosphere. 1,8-
Diaminonaphthalene (Merck) was purified by distillation from zinc dust.”” NH.PFe,
NH4CIO,, trifluoromethanesulfonic acid (Aldrich), agueous HPFs (60-65%, Strem
Chemicals), HCl gas (MERCK), ethyl iodide (Fluka) for protonation and alkylation,
respectively, were used as purchased. Substances sensitive to moisture and air were kept in
nitrogen-flushed glove-box (Braun, Type MB 150 BG-I). Spectra were recorded on the
following spectrometers. - NMR: Bruker DRX 500, DRX 400 and AMX 300, - IR: Bruker
IFS 88 FT, - UV/Vis. Hitachi U-3410, - MS(EI, 70 eV): Varian MAT CH-7a, - MS(FD):
Finnigan MAT 95 S, - MS (ESI): Hewlett Packard HP 5989 B, Elemental Anaysis: Heraeus
CHN-Rapid, Melting points: Biichi MP B-540 (uncorrected).

Line shape analysis:

The line shape analysis of the variable-temperature *H NMR spectra were analyzed with the
dynamic NMR simulation program WIN-DYNA.® Errors are quoted as defined by Binsch
and Kesder [

Caution! Phosgene is a severe toxic agent that can cause pulmonary embolism and in case of

heavy exposition may be lethal. Use only at a good ventilated fume hood.
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Tetramethylchlor formamidinium chloride: 2

Phosgene was passed through a solution of tetramethylurea (50 g) in toluene (200 mL) kept at
0 °Cin aflask equipped with areflux condenser cryostated to -30 °C for 2 h. After that time
the phosgene inlet was cut off and the solution was allowed to warm to room temperature.
The mixture was stirred for another 24 h, while the the reflux condensor was maintained at -
30 °C. The white precipitate was filtered off, washed three times with dry ether and dried in
vacuo. Yield: = 95%.

1,8-Bis(1,1,3,3-tetramethylguanidino)naphthalene (1, TM GN):

A solution of the Vilsmeyer salt [(Me:N).C-CI]Cl (10.26 g, 60.0 mmol) in acetonitrile (30
mL) was added under cooling on an ice bath to a solution of 1,8-diaminonaphthalene (4.8 g,
30.0 mmol) and triethylamine (6.1 g, 8.5 mL, 60.0 mmol) in acetonitrile (50 mL). After the
exothermic reaction, the mixture was refluxed for 3 hours and a clear solution developed.
Subsequently, NaOH (2.4 g, 60.0 mmol) in water (15 mL) was added under vigorous stirring
in order to deprotonate the HNEt;Cl. After removal of the solvent as well as excess NEts, the
precipitate was washed three times with dry ether to remove unreacted amine, and was then
dried in vacuo. TMGN (1) was obtained by complete deprotonation of the bis(hydrochloride)
with 50% KOH (50 mL) and extraction of the aqueous phase with MeCN (3 x 50 mL). The
combined filtrates were evaporated to dryness and taken up in warm hexane (100 mL). The
solution was dried over MgSO,, stirred with activated charcoal to eliminate impurities, and
filtered warm through Celite. Recrystalization from hexane and drying in vacuo gave 1 as
weakly beige crystalsin (9.03 g, 25.5 mmol, 85%).

M.p. 123 °C; *H NMR (400.1 MHz, CDsCN, 25 °C): & = 7.19 (d, ®J(H4,Hs) = 8.3 Hz, 2 H;
Has), 7.13 (dd, 2J(Hs,Hs) =33 (HsH2) =7.5Hz 2 H; Hag), 6.23 (d, 3J(Hz,Hs)= 6.8 Hz, 2 H;
H., ), 2.65 (s, 24 H; CH3) ppm; *H NMR (400.1 MHz, [Dg] DM SO, 25 °C): & = 7.16-7.09 (m,
4 H; Hssg), 6.16 (dd, 2J(H2,Ha) = 6.7 Hz, *J(H2,Ha) = 1.6 Hz, 2 H; H,7), 2.62 (s, 24 H; CHa)
ppm; *H NMR (400.1 MHz, CD,Cl,, 28 °C): & = 7.21 (dd, 3J(Ha,Hs) = 8.3 Hz, *J(Ha,H.) =
1.3 Hz, 2 H, Hys), 7.15 (dd, 2J(Hs,Ha) = 33 (H3,H2) = 7.5 Hz, 2 H; Hsg), 6.27 (dd, 2J(H2,H3) =
7.1 Hz, “J(Ho,Ha) = 1.5 Hz, 2 H; Hy7), 2.66 (s, 24 H; CH3) ppm; *H NMR (400.1 MHz,
CD,Cly, -73°C): 8 = 7.18 (d, *J(H4,Hs) = 8.0 Hz, 2 H; Hys), 7.12 (dd, 2J(Hs,Ha) = 33 (Hs,H>)
= 7.5 Hz, 2 H; Hsg), 6.29 (d, 2J(H2,H3) = 7.2 Hz, 2 H; H,7), 2.71 (s, 12 H; CH3), 2.32 (s, 12

H: CHa) ppm: *C NMR (100.6 MHz, CD4CN, 25 °C): & = 155.0 (CN3), 150.7, 137.4, 126.1,
30
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119.8, 115.7 (aromat. C), 39.4 (CHs) ppm; *C NMR (100.6 MHz, [Dg]DMSO, 25 °C): & =
154.0 (CN3), 150.1, 136.7, 125.9, 122.7, 119.6, 115.2 (aromat. C), 39.7 (CHs) ppm; IR (KBr):
nu(tilde) = 3440 w(br), 3002 w, 2937 m, 1630 vs, 1593 s, 1558 s, 1493 s, 1452 m, 1431 m,
1371 s, 1233 m, 1135 s, 985 m, 830 m, 760 m cm™’; UV/Vis (MeCN, ¢ = 2 x 10 molL™):
Amax (€) = 349.0 (15600), 235.0 (46000), 213 nm (36300); MS (FD, MeCN): m/z (%) = 354
[M]*; MS (EI, 70 eV): m/z (%) = 354.0 (86.5) [M]", 310.0 (7.7) [M-NMey]*, 253.0 (26.1) [M-
C(NMey),]*, 100.0 (55.9) [C(NMey),]*, 85.0 (100) [C4HoN,]*; elemental analysis calcd. (%)
for CooH3oNs (354.50): C 67.76, H 8.53, N 23.71; found C 67.55, H 8.53, N 23.53.

1,8-Bis(1,1,3,3-tetramethylguanidinium)naphthalene Hexafluor ophosphate (2a,
[1-H][PFe]):

The monoprotonated hexafluorophosphate salt was obtained by treatment of the free
guanidine base 1 (354 mg, 1.00 mmol) with 1 eg. of NH4PFs (160 mg, 0.98 mmol) dissolved
in MeCN (15 mL) and stirring for 1 h at 50 °C. The solvent was evaporated the solid material
was redissolved in MeCN. The solution was stirred over activated charcoal and passed
through Celite. Removal of the solvent and crystallization from MeCN/Et,O gave [1-H][PFg]
(2a) as colorless crystalsin amost quantitative yield (476 mg, 0.95 mmol, 97%).

M.p. 255 °C; *H NMR (400.1 MHz, CDsCN, 25 °C): & = 14.28 (s, br, 1 H; NH), 7.40 (d,
33(Ha,Hs) = 8.3 Hz, 2 H; Has), 7.34 (dd, 2J(Hs,Ha) = 33 (Hs,Hy) = 7.9 Hz, 2 H; Hs), 6.49 (d,
3J(Hz,Hs) = 7.5 Hz, 2 H; Ha7), 2.87 (s, 24 H; CHs) ppm; *C NMR (100.6 MHz, CDsCN, 25
°C): & = 159.8 (CN3), 142.9, 136.9, 126.7, 122.0, 114.2 (aromat. C), 39.9 (CH3) ppm; IR
(KBr): nu(tilde) = 3325 m, 2922 m, 1646 vs, 1547 s, 1473 m, 1431 m, 1410 m, 1371 m, 1278
Vs, 1247 vs, 1171 s, 1153 s, 1068 m, 1034 vs, 848 m, 766 m, 639 s, 573 m, 517 m cm’™;
UV/Vis (MeCN, ¢ = 2 x 10° molL™): Amax (€) = 348.0 (14300), 233.3 nm (50800); MS (FD,
MeCN): mz (%) = 355 [(1)H]"; elemental analysis calcd. (%) for CaHaiNePFs (500.5): C
48.00, H 6.24, N 16.79; found C 47.92, H 6.08, N 16.16.

1,8-Bis(1,1,3,3-tetramethylguanidinium)naphthalene Per chlorate (2b, [1-H][CIO,]):

The monoprotonated perchlorate salt was obtained by stirring 1 (354 mg, 1 mmol) and
NH4ClO4 (115 mg, 0.98 mmol) in MeCN (15 mL) for 1 h at 50 °C. After Evaporation of the
solvent the solid material was redissolved in dry MeCN, stirred over activated charcoa and
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filtered through Celite. The volatiles were removed in vacuo and 2b was crystallized from
MeCN/Et,O (428 mg, 0.94 mmol, 96%) as colorless crystals.

M.p. 229 °C (dec.); *H NMR (400.1 MHz, [Dg]DMSO, 25 °C): & = 14.19 (s, br, 1 H; NH),
7.41-7.33 (M, 4 H; Has), 6.50 (dd, 2J(Ha,Hs)= 7.1 Hz, “J(H2,Ha4) = 1.0 Hz, 2 H; Ha7), 2.87 (s,
24 H; CH3) ppm; *H NMR (400.1 MHz, CD,Cl,, 28 °C): & = 14.76 (s, br, 1H; NH), 7.40 (dd,
3J(Ha,H3) = 8.3 Hz, “J(Ha,H,) = 1.1 Hz, 2 H; Hyp), 7.33 (dd, 2J(Hs,Ha) = 33 (Hs,H,) = 7.8 Hz,
2 H; Hag), 6.43 (dd, 3J(H,,Hs) = 7.4 Hz, “J(Ha,Ha) = 1.2 Hz, 2 H; Hy7), 2.93 (s, 24 H; CHy)
ppm; *H NMR (400.1 MHz, CD,Cl,, -83 °C): & = 14.63 (s, br, 1H; NH), 7.32 (dd, *J(Ha,Hs)
= 8.2 Hz, *J(Ha,H2) = 1.0 Hz, 2 H; Hys), 7.28 (dd, 2J(Hs,Ha) = 3 (Hs,H2) = 7.6 Hz, 2 H; Hsg),
6.30 (dd, 2J(H,H3) = 7.2 Hz, *J(Hz,Hs) = 1.0 Hz, 2 H; Hy7), 3.08 (s, 6 H; CHs), 3.03 (s, 6 H;
CHs), 2.93 (s, 6 H; CH3), 2.40 (s, 6 H; CH3) ppm; *C NMR (100.6 MHz, [Dg]DM SO, 25
°C): 6 = 158.5 (CN3), 142.0, 136.0, 126.1, 121.4, 117.6, 113.5 (aromat. C), 39.5 (CHs) ppm;
IR (KBr): nu(tilde) = 2917 m, 1617 m, 1559 s, 1467 m, 1405 s, 1371 m, 1352 m, 1235 w,
1163 m, 1088 s, 1015 w, 830 m, 769 m, 622 m cm™; UV/Vis (MeCN, ¢ = 2 x 10” molL™):
Amex (€) = 348.2 (14400), 306.7 (6800), 233.3 nm (50500); MS (FD, MeCN): m/z (%) = 355
[(D)H,]"; elemental analysis calcd. (%) for CooHa:NgClO;4 (455.0): C 52.80, H 6.87, N 18.47;
found C 52.53, H 6.88, N 17.83.

1,8-Bis(1,1,3,3-tetramethylguanidinium)naphthalene Dichloride (3a, [1-H,][CI, Cl,H]):
Gaseous HCI was bubbled into a solution of 1 (354 mg, 1 mmol) in CH,Cl, (10 mL) for 5
minutes. The clear light yellow solution was stirred for 1 hour, precipitated and washed with
dry ether. Crystallization from MeCN gave 3a as colorless crystals (495 mg, 0.98 mmol,
98%). The product analyzed as an adduct of 1 molecule HCI and 1 molecule of CH3;CN.

M.p. 233 °C; *H NMR (400.1 MHz, CDsCN, 25 °C): 5 = 11.20 (s, 2 H; NH), 7.92 (d,
3J(Ha,Hs) = 8.1 Hz, 2 H; Hys), 7.54 (dd, 2J(Hs,Hg) = 33 (Hs,H2) = 7.9 Hz, 2 H; Hsg), 7.02 (d,
3J(HzHs) = 7.2 Hz, 2 H; Ha7), 4.33 (s, br, 1 H; CloH), 2.94 (s, 24 H; CH3) ppm; **C NMR
(100.6 MHz, CDsCN, 25 °C): & = 161.3 (CNs), 137.5, 133.8, 128.6, 127.1, 123.9, 123.1
(aromat. C), 41.0 (CH3) ppm; IR (KBr): nu(tilde) = 3417 m, 3033 m, 2916 m, 1636 s, 1540 s,
1467 m, 1429 m, 1406 m, 1371 m, 1337 m, 1300 m, 1172 m, 1066 m, 1019 m, 796 m, 772 m
cm™; UV/Vis (MeCN, ¢ = 2 x 10° molL™): Amax (€) = 346.7 (11800), 232.8 nm (50200); MS
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(FD, MeCN): mVz (%) = 389 [[(1)H,]CI]", 354 [(1)H,]"; elementa analysis calcd. (%) for
CooH32N6Cl2 x HCl x CH3CN (427.4 x 36.5 x 41.1 (504.9)): C 52.33, H 7.19, N 19.42; found
C53.14,H 7.12, N 18.98.

1,8-Bis(1,1,3,3-tetramethylguanidinium)naphthalene Hexafluor ophosphate-Tetr afluor o-
borate (3b, [1-H][PFs, BF4]):

An impure, HBF, containing sample of aqueous hexafluorophosphoric acid (0.35 mL, 60-
65%) was added dropwise to 1 (354 mg, 1 mmol) in CH.Cl, (10 mL). Within seconds, a
white precipitate developed which was washed with dry ether and dried in vacuo. The
precipitate was recrystalized from MeOH to yield (554 mg, 0.92 mmol, 92%) 3b as light

brown crystals.

M.p. 227 °C; *H NMR (400.1 MHz, CDsCN, 25 °C): & = 7.94 (d, 3J(H4,H3) = 8.3 Hz, 2 H;
Has), 7.84 (s, 2 H; NH), 7.58 (dd, 3J(Hs,Hs) = 33 (HsH,) = 7.8 Hz, 2 H; Hsg), 7.04 (d,
3J(Hz,H3) = 7.3 Hz, 2 H; Ha7), 2.95 (s, 24 H; CHs) ppm; *C NMR (100.6 MHz, CDsCN, 25
°C): & = 160.6 (CN3), 137.2, 132.8, 128.6, 127.3, 123.1, 121.7 (aromat. C), 41.6 (CHs) ppm;
F NMR (188.3 MHz, CD4CN, 25 °C): & = -70.9 (d, 2J(F,P) = 706.6 Hz, PF), -149.6 (s,
BF.) ppm; 3P NMR (162.0 MHz, CDsCN, 25 °C): & = -142.9 (sept, *J(P,F) = 706.5 Hz, PFe)
ppm; B NMR (96.3 MHz, [Dg]DMSO0, 25 °C): & = -1.2 (s, BF4) ppm; IR (KBr): nu(tilde) =
3383 m, 2950 m, 1637 s, 1544 s, 1473 m, 1434 m, 1409 m, 1344 m, 1299 m, 1281 m, 1167
m, 1065 m, 1022 m, 841 s, 762 m, 558 s cm™; MS (ESI pos, MeCN): m/z (%) = 501
[[(D)H2]PFe]*, 441 [(1)H2]BF,4]*, 355 [(1)H,]*; MS (ESI neg, MeCN): mVz (%) = 145 [PFq]’,
87 [BF4]’; elemental analysis calcd. (%) for CaHaNeBF1oP (588.3): C 40.83, H 5.48, N
14.29; found C 40.54, H 5.29, N 13.90.

1,8-Bis(1,1,3,3-tetramethylguanidinium)naphthalene Bistriflate (3c), [1-H,][OTf].:
Compound 1 (354 mg, 1 mmol) diluted in dry Et,O (30 mL) was added dropwise to
triflouromethanesulfonic acid (0.9 mL, 10 mmol), which resulted in the instant precipitation
of the bisprotonated triflate salt. Subsequently, the suspension was stirred for another 2 h, and
the precipitate was filtered and washed with dry Et;O three times. Recrystallization from
MeCN/Et,0O gave 3c as colorless crystals (602 mg, 0.92 mmol, 92%).
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M.p. 242 °C; 'H NMR (400.1 MHz, CDsCN, 25 °C): d = 8.08 (s, 2 H; NH), 7.93 (d,
33(Ha,Hs) = 8.3 Hz, 2 H; Has), 7.57 (dd, 2J(Hs,Ha) = 33 (H3,H2) = 7.9 Hz, 2 H; Hsg), 7.04 (d,
3J(Hz,Hs) = 7.5 Hz, 2 H; Hy7), 2.95 (s, 24 H; CH3) ppm; 'H NMR (400.1 MHz, CD.Cl,, 28
°C): & = 851 (s, 2 H; NH), 7.86 (d, *J(Ha,Hs) = 7.7 Hz, 2 H; Hys), 7.52 (dd, 3J(H3,Hs) =
3J (Hs,H2) = 8.1 Hz, 2 H; Hag), 6.91 (d, *J(H2,H3) = 7.5 Hz, 2 H; H27), 2.96 (s, 24 H; CHa)
ppm; *H NMR (400.1 MHz, CD,Cl,, -92 °C): & = 8.54 (syn-population 42% x 2 H each NH),
8.34 (anti-population 58% x 2 H each NH), 7.87-7.75 (m, 2 H; Has), 7.53-7.40 (m, 2 H; Hsy),
6.93-6.75 (m, 2 H; Hy7), 3.23 + 3.05 + 2.87 + 2.17 (anti-population 58% x 6 H each CH3),
3.18 + 3.06 + 2.94 + 2.28 (syn-population 42% x 6 H each CHs) ppm; *H NMR (400.1 MHz,
CD,Cly, 25 °C): & = 851 (s, 2 H; NH), 7.86 (d, *J(HaHs) = 7.7 Hz, 2 H; Hys), 7.52 (dd,
3J(Hs,Hg) = 33 (H3,H2) = 8.1 Hz, 2 H; Hsp), 6.91 (d, *J(H,H3) = 7.5 Hz, 2 H; Hy7), 2.96 (s, 24
H; CHs) ppm; **C NMR (100.6 MHz, CDsCN, 25 °C): & = 160.7 (CN3), 137.2, 133.0, 128.6,
127.2, 123.2 (aromat. C), 40.6 (CHz) ppm; IR (KBr): nu(tilde) = 3436 w(br), 2809 w, 1631
m, 1590 m, 1562 s, 1539 s, 1512 s, 1469 m, 1450 m, 1415 s, 1368 m, 1350 m, 1159 m, 1067
m, 1016 m, 837 vs, 767 m, 557 m cm™; MS (FD, MeCN): m/z (%) = 505 [[(1)H,]OTf]*, 355
[(DH,]"; elemental analysis calcd. (%) for CxHaoNeFsO6S, (654.7): C 40.36, H 4.93, N
12.84; found C 39.98, H 4.89, N 12.35.
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'H NMR transprotonation studies:*3#44)

General procedure: exactly equimolar amounts (0.03 mmol) of the reference base and the
corresponding acid of the base investigated are dissolved together in 0.5 mL CD3sCN. 0.1 mL
of the resulting solution is diluted with another 0.5 mL CDsCN and the *H-NMR spectra are
recorded at room temperature and 230 K (500 MHZz).

(AH"): [TMGNH][PFg](2a): 16.820 mg (0.0336 mmol)
(B): 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD): 5.167 mg (0.0336 mmol )

N _ 19b, 20q]
f pKgy+ = 25.4311%
N/)\N
Me

o (ppm) assignment  Int. No. H Int. / H
6.2 C-H,7 1 2 0.500
7.2 C-Hzs 2.08 4 0.520
TMGN (1) avg. 0.510
6.5 C-Hzz 0.67 2 0.335
7.4 C-Hze 131 4 0.328
[TMGNH][PFe (2a) avg. 0.331
[A® _ 14

= = =237 - logK = 0.37 = ApKgp+
[AH? 12, Y Phen

Qualitative analysis of the experimental spectrum indicates that MTBD is the stronger base.
Therefore, the pKgy+ value of A (2a) is calculated as follows:

PK o, (A) = pKy, (B) + ApK ., (A B) = 25.43 + (-0.37) = 25.06
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'H NMR self-exchange experiment:

Equimolar amounts of TMGN (1, 1.81 mg, 5 x 10°® mol) and [1-H][PFg] (2a, 2.50 mg,
5 x 10°° mol) were dissolved together in dry CDsCN (0.5 mL), and *H NMR spectra were
recorded at various temperatures ranging from 344 K to 225 K. An analogous experiment was
carried out with DMAN (4.28 mg, 2 x 10 mol) and DMANH" (7.20 mg, 2 x 10™ mol) in dry
CD3CN (0.9 mL) and dry [Dg] DM SO (0.8 mL), respectively.

'H NMR basic hydrolysis experiment:

TMGN (1, 21.3 mg, 6 x 10° mol) and MTBD (9.0 mg, 6 x 10° mol) were each
dissolved in dry [Dg] DM SO (0.5 mL). After the addition of NaOD in D,O (0.1 mL, 5 M) their
'H NMR spectrawere recorded at various times (t = 0>1 W/RT->1 d/RT->3 /60 °C->1 d/60
°C->5d/60 °C).

'H NMR nucleophilicity experiment:

TMGN (1, 46.3 mg, 1.3 x 10 mol) and MTBD (20.0 mg, 1.3 x 10 mol) were each
dissolved in dry CD,Cl, (0.6 mL) and C,Hsl (TMGN: 102 mg, 0.053 mL, 6.5 x 10 mol;
MTBD: 51 mg, 0.026 mL, 3.25 x 10 mol) was added, 2.5 eq. of the alkylating agent per
guanidine function, respectively. The *H NMR spectra were recorded at various times (t =
0215 min/RT>1 hRT>1d/RT>3 d/RT).

X-ray structure analysis. Crystal data and experimental conditions are listed in Table 7 and
8. The molecular structures are illustrated as Schakal!™ plots in Figures 1-4. Selected bond
lengths and angles with standard deviations in parentheses are presented in Table 1. The
collected reflections were corrected for Lorentz and polarization effects. All structures were
solved by direct methods and refined by full-matrix least-squares methods on F2!7
Hydrogen atoms were calculated and isotropically refined except H1A (2a) and H1 / H4 (3a)
which were found and then isotropically refined.”® The correctness of the absolute structure

of 2a was confirmed by the Flack parameter refined to 0.01(5).
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Table 7. Crystal dataand structure refinement for 1 and 2a.

Complex TMGN (1) [1-H][PFe] (2a)
Empirical formula CooHz0Ne CooHz1NeFsP
Formulaweight [g mol™] 354.5 500.5
Temperature [K] 183(2) 213(2)
Crystal system monoclinic monoclinic
Space group P2:/n P2,
a[pm] 1313.7(1) 873.8(1)
b [pm] 1165.1(2) 1151.5(1)
c[pm] 1480.1(1) 1240.9(1)
al°] 90 90
B[] 113.786(6) 107.003(5)
vI[°] 90 90
Volume[A? 2072.9(4) 1194.1(1)
z 4 2
p [Mgm™] 1.136 1.392
i [mm?Y 0.071 1.629
F(000) 768 524
Crystal size [mm?] 0.50 x 0.30 x 0.30 0.40 x 0.40 x 0.20
Diffractometer Enraf Nonius CAD4 Enraf Nonius CAD4
Radiation / wavelength [pm] MoK, / 71.073 CuKy /154.178
Scan technique w-scan w-scan
Grange for data collection [°] 243..24.87 3.72..59.94
Index ranges -14<h<13, -9<h<9,
-13<k <0, -12<k <0,
O<l<17 0<l1<13
Reflections collected 3725 1967
Independent refl. 3315 1875
Rint 0.0354 0.0156
Observed reflections [F = 40(F)] 1970 1868
Data/ restraints/ parameters 3315/0/243 1875/0/ 307
Goodness of fit on F? 0.992 1.070
R1 [Fo= 40(F)]®@ 0.0552 0.0627
WR; (all data) @ 0.1404 0.1681
Transmission (max./min.) 0.9791/0.9655 0.7365/0.5619
Largest diff. Peak and hole [eA™)] 0.147/-0.214 0.952/-0.754

@R =5 || Fol-| Fel 1/Z] Fol: wRy = { S[W(FZ- FAA/Z[W(FA)T} V2.
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Table 8. Crystal data and structure refinement for 3a and 3b.

Complex [1-HJ][CI, ClI,H] (3a) [1-H][PFs, BF4] (3b)
Empirical formula C20H32N6Cl2 x HCI, CH3CN CooHz2NgBF10P
Formulaweight [g mol™] 504.9 588.3
Temperature [K] 213(2) 213(2)
Crystal system monoclinic orthorhombic
Space group P2i/c Pca2;
a[pm] 1083.0(1) 1465.4(1)
b [pm] 3374.5(1) 1289.9(1)
c[pm] 743.5(2) 1432.6(1)
al°] 90 90
B[] 101.311(4) 90
vI[°] 90 90
Volume [A3] 2664.3(2) 2707.9(3)
z 4 4
p [Mgm™] 1.259 1.478
i [mmY 3.292 2.247
F(000) 1072 1248
Crystal size [mm?] 0.45x 0.27 x 0.12 0.50 x 0.45 % 0.18
Diffractometer Enraf Nonius CAD4 Enraf Nonius CAD4
Radiation / wavelength [pm] CuK /154.178 CuKy /154.178
Scan technique -scan w-scan
Grange for data collection [°] 2.62...59.90 3.43...59.88
Index ranges 0<hs<12 0<h<16,
0<k<37, 0<k<14,
-8<1<8 O<l<16
Reflections collected 4166 2097
Independent refl. 3942 2097
Rint 0.0478 0.0000
Observed reflections [F = 40(F)] 3468 2059
Data/ restraints/ parameters 3942/0/ 310 2097/1/353
Goodness of fit on F? 1.054 1.052
R1 [Fo= 40(F)]®@ 0.0573 0.1712
WR; (all data) @ 0.1575 0.4824
Transmission (max./min.) 0.6934/0.3189 0.6879 / 3996
Largest diff. Peak and hole [eA™)] 0.676/-0.400 0.957/-0.828

@R =5 || Fol-| Fel /2] Fol: WRy = {Z[W(Fo> FA/Z[W(F)} 2
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— Chapter 5.2 —
1,8-Bis(hexamethylphosphor aneimino)naphthalene (HM PIN):

The Next Generation of Superbasic Proton Sponges

Results and Discussion
In analogy to the guanidine route (see parent Ch. 5.1) we set out to synthesize a , proton
sponge” derivative based on iminophosphorane (IP) N-donor groups. IP's even surpass
guanidines in basicity by approximately 2 to 3 orders of magnitude.**” Well known and
commercialy available examples of the so called phosphazene bases with extreme steric
demand and pKgy+'s of 27.5 up to 45-46 were developed by Schwesinger et a.'? The
synthesis of IP-substituted (N=PPhg) ,, proton sponges* has been reported by Llamas-Saiz et
al. but the free base could not be isolated, only the monoprotonated salts were presented along
with their crystal structure. Determination of pKgn+ values proved to be difficult due to

decomposition of the , sponge*.1®

Me,N E\IMe2
Me,N=p p.:NMe,
- AR N
HoN - NH, Br 1) NEt, Toluene,80°C  Me,N" "N N” “NMe,

I?r
P 2) THF, NaH
NMe, - HNEt,Br
- NaBr HMPIN (1)

Scheme 1. Synthesisof HMPIN (1).

Endeavours to prepare the tris(dimethylamino)iminophosphorane analogon to our
tetramethylguanidino proton sponge by the reaction of 1,8-diaminonaphthalene with the salt
[CI-P(NMey)3]Cl in the presence of NEt; failed, regardiess of the solvent and reaction
conditions applied. Also the lithiation of the amine prior to the reaction in order to increase
nucleophilicity did not show any success as the reaction becomes very unselective according
to P NMR studies. However, when the more reactive salt [Br-P(NMe,)s] Br, prepared by an
anal ogous method previously described for the synthesis of PhsPBr,!¥ and toluene as solvent
were employed, a first sample of HMPIN could be isolated as beige colored crystaline
material. Formation of the target molecule was also spectroscopically observed (NMR, MS)

1




Chapter 5.2 1,8-Bis(hexamethyl phosphoraneimino)naphthalene (HMPIN)

working in THF or MeCN. The latter giving considerable amounts of byproducts and in both
cases the conversion was too low for the isolation of more product and large amounts of
starting material is detected. The FD mass spectra of HMPIN reveals the parent molecule and
the elemental analysisis correct. The *H NMR spectrum shows the typical ABX pattern in the
aromatic region along with a dublet at 2.69 ppm (CD3;CN, 25 °C) for the methyl protons and
accurate integration which indicates that the disubstituted species is formed. In the P NMR
spectrum only one resonance is observed at 17.1 ppm for the IP group, obviously no
byproduct, e.g. the monosubstituted derivative is detected. However, the yield of this
synthesis is still unsatisfactory (12 %) and is hampered by low conversion and formation of
the hydrolysis product of the IP group: HMPT, which in turn is probably inhibiting further
reaction due to hydrogen bonding to the amino groups of the substrate. Moreover, the
properties of HMPIN are not yet clarified, for example the substance seems to be adsorbed by
activated charcoa and Celite. It is soluble in warm pentane, hexane and MeCN and in cold
toluene and Et,O. Attempts to prepare the title compound with commercialy available [Br-

P(NMe,)s] PFs as electrophile gave even poorer yields.

The pKgy+ of HMPIN can be estimated to be > 27.58, based on the comparison of
pentamethylguanidine (PMG) with its ,proton sponge® anadogue TMGN and the
corresponding iminophosphorane derivative (Me:N)sP=NMe (IPNMe), pKgn+ = 27.58 (see
Table 4, parent Ch. 5.1).[23%)

Experimental

Materials and methods:. (see parent chapter 5.1)

Caution! During the synthesis of HMPIN the formation of highly toxic HMPT was observed.

Tris(dimethylamino)bromophosphoniumbromide ([Br-P(NM e;)3] Br):

Tris(dimethylamino)phosphine (16.3 g, 100 mmol) in dry benzene (50 mL) was slowly added
to astirred solution of bromine (15.9 g, 5.1 mL, 100 mmol) in the same solvent (100 mL) at O
°C under argon. A light orange precipitate was collected after the mixture was stirred for 1 h
at RT. The precipitate was washed with dry ether and dried in vacuo to give 95 % (30.8 g, 95

mmol) of ayellow powder.
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'H NMR (200.1 MHz, CDsCN, 25 °C): = 2.79 (d, 3J}4p = 13.5 Hz, 18 H, CH3) ppm; *'P
NMR (81.0 MHz, CDsCN, 25 °C): J=53.5 ppm.

1,8-Biq[tris-(dimethylamino)phosphor anylideneamino]lnaphthalene (HMPIN, 1):
Tris(dimethylamino)bromophosphoniumbromide ([Br-P(NMe,)s]Br) (1280 mg, 3.96 mmol)
and 1,8-diaminonaphthalene (317 mg, 2.00 mmol) are placed together in a schlenk tube and
suspended in dry toluene (20 mL). After addition of triethylamine (= 0.8 g, 1.10 mL, 8 mmol)
a clear orange supernatant solution and a brown sticky residue developed. The reaction
mixture was stirred for 5 d at 80 °C and occasionadly treated with ultrasonic waves. The
reaction mixture was evaporated to dryness, washed with dry ether and dried in vacuo. The
residue was suspended in 30 mL of dry THF and 1.2 g (25 eq., 50 mmol) sodiumhydride was
added portionwise for deprotonation, followed by 3 hours stirring at 50 °C. After filtration
through Celite (5 mm layer), the lightly red colored solution was evaporated to dryness, taken
up in hexane, stirred at 50 °C over activated charcoal (500 mg) and passed again through
Celite. Evaporation of the volatiles yielded 120 mg (0.25 mmol, 12 %) of a beige solid.

M.p. 156 °C; *H NMR (400.1 MHz, CDsCN, 25 °C): = 6.90 (dd, 3J =3 = 6.7 Hz, 2 H,
Has), 6.77 (d, ®Jun = 6.5 Hz, 2 H, Hag), 6.34 (d, 3y = 5.8 Hz, 2 H, Hy7), 2.69 (d, 334p = 9.2
Hz, 36 H, CHs) ppm; *C NMR (100.6 MHz, CDsCN, 25 °C): J = 126.1, 118.2, 115.9
(Caroma), 37.9 (d, *Jep = 3.6 Hz, CH3) ppm; P NMR (162.0 MHz, CDsCN, 25 °C): = 17.1
ppm; *H NMR (400.1 MHz, [Dg]-toluene, 25 °C): d= 7.25-7.17 (m, 4 H, Hys + Hsg), 6.57-
6.51 (M, 2 H, Hz7), 2.51 (d, 3Jup = 9.4 Hz, 36 H CH3) ppm; P NMR (162.0 MHz, [Dg]-
toluene, 25 °C): 0= 15.2 ppm; IR (KBr): v =2879 m, 2837 m, 2792 m, 1549 s, 1451 s, 1435
s, 1392 s, 1366 m, 1352 m, 1293 s, 1196 s, 1133 m, 1060 m, 981 vs, 816 m, 753 m cm™; HR-
MS (EI): CxH42NgP> requires m/z 480.3008, found 480.3001; MS (EI, 70 eV): m/z (%) =
480.7 (89) [M]*, 393.6 (93) [M-2 NMey|*, 3485 (32) [M-3 NMej]*, 319.4 (9) [M-
P(NMey)s]*, 186.2 (13) [M-3 NMe,, P(NMey)s]*, 119.2 (100) [P(NMey);]*; MS (FD, MeCN):
m/'z = 481 [M]", 319 [M-P(NMey)3]*; elemental analysis calcd (%) for CxH4oNgP, (480.58):
C 54.98, H 8.81, N 23.32; found C 55.23, H 8.97, N 22.36.
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Summary

SUMMARY

The present work discloses new perspectives in peralkyl guanidine chemistry. Severd
multidentate chiral or tripodal oligoguanidines have been synthesized, their copper(I/11)
complexes prepared, and their potential in the oxidative nitrene and OR-radical transfer has
been investigated.

Chapter 1. In the asymmetric aziridination of styrene good yields of up to 98% were
achieved while unfortunately, the enantiomeric excess remained at a dissatisfactory level of
< 8% eefor the best catalyst system [TMG2BN x Cu(l)ClIO,4] (Scheme 1).

L*Cux 1s
PhI=NTs ® O N
Ph X > { L*Cu—NTs } X — /g
L* = chiral Ph
bisguanidine
? Yield ... 98 %
ee% ... 8%

Scheme 1. Copper catalyzed asymmetric aziridination of styrene.

The high activity, accompanied with poor enantioselectivity, is attributed to the fact that Cu(l)
prefers the linear and not tetrahedral coordination geometry, so that our C, symmetric, chiral
guanidines do not form chelate complexes with copper(l) (Figure 1). According to a crystal

structure determination this does apply for Cu(ll) (Figure 2).

Figure 1. Molecular structure of [Cu'{ (u*-L)Cu'Cl} 2] [CU'Cl].
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Figure 2. Molecular structure of [(L)Cu"Cl5].

Chapter 2. Peralkyl guanidine copper complexes also revealed their ability in the catalytic
activation of molecular oxygen as found in the catalytic oxidative carbonylation of methanol
to dimethyl carbonate (DMC) (Scheme 2). In comparison with a blank sample of copper(Il)
chloride as catalyst, a system used in many patents, the tripodal guanidine complex
[(TMGstren)CuCI]|Cl gave twice as much conversion (15 vs. 29%) and an enhanced
selectivity (46 vs. 55%). However, the best catalytic performance in activity (55%
conversion) and selectivity (95%) is achieved with another CulL4Cl, complex containing N-
methyl imidazole as ligand. That result was further improved to a conversion of 87% at a
lower selectivity of 75% by employing 3A molecular sieves as water trapping agent.
Optimization of many parameters of this homogeneous oxidation catalysis led to the highest

activity and selectivity ever reported in this DMC synthesis.

L,CuX )OJ\
2 MeOH + CO + 0.5 O, > +H,0
L = N donor MeO OMe
X = halide DMC

Scheme 2. Copper catalyzed oxidative carbonylation of MeOH to DMC.
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Chapter 3 and 4. Our interest in the development of a coordination chemistry with
biomimetic 3d transition metals such as copper, manganese, iron and zinc which could serve
as precursors in the activation of small molecules, e.g. dioxygen, stimulated us to synthesize
and structurally characterize a series of complexes with the TMGgtren ligand (Figure 3,
Scheme 3). In particular the trigonal monopyramidal Cu(l) complexes are promising since
they contain a remarkable structural feature - a free coordination site within the TMGgtren

molecular pocket.

M = Cu|/||’ Mn”’ Fe”’ Zn”

Scheme 3. Transition metal complexes with the trisguanidine TM Ggtren.



Summary

First results in their investigation towards dioxygen activation were obtained by UV/Vis and
resonance raman spectroscopy which revealed the reversible formation of a monomeric end-
on superoxo complex (Scheme 4). Further studies and attempts to receive single crystals for

an X-ray structure analysis are ongoing.

\ / —‘X \ / —‘X
N N
Ak A
N — e N -~
(F/ ’:"N| /N t0, (F/\Nn /N .
N----- Cu N----- Cu______O
/ o |
i o
\N\ \N\

Scheme 4. Reversible reaction of [(TMGstren)Cu] X with dioxygen to a mononuclear end-on

superoxo complex.

Chapter 5.1. Findly, the genera idea of creating multifunctional receptors for metal cations
and protons was emphasized by the development of a novel , proton sponge” with chelating
superbasic tetramethylguanidine functionalities. This , proton sponge*, TMGN, is based on
the 1,8-diamino naphthalene skeleton (Figure 4). It does not only show a high pKgy+ value of
25.1 (MeCN) - in addition to its high thermodynamic basicity it reveals also an unusualy
high kinetic basicity which makes this superbase highly attractive for base catalyzed
applications. The protonated species of TMGN show fascinating coalescence phenomena in
their low temperature limiting *"H NMR spectra allowing insight into their bonding situation

aswell as on kinetics of the proton self exchange (Scheme 5).
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2 11 2 > 11 > |
P Lo, T
6+ T 6+ 6+ 6+
3 H. %% 3 N T 3
SNTXINT NS ONT SNWONTTNT N
| ® ] & | | & ] ® |
Scheme 5. Dynamic behavior of monoprotonated TMGN.
Throughout these studies of peralkyl guanidines .
a structural parameter p = 2a/ (b + ¢) (quotient @N/
of average C=N vs. C-NR; bond distance) N\ a
derived, which allows the estimation of charge ' CTNRZ
delocalization within the guanidine moiety / b
depending on the coordinated electrophile (E) RzN
(SCheme 6) E = M. H*. R+

Scheme 6. C-N bonds ab and c for

the determination of quotient p.
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Chapter 5.2. Last but not least the ultimative
goal to synthesize a phosphazene , proton
sponge”  with two iminophosphoranes as
chelating proton acceptors has been realized
(Scheme 7). Its chemistry is still under
investigation but it is anticipated that HMPIN
has a pKgy+ value 2-3 orders of magnitude

higher than the guanidine based derivative.

Me,N, NMe, NMe,

Me N>|:D\ //PQ G
2 SN N NMe,

Scheme 7. Superbasic iminophos-

phorane ,, proton sponge”.



Outlook

OUTLOOK

Future perspectives for the further development of guanidine chemistry are outlined as

follows:

Fine tuning of the tren ligand in terms of steric and electronic aspects still has to be
investigated. A motive commonly used in tripod coordination chemistry, the substitution of
only one or two arms of the tren ligand with a peralkyl guanidino group, could significantly
affect the reactivity due to variable steric demand and donor capacity. The steric demand
could aso be influenced by variation of the alkyl rest of the guanidine group itself from Meto
n-Bu, i-Pr or t-Bu which goes along with solubility properties. The idea of enhancing the
basicity of the peralkyl guanidine group and crystalization properties could be further
improved by introduction of five-membered rings in the guanidine moiety instead of six-
membered ones. 5-rings should force the N-alkyl groups of the guanidine into an even more
planar conformation and should therefore be more suitable for charge delocalization due to
better p-orbital overlap. Furthermore, five-membered rings could improve the tendency of the

complexes to crystallize since the degree of freedom for rotation is minimized.

The chiral ligands, among which especially the C, symmetric binaphthyl derivative
(TMG2BN) in combination with preferably copper(ll), have not yet unfolded their potential in
asymmetric syntheses, e.g. cyclopropanation or epoxidation of olefins. Furthermore, the
bidentate systems could offer an entirely different reactivity, e.g., the activation of dioxygen
according to an example of T. D. P. Stack (see Ch. 1, structural discussion of Cu(l) complex)

because of their enhanced flexibility in comparison with the rigid tren ligand system.

Probably the above mentioned fine tuning of the tren ligand offers the long desired
mechanistic insight to reactions such as nitrene transfer via a postulated copper nitrene
intermediate or copper methoxy and methoxycarbonyl species in the catalysis of dimethyl

carbonate by stabilizing these in a custom made ligand regime.



Outlook

In the DMC catalysis, the exclusion of water remains the fundamental problem asis indicated
by an experiment with molecular sieves as water withdrawing agent. The solution might be to
establish the conditions of a two-phase system to avoid the re-reaction of DM C with water to
MeOH and CO..

As for the , proton sponge” (TMGN), it would be interesting to synthesize derivatives with
changes in the guanidine groups, e.g., 5-ring N-alkyl substituents should enhance the basicity.
Still, the preparative route to its iminophosphorane analogon has to be improved. Again, the
question has to be elucidated whether 5-ring N-alkyl substituents at the phosphorous atoms
provide an increase of basicity. Moreover, a five-membered ring is less sterically hindered

compared to an NMe; group which could facilitate the synthesis.

iy G
\\\N
p _P
N \ '~
v | D

Scheme 1. Superbasic iminophosphorane ,, proton sponge*



