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ABSTRACT
WELRY, JENNA. Synibesis and Structural Characterization of Isotopically Labeled
Agymumerrie Mietal Complexes: Through Metal Coupling of NMR Active Nuclei

Semctaye clocidation of 2 substance can be vital toward understanding chemical
pempesties mui renctivity. Nuclesr Magnetic Resonance (NMR) Spectroscopy has played
= spmilicans moie = the sructmal determination of organic, inorganic, and biological
compeenis. A semch of the literature revealed that only minimal information is
avaiini cegmuling: the wse of isvtopicily-labeled nuclei to aid in structure determination
af mesymic cempicers. The besic mformation that is lacking includes relevant chemical
sisiils aml scaier coapling constants. Our studies have begun to compile such information
il twe Jfftent methods: first, synthesizing asymmeetric tetradentate ligand frames
i secumd. vifeamg stevicaily buliy ligand frames. Each method introduces asymmetry
s e comespemling cvempiex aad positions isotopically labeled ligands trans to each
alier € NMR stadies on 2 dicyano (°CN') complex that we have characterized reveal
e empicaily [abefcd Ggands positioned trans to each other can couple through the
ot Cemeyr with a °LL. valne of 44 Hz. This value agrees very well with the theoretical
vale of 4 Bz A semch of the literature indicates that this is the largest two bond
e cartowss scalox cvepling reported to date and only the second example of a metal
cmmpliex te exdiibit theough metal coupling of isotopically labeled ligands. We have also
symiweized anf chevacterized two more asymmetric complexes which have been
scmevcally chmactezized. The results of these studies will be presented and along with
avesall meglications of the use of isotopically labeled ligands to aid in structure
dietexvmimtivay
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INTRGDUCTION

Structure detenmination is an ongoing task ia the ficld of chemistry as knowledge
of chemical structure provides moprecedested mformstion towards wmderstanding a
substance’s chemical properties and reactivity. Thes, the sools and techniques that aid in
structure determination are vital to an avay of chemsical stndics. The analysis of the
information about molecuky structere. Nuclear maguetic resomance (NMR) spectroscopy
has evolved into a priniay sonrce of ideatification in orgasic, morganic, and biological
settings."”

NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

NMR spectroscopy was first introduced commercially im 1952, At that point the
NMR instrument had a very namow range of capabilitics and applications. |t consisted of
a small magnet that was uscd for studying the protons of highly coaceatrated organic
compounds® The function of NMR spectroscopy was Iamited 0 compound
identification, structural characterization, and testimg for Empuritics I synthetic
Ppreparations.

mmmummmwmmmmpy,
yet applications of the tochnique have evolved, and as such, sackei mcluding '°B, !'B,
3¢, N, 1*N, °F, and *'P, are routinely measored >

The instrumentsl abilitics advanced with the introduction of larger magnets
capable of detecting the stractures of 3-D protein: as large 2s 900,000 Da. NMR has
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been used in a broad array of studies, ranging from interpreting macromolecules and the
active-site chemistry of proteins to studying the nutritional values of dog food.!'?

Nuclear magnetic resonance is also a critical investigative technique in the design
of pharmaceuticals, metabolite identification, and drug-zeceptor interactions. The review
by Pochapsky and Pochapsky includes a detailed overview of the methods of NMR that
are currently at the forefront of the pharmaceutical industry.'> NMR spectroscopy is nuw
used to detect macromolecular structure and dynamics as well as the interactions between
small molecules and receptors. These features are key to studies of biological
advancement.

NMR instruments have become still more advanced tirough the introduction of
tandem NMR techniquez. NMR instruments have been coupled to such detectors as gas
chromatographs and mass spectrometers, thus increasing the separation and
characterization efficiencies of the instruments.® With such great advances, NMR
spectroscopy has become a primary source of data in many branches of science.

Nuclear magnetic resonance spectroscopy is founded on the principle that when a
sample is placed in a magnetic field, the nuclei of certain atoms absorb the radiowaves
emitted by the field. The absorbed energy is not sufficient to vibrate, rotate, or
electronically excite the molecules or atoms, yet it is enough to influence the atoms’
nuclear spin. Such absorption and associated spin alteration is termed magnetic
resonance.

The ability of the NMR spectrometer to probe a nucleus depends on the nucleus’
spin characteristics, specifically the spin quantum number. When a nu-leus has an even

atomic weight and an even charge, the spin quantum number is zero. Such a nucleus has
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=0 spin, nor aapeler sssscaten et dime e gye sate- cax oot be: altererdt and
= odd, the spin gpasstes swardiecr weilll Gac o eyer:. [ s cone: the: mclens will net
Smpart ypin en the smicoske. el possiaiiv i tiegyer gt rember is when
both the mmemic wecight wad chevee 07 2 atine e i, This will conse the spin
quten wwsber 30 e a0 istoper wmilighie 7' Wiiey: the sia gt rember is
align i 2 werll deiimal patteon it carceppitca etz energy level. [ the energy
Tevel, the maciei herve ayin st s weerpesiliditootiemegetic ki Upen absorption
pecalic] w0 the mapmctic fok] e i covommil rofiom: the: aented: cnergy and
Tetmon % their imitinl spin saees. Fac e vkl e girverr rmciims: retouns to its mitial
tramibrmaations are mecd 90 oosverr: skt (Fomy iz Gme: dimoinr to the: frequency
doswin  'Wisen mmcioar infermsion: setiserei wing-tie WWE spactroneter is presented in
the frcguency demmin 2 spectomn the 5 dsnsteeisic: a2 given sample is produced.
Though ascrpecsing the collecson of s cGwncterisics; thie: impertance: of an NMR
Spoctam in strechers: SctCTasResen ooy ko

Clacasica] shilfi -refiees a0 tise woik yessiior i o SR speetronn. Peakss in NMR
spectra ar fows] over v magr 0 tieemsiou] i Hecomee mcles i different molecuiar
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an NMR active nucleus refers to the clectron density sorroanding dhe mciess. The
electrons around a nucleus create a magnetic field which oppeses fi il gven off by
the instrument and the nucleus is said to be shicldod. Rasod om wanisions i bemd
characteristics and the identities of adjacent atoms, NMR active mmciei sor shickdod w
different degrees and peaks are positioned at characteristic locations i the gpocowm.

‘When an NMR active nucleus is in close proximity 1o i diocpargaive: Jtmn.
the inductive effects of the electionegative atom pull slactron donsity sway fem dhe
nucleus. As such, the nucleus is deshielded and experiences » grestar mmgetic infincace
The signal produced from a shielded mucleus will be positionod wpficid im an NXMR
spectrum, while the signal for a deshielded nuclens will be poesitiomsd dowmiicld i an
NMR spectrum.

Peak integration is a key feature of NMR spectra. The relative isncgall avens
beneath different peaks in NMR spectra can be compared. The mtin of the moss of twe
separate peaks indicates the number of nuclei causing one signal relatie % dhe mumiver of

nuclej causing the second signal.

A third major characteristic of NMR spectra is signal splitting. This pleasnensn
arises from the indirect coupling of neighboring NMR active muclei.  Spliisting, e

coupling, of an NMR active nucleus is cansed by other nuclei that e i difleess

environments while being fewer than three bond lengths away. ht ertadls fiac spliitting of

signals as a result of adjacent nuclei possessing mmltiple spin crcmmies.  Sigmal

splitting generally has no impact on '>C NMR spectra 2s it is rare fhut NNIR aciive carbea

nuclei are found in close proximity within a molecule given that the relutive Abandunoe of

"*C in nature is approximately 1.1%. A key feature associated with sisnsl spliting i the
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magnitude of the separation between peaks, the J-constant, which offers insight into the
magnetic interaction between the coupied nuclei.

The J-constant, which is referred to as the coupling constant, or the spin-spin
coupling constant, can be measured directly from an NMR spectrum. The J-value is an
indicator of which protons are causing the splitting in NMR spectra. The magnitude of
the J-coupling constant is independent of magnetic field strength and thus can be useful
regardless of the strength of an NMR instrument. For protons bound to adjacent, singly
bound carbons, J typically has a value between 6 and 8 Hz. The introduction of double
bonds and aromatic rings cause adjacent protons to have larger coupling constants and to
experience longer range coupling.®

Carbon-13 nuclei are expected to split one another as they possess two spin states.
However, this phenomenon is rarely seen due to the low natural abundance of carbon-13.
Using isoptocially enriched molecules or special techniques, 'Jc.c values ranging from 20
to 200Hz have been measured.®

BIOLOGICAL IMPLICATIONS OF NMR

In addition to an expansion in the instrumental uses of NMR spectroscopy, the
applications of NMR spectroscopy have become more widespread in recent years. Many
biological systems of interest contain active site metals (paramagnetic and diamagnetic
alike) and NMR has been used as an investigative technique to probe the metal
coordination sphere, electronic structure and reaction mechanisms. An article published
by Moon and Richards is an early example of such a biologically imperative

application.®  The effect of binding '>C-enriched carbon monoxide to various
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hemoglobins was studied with NMR specooscops. e e
researchers presented spectroscopic cvidewr fn oaflew U
monoxide interacts diffrenfly with wnines Fecoswiichm 1
subunits. The NMR spectra in Figmoe 1 sawe flon el @ e -

PR
the identity of the hemogiohin sabwmnit flrsre & pres wsrasteon

in the shape and position of fhe corbon mesoxide gk ———

(\

\
E_J 2 3 E 3
- T E

A more recent study msing NMR spectamcyp: v Sgme L Speoe of de OO0
s of 2 sagl of memey
. .. 15 - e aibik emaghiie 2t the
presented in the work by H. Fuji.® In this wek . SO SR s HOMIS dnvenmes of
iyl imees snlinsstn
spectroscopy was used to stedy the netaee of T eoximmil

isotopically labeled “ON in flee yoexinial posiion wiich Skl asle m e ity of

the atoms hydrogen bonded to » himalier weiihe Pawr amgioes weor gt
using NMR spectroscopy.  Isotnpicaliy enrdedl TCX guwedl 2 semilive pabe i
chemical shift in the C resonsmce of SCX owpite verw siigis wmations: i the
imidazole groups ligated toans 1o fhe cyunile. This stuii shawasdl st gt sensitiviey of
the NMR spectrometer.

OTHER PHYSICAL METHOBS

When the information provided v WMR gecmsmgs s antfices fr
structural determination, ofker imstramcatsl T T e eed X-as
sbsorption spectroscopy (UV/VIS) s reschiil yiiwesice] Ghammcessirstion masfeds.
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X-ray structural analysis is a phenomenal technique because it allows for the
structural elucidation of small molecules without ambiguity. Unlike NMR spectroscopy,
X-ray ar~lysis requires the presence of suitable crystals for diffraction.

Most organic and inorganic compounds, minerals, metals, and alloys, and many
types of polymers can be found in crystalline form and thus be analyzed with X-ray
diffraction.'® Crystallization of biological entities and synthetic inorganic complexes is a
trial-and-error process that is made difficult by impurities and a lack of knowledge as to
the process of crystal formation. For a crystal to be suitable for x-ray diffraction analysis,
it must have a well-defined lattice of ions or molecules.

Once a suitable crystal is obtained, it is placed in a monochromatic X-ray beam.
The X-ray waves diffract away from the crystal according to the positions of the atoms
within the lattice. The diffraction pattern is then interpreted and the structure of the
molecule is found. The development of this analytical technique, termed X-ray
crystallography, has been invaluable in structure determination.

IR spectroscopy is a characterization technique that uses energy from the infrared
region of the electromagnetic spectrum to vibrate chemical bonds. The frequency at
which a chemical bond vibrates is determined by the identities of the bonds’ atoms as
well as the bond order. The characteristic vibrational frequencies of various chemical
entities can be used to determine the presence or absence of specific atoms.  Slight
variations in vibrational frequencies can indicate whether or not a small ligand is bound
to a larger complex.

The application of IR spectroscopy to bonding characteristics is presented nicely

in the work by Penner-Hahn et. al. who studied cyanocuprates with IR spectroscopy.'” It




S Wil

s cpivend her the forsation of stwong sigma bonds resulted in increased IR
g flogency 25 a reselk of a withdrawl of pi* electron density. Alternately,
ewerng B cixmoncgativiy or oxxiation state of a metal leads to a decrease in IR
aleeggies: foguency dee @ mcreased pt* back bonding to the metal center. This
decaces: i typisilly om the ondex o 20-4¢ cmi®. The following IR stretching frequencies
weae: sgesemsl for cyamide comploses: solid KON, 2049¢m ™~ , aqueous CN, 2080 cm!,
il Q0N 2¥7T20m”", agpeses Co(CN); ", 2124 cm™. This suggests that upon binding
= ameml ot the mikwed sireching frequency of CN shifts to a higher value. Thus,
IR specreus un gronidic imsight into the binding situation in a chemical setting.

LV/XIS alsosption spectroscopy provides useful information regarding the
doesic amctwe of molesales.  Using this technique, samples are irradiated with
peems: winer awygwes Bl i the visible and near ultraviolet regions of the
chxremapaers: spocams.  Some of the ncident light is absorbed by the sample, while
wliey Sgha pusnes thvough wnimspeded  The instrument determines the ratio of the
menmiics off Gple paning twowgh a sample to the intensity of light emitted by the
mevwame This ot is calied e transmiltance.  The instrument produces a spectrum
i dlleongsion. » gumtity directly dependent on transmittance, to wavelength. The
imengeion puitry: of this: spectis cam explain electron tramsitions and the presence or
alerage: off cwendied compgntivn of a molecule. The locations of absorbance maxima are
el B e iientiiry off species within the molecule.

T Beer-Lomlbert: b i 20 empirical relationship between the absorption of light
= » paticeiir wavelength and the: characteristics of the material through which the light
= pmme. This b is expressed with an equation in which A is the absorbance, ¢ is the

10
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molar absorptivity with units of M’ cm™, / is the path lenpth fhrough sshmion willh wairs
of cm, and c is the concentration of the absorbing specics, with units aFNL
A=g**c

Molar absorptivity measures how strongly a chemical species shsorbs Tighst w » pasioue
wavelength. This property is intrinsic of the species snd con bt messernd anl sopsnod
a series of maximal wavelengths.

The aforementioned instrumental techmiques are cxtremcly Enpoxm @ dhe
chemistry of structure determination. With instrumeztal anelysis. Jecasical cuiters. wive
structures could not be determined in the past can now be Jdisoorand with wchaiee

certainty.

INORGANIC MODEL COMPLEXES

Inorganic model complexes are synthesized 10 provide infwrmstien ropsling dhe
structure and/or electronic state of biomimetic metal complexes which Cx he camchaod
to data acquired for the original biological entity. These stadics sse slcmsppores
because they allow for the interpretation of small molociles zwther dimm bulky
metalloenzymes and proteins which are difficalt 1 isolmte 2ad porify. Swch swslheees
also allow for studies of intermediates which can not e isolmod in vivo ™ Using smh
models, biological systems can be better understood. A report of sach mnidl complicess:
was presented by Walker and co-workers. This study defined fhe clectonic gyl s
of ferric porphyrin complexes (which paralicl heme containing proscizs) ssimg N
electron paramagnetic resonance (EPR), Mbssbaner snd mmgactic Coculer dideeism
techniques (MCD)."*° This work was extended luter by Nakommare amil oo-wasbers whe
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reported that *C chemical shifts of coordinated cyanide ligand to ferric porphyrin could
be used in determining the electron configuration around a metal center.”!

Another example of an inorganic model complex can be seen in a study
conducted by Ye et al.> This research group utilized >C NMR spectroscopy to identify
carboxylate binding modes in zinc model complexes of carbonic anhydrase and
carboxypeptidase A. The report showed chemical shifts of 184, 130 and 176 ppm for
chelating, bidentate and monodentate bridging modes. It was shown that a '°C NMR
spectrum could be used to ascertain binding modes through the dependence of the
chemical shift on bond order and electron density. This information goes beyond the
scope of the sample studied and can be used to model the binding modes of other

samples.

METAL CYANIDE COMPLEXES

Cyanide-containing transition metal complexes have recently become of great
interest in a diverse array of chemical areas, namely molecular magnetism and the
synthesis of porous supramolecular assemblies.”* Although cyanide has a high toxicity
rating and is extremely dangerous to the central nervous system, it is widely used in
industry. Uses of cyanide include mining, metallurgy and photographic processing, as
well as the production of nitriles, nylon and acrylic plastics.’

In addition to its uses in industrial processes, cyanide species are important in
organic syntheses, enzyme active sites, high-temperature superconductors, and zeolite-
like inorganic structures that undertake house-guest chemistry.> The vitality of cyanide

stems from the fact that it is one of the strongest ligands in the spectrochemical series.

12
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CURRENT RESEARCH

Bearing in mind the substantial growth in the capabilities of structural elucidation
arising from advances in NMR spectroscopy, as well as advantages of studying inorganic
model complexes, a synthetic inorganic research project was devised. A search of the
literature indicated that minimal information was available regarding the use of
isotopically-labeled ligands to aid in structure determination. Particularly, little has been
reported involving the use of multiple isotopically labeled ligands, and no scalar coupling
information is available in this area. Without access to such values arises their inability
to aid in structure determination in inorganic as well as bioinorganic chemistry.

This research project involves compiling such information which aims at
providing valuable insight into chemical structure. This information could have a
profound impact on the ability to determine ligand substitution in metal-containing
species as well as providing definitive information regarding the geometric arrangement
of ligands around a metal center. Once established the peak positions and magnitude of

scalar coupling constants in '*C NMR spectra can be used in structure determination in
inorganic model complexes, with subsequent application to biological systems.
In our efforts to study the effects of isotopically labeled ligands on scalar coupling
in NMR spectra, we designed set of asymmetric metal complexes. The metal center used
in this stucy was cobalt in the (III) oxidation state. Cobalt (III) is an ideal metal center
because it contains six d-electrons in a low spin configuration. As such, it is diamagnetic
and thus easily studied with NMR spectroscopy. With such an electron configuration,
cobalt (III) is particularly prone to an octahedral geometry, the geometry that is required

in our study of asymmetric metal complexes.
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It was mecessary that our complexes be asymmetric as scalar coupling only takes
piace whea the maclei imvolved in coupling are present in different electronic
carvinamcets. Throwgh impacting a degree of asymmetry, NMR active nuclei positioned
s %0 each other ¥ octabedral geometries are able to couple one another.

(o
L\'I‘,»"‘L
T
[+
]
N
Trans
Fipwe 2. Gesesal representation trans- configuration in octahedral metal complexes
wihese M repwesents the metal conter and L represents the ligand frame.
The systheses of asymanetric metal complexes that impart trans configurations of
ismtogacally lebcled iagands were designed with two methods. The first method involved
e symifecsis of sctradestate Bgand frames which afforded asymmetry on the basis of the

stesenchemiswy of the backbone.  The second method utilized sterically bulky ligand
fiames it gracyated asymunctry through preventing ligand frame rotation.
The resuls of these siadies are presented.
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EXPERIMENTAL

Physical Measurements,

(EtN);[CoxPyPS);] were synthesized Sllowing published rocodores
purchased from Aldrich Chemical Company.

NELON was

Et,NS CN.

isotopicallylabeledstmtingmatuial ‘Hmm(cna,mmnsh
TMS: 1.4 (m), 3.5 (m). “C Spectrum (DMSO, 5028 M) § from TMS: 1310
Selected IR bang: isotopically labeled product (v. cm™): 212¢ Vo). Sclecsed IR bumd

non-isotopically labeled product (v, cm™): 2056 (Vo).
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Meso-1,2-diphenylethylenediiminomethylphenol (MDEDS) (1).

A batch of 0996 g (4.691 mmol) of the ivory powder (98%) meso-1,2-
diphenylethylenediamine was dissolved in 15 mL anhydrous ethanol in a 100 mL round
bottom flask. Next, 1.50 mL (14.31 mmol) of salicylaldehyde was added dropwise to the
reaction vessel using a digital pipette in two aliquots of 0.750 mL. A yellow precipitate
formed immediately following the addition. The reaction was capped and stirred for 17
h. The microcrystalline solid was collected via gravity filtration and washed first with
eihanol then with 5 mL ether. The bright yellow crystals were dried under vacuum for 1
h. Yield: 92.5% (1.825 g). 'H NMR spectrum (CDCl;, 200 MHz) 5 from TMS: 4.75 (s),
6.80 (1), 6.92 (d), 7.08 (d), 7.27 (m), 8.09 (s), 13.12 (s). Selected IR bands (v, cm™): 1620

(Ve=n)-

[Co(MDEDS)] (2)-

A batch of 0.194 g (0.499mmol) of 1 was measured into a Schlenk flask with stir
bar. The flask was degassed and 15 mL anhydrous methanol added. The heterogeneous
solution in the flask was further degassed by switching from nitrogen to vacuum three
times. After 20 min, 0.124 g (0.449 mmol) of cobalt (II) acetate tetrahydrate was added
to the mixture, which immediately turned brown. Next, 10 mL anhydrous methanoi was
added and the solution turned dark red/orange as a precipitate formed. The red/orange
mixture was stirred for 18 h and then the crystals were collected on a Schlenk frit and
dried under high vacuum. Crystals suitable for x-ray analysis were obtained by
dissolving 2 in methylene chloride with slow diffusion of diethyl ether. Selected IR

bands (v, cm™): 1622 (ve=n).  Electronic absorption spectrum: Amax (nm) (6, M'cm™)

17

- |
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(alinioas Wwomide): 418 (15432), 356 (13867), 356 (13261); (methylene chloride): 373

(20972). 291 (24677), 272 (22452).

ICQEBERSNCN)Y] (-
A b of 0.050 mg (0.105 mmol) of 2 was weighed into a 25 mL roundbottom
sk withh shicher > which 15 mL anhydrous acetonitrile were added. In a separate vial,

@559 me (@251 mewl) of °C cnriched tetraethylammonium cyanide (NEt;'’CN) was

dissalved i anleydrous acetonitrile. The NEt,°CN solution was pipetted dropwise into

e sommdiomom. Upon addition of the NE4’CN, the solution turned from brown to
ezmpe. The mixvare was refluxed for 1.5 h during which it changed color to dark red.
The safvent was removed under vacuum and the product left to dry overnight. 'H NMR
specm (DMSO, 200 M¥Hz) § from TMS: 1.14 (m), 1.76 (s), 3.19 (m), 5.45 (s), 6.26 (1),

673 (@) €92 (). 7.13 (m), 7.32 (m). Selected IR bands (v, cm™): 2122 (voun).

E/UICa(P TPSSON: )

A pustion of 0.300 g (0.261 mol) (EuN)[Cox(PyPS).] was weighed out into a 50
. s bottom flask and dissolved in 20 mL anhydrous methanol. Next, 750 pL 30%
B0 wene adidied amd the reaction vessel was immediately capped. After 2 h the volume
o e snlistion was reduced to approximately 10 mL. Crystals suitable for x-ray analysis
wise altined by slow diffosion of diethyl ether into methanol. After 24 h, long, thin
Wik crysials weve collected. "H NMR spectrum (DMSO, 200MHz) & from TMS: 1.14
). 317 gmp. 3.38 (3), 5.14-(d), 6.31 (1), 6.85 (1), 6.99 (t), 7.07 (1), 7.38 (s), 7.75 (d), 7.79
@ %15 @ 84%d. °C NMR spectrum (DMSO, 50.28MHz) 5 from TMS: 119.62,
E20 3, B20 3E, 12231, 12343, 125.13, 125.80, 128.59, 130.07, 131.90, 137.80, 174.75,
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150.80, 154.43, 154.56, 158.11, 164.59, 170.05, 191.25. Selected IR bunds (v. o)

1601, 1586 (vc0), 1453, 1357 (vs=0)-

EtN)s[Co(PYPS(SO)NCN):] (5)-

Aportionof97mg(0.08mmol) of 4 was dissolved in 10 ml ssbydeons
acetonitrile in a 50 mL round bottom flask. Then 2 batch of 75 mg (048 mmol) of
ELNCN, dissolved in 3 mL anhydrous acetonitrile, was added to it. The reaction was
refluxed. AﬁerZh,thehatwasremovedandthesohnimstiuadirn-ﬁiﬂBh
The solvent was then removed usingrotaryevapomionanddﬁdmdﬁh@u_ﬁ
18 b Note: isotopically enriched NEt,"°CN was used to make the isotopically keleckod
derivative, 6, 'H NMR spectrum (DMSO, 200MHz) & from TMS: 2.07 (s). 3.18 (e,
6.52 (t), 6.77 (d), 7.05 (m), 7.35 (d), 7.56 (d), 7.81 (m), 8.15 (1), 871 @) SCNe
spectrum (isotopically labeled product, DMSO, 50.28MHz) 5 from T™MS: 1398 1417,

Selected IR bands (v, cm™): 2120 (vosn), 1578 (Ve-0), 1452, 1360 (vs-0)-




rs Ligand Synthesis

The synthesis of the meso-1,2-diphenylethylenediiminomethylphenol (MDEDS)
gand was cammied out through combining meso-1,2-diphenylethylenediamine and
saficyaldelryde under anhtydrous conditions (Scheme 1).

T QPN

H H
HaN NH,
o HO
Salicylaldehyde Meso-1,2-diphenyl MDEDS
ethylenediamine
Scheme 1. Synthesis of MDEDS ligand.

Three equivalents of salicylaldehyde were added to insure that there was no
wmescted meso-1,2-diphenyl ethylenediamine starting material in the reaction vessel.
This reaction proceeded instantly as evidenced qualitatively by the immediate color
change to yellow and precipitate formation following the addition of salicylaldehyde to
meso-1,2-diphenyl ethylenediamine. The reaction stirred for 17 h to insure that it went to
completion Tt was then filtered and rinsed with ethanol to remove any unreacted
saicylaldehryde starting material. A subsequent rinse with ether was done for the sake of
deying  After the solvent was removed via gra- ity filtration, spectroscopic analyses were
carvied out. A "HNMR spectrum of MDEDS is shown (Figure 3).

20
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Figure 3. "H NMR spectrum of MDEDS in CDCl; on a 200 MHz instrument

In the 'H NMR spectrum the two doublets and a wriplet aromnd 7 ppm are
generated by the phenyl protons that are present on the ligand backbose. The mmltiplet at
7.3 ppm is caused by the phenol protons. The singlet at 8.1 ppm is assigned to the imine
hydrogen. This signal was not present in either of the starting materials, thus providing
further evidence that the reaction took place. Finally, the peak at 13.12 ppm is assigaed
to the alcohol protons. This assignment was coafirmed through canryiag out 2 DO wash.
A 'THNMR spectrum of MDEDS following the D0 wash is shown in Figure 4.

Figure 4. ’Hm«mhmmammmmw
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During the deuterium oxide wash the proton atom of the alcohol is replaced with a
deuterium atom. The NMR spectrum of the DO washed ligand does not have the ~OH

peak.
An infrared spectrum of the MDEDS ligand was also collected (Figure 5).

— ——

i

T Rnfecncs
gﬂ!ﬂbt!ﬁ!laa!l!l

30 2000 200 200 o o )
Wavnonbers (on-1)

Figure 5. IR spectrum of MDEDS.

In the infrared spectrum, one pronounced peak that is notable is at 1620 cm™.
This peak is indicative of imine formation, specifically the C=N stretching of an imine
bond. Additionally, the broad peak centered at 2850 cm™ is assigned 10 the O-H
stretching of the phenol alcohol.

The MDEDS ligand contains a large empty space in the center of the frame into
which a metal can enter and assume a square planar geometry. This reaction would occur
readily following the deprotonation of the OH group. Once complexed, the MDEDS
ligand frame imparts asymmetry due to the presence of the two phenyl rings. In one
plane, the large, bulky phenyl groups are present, while in the other, small protons take

2
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np mimemal space  Thes, the fgand fizme affords asymmetry by virme of the
seomachesivry of e lnckbove. Equipped with asymmetry, this ligand frame can be
el 2o geserme dhe difesms diecworic enviromments required to observe the coupling
s v st pesiionond i e agical sites in the metal complex.

S CoOIDEDS) Suniheris

e meilintion of e MIDEDS imsolved  resction between MDEDS and Co(Tl)
sommeweolicoee. This seacion was cavied out under anserobic conditions because of
dhe pespeniey of Co(l) v 2ir onidize. The syathetic pathway involved in this reaction

Cly )

Methanol =N, A=
+ColOACYH M0 —* C( S5 b
Salbome 2. Syubiesis o Co(MDEDS).

The seacion teek e immediasely a5 evidenced by the color change from
illow 1o acavge MR amaiipsis was nos possibie for this compound as it contains a
pecaemperéx: Co () mevall ooy The mffaved spectrum was collected (Figure 6).
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Figure 6. IR spectrum of Co(MDEDS).

This spectrum is very similar to the infrared spectnun of the MDEDS hpad fhe
most visible difference being that it lacks the broad ~OH streiching ficguency st 200
cm’, This is suggestive of complex formation, as the alcokol gromp & depsosemmad
during the reaction. Also, there was a shift in the vo. siretching froguracy Som 1629
em” to 1622 cm. This shift to higher energy is caused by fhe mactal, which iscacsess fhr
mass bound to the imine nitrogen. Becanse the #mine nitrogen fords 2 higher aclative
mass, more energy is required to stretch the imine bond.

Recrystallization of Co(MDEDS) was carried ot in mcfhviene chiorile with shes
diffusion of diethyl ether. Afier 2 days, red crystalline blocks were obtaimed  The
Co(MDEDS) crystal structure is shown (Figare 7). The asymmetry that i ampancd b
the ligand frame backbone can be clearly seen as the two phesyl tings sthrach out of fhe
plane of the paper, while the two proton atoms go into the plane.  Seloct bond distasors
and angles for this complex are shown (Tsbles 1 and 2).
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Figave 7. Thermal ellipsoid plot (50% probability level) of Co(MDEDS).

Selectedbond | Length (A)
Co-N(1) 1.8575 (14)
CoN2) 1.8666 (14)
Co-0(2) 1.8405 (12)
Co-0(1) 1.8463 (12)

N(1)-C(8) 1482 (2)
C(1)-C(2) 1.415(2)

‘Table 1. Selected bond distances in Co(MDEDS).

Selectedbond | Angle (°)
0(2)Co-0() | 8592(5)
O(2}CoN(1) | 173.34(6)
O(1)}CoN(1) | 9447(6)

‘Fable 2. Selected bond angles in Co(MDEDS).

The 0-Co-O and O-Co-N bonds in which the two atoms bound to the metal center

were positioned cis to one another were believed to be in square planar orientation. Bond

augles close to 90 degrees indicate that this is the approximate geometric configuration of

the ligand frame.
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UVAMIS Absorption Spectrum of Co{MDEDS) in
Methylens Bromide
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Figure 9. UV/VIS absorption spectrum of Co(MDEDS) in methylene bromide.

The great differences in the peak shapes in these spectra are associatod with
differert solvent interactions that occur as a result of changing an atom in fhe solvesst
from chloride to bromide. Extinction coefficients were determined at the three maximal
wavelengths in each of the solvents (Table 3).

Solvent Amax (nM) eM'em?)
Methylene Chloride 272 22452
Methylene Chloride 291 24677
Methylene Chloride 373 12072
Methylene Bromide 356 13867
Methylene Bromide 365 13261
Methylene Bromide 418 15432

Table 3. Extinction coefficients for Co(MDEDS) at maximal wavelengths.
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# [Coi(MDEDS,C1,)] Symthesis

Cobalt (IT) has a strong propensity to air oxidize to the cobalt (III) oxidation state
i the presence of strong ficld ligands. Whe the Co(MDEDS) synthesis was carried out
acsobically, oxidation ocomred. A dimeric . alt species ligated to two MDEDS ligands
was foomed. This specics was crysiallized in the same fashion as the Co(MDEDS)
complex and analyzed using x-ray diffraction (Figure 10).

Figare 18. Thexmal cllipsoid plot (50% probability level) of Cox(MDEDS),C.

The CoMDEDS),CL complex contains two cobalt (III) metal centers with
octaledeal geometry. The metal centers are each ligated to one MDEDS ligand with one

of the pheaolate oxygen atoms bridging 1o the adjacent Co(TII) center. A single chloride
on in cach completes the coordination sphere. Select bond distances and angles for this

complex are shown (Table 4 and Table 5).
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Selected bond _ Leagth (A)
Co-N(1) 1.8917 (16)
Co-NQ2) 1.8846 A7
Co-0(2) 18754 (18
Co-0(1) 1.9312 (18
c(1)-C) 13930

Table 4. Selected bond distances in [CoxMDEDS-C12)}-

Selecied bond Angle C)
0(2)-Co-NQ2) 96.80(7)
O(2)-Co-N() 17846 (D
o(1)-c(1)-c2) 11943 (18)
O(1)-C(1)-0(6) 121.36 (18)

0()-Co-Ql 066

Table 5. Selected bond angles in [Cox(MDEDSC1,)).

The bond angles close to 90 and 180 degrees mec indicutive of sgmac plwns
geometries. Those near 120 degrees are indicative of trigosal planer gossseary.

& [Co(MDEDS)(CN);] Synthesis

A reaction between Co(MDEDS) and tetracthylammoninm cyasidle was casied
out in acetonitrile. After combining the two substances, the reactinn was st s scilex fir
1.5 h. Reflux caused the reaction to proceed as evidenced by the coler dhange fiew dauk
brown to red.

Spectroscopic studies provided forther cvidence that fhe Jcacion west ®

completion. The infrared spectrum in Figure 11 was collected.




Jenna Welby

Figure 11. IR spectrum of Co(MDEDS)CN,.

The sharp peak at 2122 cm™ in the IR spectrum is assigned to a cyanide stretch
(vcaN). This peak is shifted from 2080 cm™, the frequency at which unbound cyanide is
expected to stretch. The shift to a higher frequency indicates that the cyanide acts as a
ligand to the metal center.

# (EtyN):[Co(PyPS(S02))]; Synthesis

The starting material (EtiN);[Co2(PyPS);] was synthesized according to the
procedure published by Mascharak et al*® This dimeric species is symmetric and thus
not useful in coupling constant analyses. Hence a reaction between (EtyN);[Cox(PyPS)s}
and hydrogen peroxide was undertaken to introduce asymmetry to the complex (Scheme
3).
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Schose 3. Syniiesis oF @R PCHENPSISON:
Adilition of 0> w e dawy cmees oridiion of the terminal thickates. The

brvigag thinkees wosind seaalifnl  Th: reanixiy differesces between the two
thioletes can e ailnsl w» dilisveces i the diccan dessity:.  The bridging thiolates
ame iwevlveld i S dhesicl basds and Wi ciecman dewsity s more distributed than
fm of fie sorminsil Hinkers wiich s axelvod o jo two chemical bonds.  The
sermingl thivkees contin bee puiss wiich ae ssscegailble 0 amack by the peroxide
oxygen stows. Thes, dhe aomsionll dkinlwes e selecsively auidiaed.

Tais imposst, lapweey, dhon diee prndiocs be colliected affier 2 b of stiring.  This is
ey in gl 3 anie de peiicy of de eudwion  Reactions that were left
stiving, longer yemiied in an ExEEer in ipasiies amilsed 10 over oxidation of the
peodect.
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Figure 12. 'H NMR of (EtyN);[Co(PyPS(SO2))]> in DMSO on a 200MHz instramess.

This 'H NMR spectrum of (EtN):[Co(PyPS(SO2)]> (Figure 12) is well defimod
indicating that the product is pure. The resonance at 5.2 ppm results from the iseraction
of the thiol aromatic ring and the pi electrons on the second thiol ring ligated 0 the other
cobalt (). This peak was seen in the unoxidized dimer, and provides evidenoe that the

product has maintained its dimeric structure.

& (EuN);[Co(PyPS(SO;)Y(CN),] Synthesis

The dicyano complex of the oxidized dimer was obtained by a reaction of
(EtN)[Co(PyPS(SO2))]> with six equivalents of NEt;CN. This reaction was carried out
in anhydrous acetonitrile. The NEt4CN was used to break the dimer into two equivalcst
monomeric species. This complex contains cyanide ligands in both axial positions and
the PyPS™ ligand occupies the four equatorial positions. The CN'is a strong ligand aad is
capable of breaking the thiolate bridge between the cobalt metal centers. The synthetic
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pathway followed to obtain the (ELN)[Co(PyPS(SO:)(CN),] complex is shown

Scheme 4. Synthesis of (ELUN):[Co(PyPS(SO2)XCN),].
An infrared spectrum of the product of this reaction contains a stretching

frequency at 2120 cm” (Figure 13). As was the case with the MDEDS dicyano complex,

the veax peak is shifted from that of unbound cyanide, indicating the cyanide has ligated
o the metal center.

e

NERAREE RN E)

= ) 2000 2000 2600 1860

Figwre 13. IR spectrum of (ELN)L[Co(PyPS(SO2)XCN),].
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Figure 15. °C NMR spectrum of (ELN):[Co(PyPS(SO2))(*CN),] in DMSO on a 200
MHz instrument.

Due to the asymmetry imparted by the oxidized thiolates, the cyanide ligands in

the complex are in dissimilar chemical environments.

A -3
This can be seen in Figure 16, a pictorial I/ o
N
representation of the complex. Each of the axial ° Nc\l N
/Co<
N
cyanide ligands will give rise to separate resonances sl CN
. . See,
in the NMR spectrum. These two signals are shown // o
o

as the two sets of doublets at 139.8 ppm and 141.7
igure 16. [Co(PyPS(SO))’CN).]
ppm. The inset within Figure 15 shows the doublets Fign !

enlarged. This is one of the first reported cases of through metal coupling of '*C nuclei.
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# Futare Work

To date the completion of the Co(MDEDS)CN; reaction is only evidenced
through the qualitative color change and a changed infrared spectrum. NMR studies have
yet to provide insightful results. A proton NMR spectrum has been collected, but no '*C
NMR data has been acquired. The future of this project involves collecting a '*C NMR
spectrum.

The next step in the project will involve the synthesis of an analogous complex in
which isotopically enriched NEt'°CN is used in place of the non-isotopically labeled
equivalent. Once the product is isolated, the '*C NMR spectrum associated with this
complex will be collected. If through metal coupling is observed a 2Jcc will be
calculated and reported.

Additionally, different isotopically labeled ligands will be introduced. For
example, complexes containing S’CN" will be investigated. A series of studies can be
done in this respect, given that complexes containing multiple S'>CN" ligands will be
synthesized, as well as those containing one S'’CN” and one *CN" ligand.

The fiture of the MDEDS segment of the project has potential to be very far
reaching. It is expected that other metal centers will be studied. Specifically, it is likely
that the diamagnetic, d'° configured, zinc (II) will be investigated.
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A2 C NMR spectrum of ELUNSCN in CDCl; on a 200 MHz instrument.
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A-3. IR spectrom of EtNSCN.

Beer's Law Plot of Co(MDEDS) in Methylene
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A-4. Beer’s Law Plot of Co(MDEDS) in methylene chloride at 291nm.
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A-S. 'HNMR spectrum of Co(MDEDS)CN; in DMSO on a 200 MHz instrument.

. n !

A-6. °C NMR spectrum of (EtN)[Co(PyPS(SO2))}. in DMSO on a 200 Miir
instrument.
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