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When the electrons are placed into the MO diagram an electronic configuration of

o°n*6°8*°n** for Rh,** and an overall Rh-Rh single bond is obtained.

Tetrakis (carboxylamidate) dirhodium(Il) is dinuclear with a pseudo fourfold
symmetry configuration that consists of a Rh-Rh metal core surrounded by four
carboxylamide bridging ligands. In most carboxamidates the two nitrogen atoms and two
oxygen atoms are bound to each rhodium in a cis-(2,2) orientation, but recently the trans-
(2,2) isomers have been reported by our group and others.* The interactions between the pi-
bridging amide ligand and the Rh-Rh core fall into a special category of metal complex bond

formation. The molecular orbitals are changed.

Figure 10: A combination of Atomic Orbitals showing Metal-Metal bonding-antibonding

interactions®

For the carboxylamides the interactions between the metals and the ligands cause a
reorientation of the ©* and 6* Molecular orbitals (MOs). This was demonstrated by Bear and
co-workers in a series of complexes with the general formula Rhy(OAc)m(acam), (acam =

carboxylamidate), (m=0-4; n=4-m).?* Their research showed that as the number of the
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equatorial acam ligands increased, the (HOMO) changed from n* to 6*. This inversion can be
explained as an interaction between the n-orbitals of the donor acam ligands and the &*
orbital of the Rh-Rh core. When the four non-bonding n-orbitals (7°) of the p-bridging
carboxamidate ligands are combined, the ligand MOs shown in Figure 11 is given. In-phase
mixing between these MOs and 6*(Rh-Rh) leads to M-L bonding interactions and the out-of-
phase mixing raises the energy of the *(Rh-Rh) MO above that of the 7*(Rh-Rh) MOs.

Thus, the electronic configuration for the Rha(acam)y is better assigned as o°n*8°n**5*2 2

A >
. ( / - ‘*; -
bod — < N
8\/8 ﬂ n X4 % ﬁ Out-of-phase

l; .
8‘8/8 & 4 u-NCO Rh, 5*

Figure 11: Metal-Ligand interactions in MO of tetrakis(carboxylamidate) dirhodium(i1)*°

Preparation and Classification of Tetrakis (carboxylamidate) Dirhodium (11)

The key development in the successful synthesis of the tetrakis(carboxylamidate)
dirhodium(I1) was the methodology for the semi-automated synthesis of
tetrakis(carboxylamidate) dirhodium(11).® Prior to this, the synthesis of Rh,(acam). involved
dissolving Rh,(OAC)4 in molten acetamide for several days.?* The harsh reaction conditions

precluded the use of many carboxylamides. The semi-automated protocol allows for the use
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of much less carboxylamide at lower temperatures and results in higher yields. The advantage
of this method is that the preparation of the catalyst involves reacting Rh,(OAc), with an
excess of neutral carboxamidate ligand in boiling chlorobenzene. The reaction is driven to
completion by the use of a soxhlet continuous extractor in which the inner thimble is filled

with a sodium carbonate/sand mixture which traps the evolved acetic acid.”®

PhCl
Rh,(OAc), + 4LH —3= RhyL, +4HOAc
reflux .7

The crude product is separated from chlorobenzene via distillation and then purified by flash

column chromatography.?

The use of X-ray crystallography to probe structural information of coordination
compounds is very useful to many coordination chemists. The difficulty in this area of
characterization however lies mainly in how to get the accurate structural data. It is very
difficult to follow the chemistry of these important compounds without the accurate structural
data. It is therefore very important that accurate structural characterization of these

compounds be done in order to study their chemistry.

The goals of this thesis were two-fold; the first one was to synthesize and determine
the structural properties of a stable tri-methyl carboxamidate analogue of dirhodium(Il)
carboxylate. The second goal was to use X-ray crystallography to investigate the structural
properties of an iron-oxo complex. Emphasis was on determining the coordinating modes of
the various chelating ligands through solving the crystal structures of these complexes as

accurately as possible.

In order to achieve these goals, three main objectives were set: 1) to synthesize a
novel RhyL4 complex (where L = carboxylamide), 2) to synthesize an axial adduct of a novel
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dirhodium carboxamidate complex and determine its crystal structure using X-ray
diffraction.; and 3) to determine the crystal and molecular structure of a complicated di-iron
complex having a N-Hydroxyethyl-ethylenediamintriacetic acid (HEDTA) ligand that can

have different coordination numbers in the solid and in solution states.
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CHAPTER 2

EXPERIMENTAL

Reagents

Chlorobenzene

Chlorobenzene (PhCI) was with dried magnesium sulfate (MgSQ,) for at least 48

hours before use. Both PhCl and MgSO,4 were acquired from Fisher Scientific Inc.

Pyridine

Pyridine (> 99.80 %) was purchased from Fisher Scientific and further dried with

MgSQ, before use.

Benzene

Benzene (> 99.93 %) was purchased from Fisher Scientific and distilled from sodium

RhCl33 H,0 salts were used as supplied as precious metal loans from Johnson

Matthey.

Synthesis of Starting Materials

Preamble: Most of the starting materials for the synthesis of the Tetrakis

(carboxylamidate) Dirhodium(ll) complex were synthesized in house.
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Sodium Acetate Trihydrate

The procedure used to synthesize sodium acetate trihydrate during this work was a
slight modification of the procedure reported by J. Ahmad.? For the modified procedure,
sodium acetate (70g, 0.853 mol) was weighed into a 125 mL Erlenmeyer flask. 40 mL of
distilled water was measured and transferred into the Erlenmeyer flask containing the sodium

acetate. The contents of the flask were heated at 105 °C until dissolution occurred.

The solution was then allowed to cool for approximately 2 hours for crystals to form.
The crystals were filtered by vacuum and dried for 2 days. A 79.27 g (68.27 % yield) of

NaCO,CH3-3H,0 was recovered.

Tetrakis (carboxylate) Dirhodium (1)

1" was used in the

A modification of the procedure reported by Wilkinson et a
synthesis of tetrakis(carboxylate) dirhodium during the course of this work. For this work
sodium acetate trihydrate (10 g, 0.0735 mol) was weighed out on an analytical balance (APX

153 Denver Inst) and transferred into 500 mL round bottom flask.

RhCl3¢3H,0 (5 g, 0.0189 mol) was weighed and transferred into the flask. A 100 mL
aliquot of glacial acetic acid (100 g, 1.665 mol) was measured with a graduated cylinder and
added to the contents of the round bottom flask. A 100 mL aliquot of absolute Ethanol (78.9
g, 1.713 mol) was measured and added to the mixture in the round bottom flask thus forming
a reddish brown color. The contents were set to equilibrate while being stirred by a magnetic
stirrer under a nitrogen blanket for 15 minutes. After 15 minutes the contents of the flask
were refluxed for about an hour and the reddish brown color changed to emerald green. The
emerald green product was allowed to cool. The crude product was isolated by vacuum

filtration and further dried by passing nitrogen over it. The crude crystals were washed in
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methanol and filtered by vacuum filtration and placed in a vacuum oven at 50 °C and 28" Hg
under ambient pressure for an hour. A total mass of 3.378 g (80.62 % yield) of product was

recovered from a total of five recrystallizations from methanol.

N-(2, 4, 6-trimethylphenyl) Acetamide

N-(2,4,6-trimethylphenyl) acetamide was synthesized, as published, in collaboration
with Landon Zink. A 7.5 mL aliquot (0.0537 mol) of 2,4,6-trimethylaniline was dissolved in
75 mL of toluene. A 1.91 Ml aliquot (0.0269 mol) of acetyl chloride was added to the 2,4,6-
trimethylaniline solution drop wise whilst stirring the solution. The solution was then
refluxed for 2 hours with stirring. The reaction mixture was then allowed to cool and the

crude product and the filtrate were separated by vacuum filtration.*

The crude product was washed with 100 mL of distilled water. The product, N-(2,4,6-
trimethylphenyl) acetamide, was recovered through liquid-liquid extraction by adding 25 mL
of diethyl ether to the water solution with stirring. This mixture was then placed in a
separatory funnel and the aqueous layer was removed. The organic layer was saved to

combine with the filtrate from the reaction mixture.!

The filtrate from the reaction mixture was recovered by rotary evaporation and the
solid that was recovered was redissolved in 75 mL of diethyl ether. This was then combined
with the diethyl ether from above in a separatory funnel. This solution was then washed with
5 mL of distilled water, 12.5 mL of 5% HCI, 12.5 mL of 5% NaOH, and an additional 5 mL
of DI water. The diethyl ether was then removed via rotary evaporation. The final product

was purified via sublimation.

The final product was purified via sublimation. A mass of 4.48 g of the product was
synthesized giving a percent yield of 94.12%. The product was a white crystalline solid that
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had a melting point of 219 °C. The synthesized product was characterized by IR, and NMR

analysis was used to confirm the identity.**

The IR spectrum as shown in figure 12 below gave peaks at 3230 cm™ for N-H stretch,
2916 cm™ for C-H aromatic stretch, 1643 cm™ for C=0 stretch, 1533 cm™ for C=C aromatic
stretch, 1290 cm™ for C-N stretch, and 717 cm™ for C-H aromatic out of plane bend.

The proton NMR (CDCI3) spectrum is shown in figure 13a below. The spectrum
showed peaks at 6 6.92 ppm (d, 2H), 6.75 ppm (s, 1H), 6.64 ppm (s, 1H), 2.25 ppm (m, 9H),
and 1.70 ppm (d, 3H). Figure 13b shows the carbon-13 NMR spectrum of the compound. This
gives peaks at 6 168 ppm, 137 ppm, 136 ppm, 135 ppm, 131 ppm, 129 ppm, 23 ppm, 21 ppm,
and 18 ppm. These experimental data are very consistent and comparable to the data reported
in literature.”®

Literature melting point for the product is 218-219 °C.?° The literature values for the
proton NMR spectrum showed peaks at 6 6.86 ppm for p-hydrogen, 6.70 ppm for N-H, and
2.05 ppm for alkyl hydrogens. The carbon NMR spectrum showed peaks at & 168 ppm, 137
ppm, 136 ppm, 128 ppm, 23 ppm, 21 ppm, and 18 ppm. The IR spectrum showed peaks at
3236 cm™ for N-H stretch, 3042 cm™ for C-H aromatic stretch, 1646 cm™ for C=0 stretch,
1541 cm™ for C=C aromatic stretch, 1291 cm™ for C-N stretch, and 717 cm™ for C-H
aromatic out of plane bend.”

This is most notable in the multiplet that was observed from 2.3 to 2.1 ppm. However,
Moriyasu et al.*® showed that E- and Z-forms of acetanilides are likely to separate at low
temperatures due to the o-methyl restricting the carbonyl — nitrogen bond. The carbonyl —
nitrogen bond is restricted further when methyl groups at both o-positions are added, and
hence this causes the E- and Z-forms to separate at a higher temperature. The NMR data were

all taken at -20 °C, which is shown to be sufficiently low to cause splitting of the peaks. Peaks
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for proton NMR of the ligand are as follows: alkyl H at 1.70 (3H), aromatic methyl at 2.25

(9H), N-H at 6.64 and 6.75 (1H), and aromatic H at 6.92 (2H).*"

Mo. |Peak [Intensity Corr. [ntensity | Base (H) Base (L) Area Corr. Area

1 717.52 30,743 5386 715.23 705.95 0477 D.188
z [962.18 [§421_ 1243 EE |87 0787 0455
B 1280.38 [a1.405 BA11 1301.85 1236.57 0.738 10

F 163341 (86,361 166 7535 34 1623.76 0.42 0,034
3 1643.35 40,456 672 1651.07 162508 0.761 0427
E | 2848, 55 101468 145 2875 72 | 282957 -0.525 0102
7 281637 100.393 7313 2338 52 2R70.TE 0534 0165
[ FZI0.77 100072 2T [328e 63 96,05 0821 0388

Figure 12: IR of N-(2,4,6-trimethylphenyl) Acetamide
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Figure 13a: *H NMR spectrum of 2,4,6-trimethylphenyl acetamide
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Figure13b: 3C NMR spectrum of 2,4,6-trimethylphenyl acetamide
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Tetrakis [u-(N-{2, 4,6-trimethylphenyl} Acetamidato-kN: kO)] Dirhodium (I1), [Rhy(N-

{2.4,6-CH3}CgH,)COCHS3),]

All glassware needed for the synthesis was washed with glassware cleaning detergent
and rinsed with tap water and distilled water. They were further rinsed with acetone. The

glassware was oven-dried at a temperature of 120°C for 24 hours.

A mixture of sand and sodium carbonate was prepared (ratio: 50:50). The sand was
washed with chlorobenzene and dried prior to the preparation of the mixture. Ceramic
thimbles were cleaned with acetone and dried. Then they were filled with the sand/sodium
carbonate mixture about two-thirds full. (The mixture was further topped with sand to pack it
firmly). The packed thimbles were oven dried for 24 hours. A mass of 5 g (0.026 mol) of N-
2,4,6-trimethylphenyl acetamide (ligand) was weighed out and mixed with 0.5 g (0.001mol)
of Rhy(OAC), in a 250mL round bottom flask. A 200 mL aliquot of PhCl was used as reaction

solvent.

The reaction was driven to completion by use of a Soxhlet continuous extractor in
which the inner ceramic thimble filled with the mixture of sodium carbonate and sand trapped

the acetic acid produced during the reaction.

PhcCl

Rh,(OACc), + 4LH —2— Rh,L, +4HOACc
reflux (2.1)

The thimbles were replaced every 24 hours and more chlorobenzene was added as necessary
to account for evaporation. The reaction was done under nitrogen to minimize the

decomposition of RhyL.

After 7 days, thin layer chromatography was performed on the product mixture to

determine if the desired rhodium containing products had been synthesized, and the reaction
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had come to completion. This was done by spotting the ligand, reaction mixture, and
Rh,OAc, separately on one thin layer chromatography (TLC) plate. The TLC plate was

developed in a solvent chamber containing 30% ethyl acetate (EtOAc) and 70% hexanes.

The disappearance of the Rh,OAc, spot from the reaction mixture and the appearance
of colored spots indicated the completion of the reaction. After it was observed that the
reaction had come to a completion, the chlorobenzene used for the Soxhlet extraction was
removed by vacuum distillation. The resulting product mixture was further dried under
vacuum. Flash column chromatography was performed on the product mixture to separate

and isolate the rhodium containing products.

Flash Column Chromatography

Column chromatography of this product mixture was facilitated by the fact that Rh,L,
complexes are colored. Fractions of the same color and refractive index (R¢) were also called

bands.

A column of dimensions 5 cm diameter by a height of 30 cm was used. The column
was packed with glass wool first then with some sand. After this, a slurry of flash silica gel
and 100 % hexane was prepared and added to the column. The packing was done by applying
some pressure from a N, cylinder. Some more sand was added on top of the silica gel to
make it compact. The column was eluted with hexane to ensure that there were no air bubbles

in the packed column.

The crude tetrakis[p-(N-{2, 4,6-trimethylphenyl} acetamidato-kN: kO)]
dirhodium(ll), dissolved in 15 mL PhCI, was added and about 85 mL of 100% hexane was
used to elute it. The purpose was to remove any residual chlorobenzene (PhCl). Fractions 1-4
were eluted and thin layer chromatography (TLC) was performed on them against the
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reaction mixture. A 30% ethyl acetate/hexane solvent system was used to develop the TLC

plate. They were shown to have PhCI only.

About 85 mL of 10% Ethyl acetate/hexane was prepared and used to elute the
column. Fractions 5-10 showed no spots via TLC. This showed that all the chlorobenzene had
been removed. The elution continued with the 10% Ethyl Acetate/hexane mixture and
fractions 11-16 were collected. These were of a light blue-green color and had the same Ry as
the spot with the largest Rt in the reaction mixture when analyzed by TLC. The fractions

were combined and the solvent was removed by rotary evaporation.

About 500 mL of 20% Ethyl acetate/hexane was prepared and used to elute the
column. Fractions 17-20 showed no spots by TLC analysis. About 500 mL of 30% Ethyl
acetate/hexane was prepared and used to elute the column. Fractions 21-35 collected were
blue in color and had the same Ry as the second colored band of the reaction mixture. The

fractions were combined and the solvent was removed by rotary evaporation.

Fractions 36 to 37 showed a light blue-green color. They had the same R as fractions
21-35. The fractions were combined and the solvent was removed by rotary evaporation. No
colored bands were recovered when fractions 38 to 45 were collected. The solvent system
was changed to 40% EtOAc in hexanes. Fractions 46 to 50 showed no spots when analyzed

by TLC.

Upon elution of the column with a 500 mL solvent of 50% ethyl acetate/hexane,
fractions 51-57 showed a deep blue color and when spotted against the reaction mixture
showed the third colored band. The fractions were combined and the solvent was removed by
rotary evaporation and then stored for characterization. Elution with 60% to 100% solvent of

ethyl acetate yielded no spots when spotted against the reaction mixture.
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A 100% solvent of methanol was used to flush the column and to remove any

unreacted or decomposed Rh,(OAc),. The column was unpacked and properly cleaned.

Characterization of Tetrakis (trimethylphenylacetamidate) Dirhodium(l1)

Nuclear Magnetic Resonance (NMR) Analysis

About 25 milligrams of each of the various fractions of the tetrakis (trimethyl
phenylacetamidate) dirhodium(Il) complex collected from flash column chromatography
were dissolved in deuterated chloroform (CDCI3) containing 1% tetramethylsilane (TMS),
and identified using nuclear magnetic resonance spectroscopy (NMR). The (CDClI3) was
obtained from ACROS. A 400 MHz JEOL NMR instrument was used for all NMR

spectroscopic analyses.

Both *H and *3*C NMR analyses gave spectra with peaks of chemical shifts
characteristic of three fractions obtained from the column chromatography, and the spectra
are shown in figures 14a, 15a, and 16a for the proton NMR, and figures 14b, 15b, and 16b for

the carbon-13 NMR respectively.

The proton NMR (CDCIls) spectra for the fractions showed chemical shifts ranging
from & 6.86 ppm - 6.83 ppm (d, 2H), 2.37 ppm — 2.21 ppm (m, 9H), and 1.72 ppm — 1.68
ppm (d, 3H), and the carbon NMR showed peaks at 6 179 ppm, 144 ppm, 134 ppm, 133 ppm,

129 ppm, 129 ppm, 21 ppm, 20 ppm, and 19 ppm.

The proton NMR for the first deep-green colored fraction is shown in figure 14a
below, and in the spectrum, the chemical shift at 6.86 ppm is characteristic of the two
aromatic protons on each of the equatorial mesityl phenyl rings of the dirhodium complex.

The chemical shifts at 2.37- 2.09 ppm are indicative of protons on the methyl groups of the
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phenyl rings, with the chemical shifts at 1.89-1.34 ppm showing the methyl protons on the

acetamide ring.

The spectrum in figure 14b shows the carbon-13 NMR for the first fraction. The
chemical shifts at 19-21 ppm indicate the methyl carbon on the acetamide ring, while the
peaks at 129-135 ppm show aromatic carbons. The peak at 144 ppm is indicative of the

aromatic carbon bearing the nitrogen from the acetamide ring.

The chemical shifts from figures 15a, 15b, 16a, and 16b have similar values as those
discussed above because the fractions are isomers of the same compound. From the NMR
spectra, the preliminary assignments were that the first fraction, (deep green color) was the
2,2-trans isomer, the second fraction, (blue color) was the 2,2-cis isomer, and the third
fraction, (light green) was the 3,1 isomer. FTIR spectroscopic analyses of these fractions

were inconclusive.
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Figure 14a: *H NMR of the 2,2-trans isomer of [Rhy(N-{2,4,6-CH3}CsH,)COCHa).]
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occupancy assigned to that atom before refinement became important to the successful

determination of the structure.

These challenges were resolved by assigning the Rh1, N1, C1, C2, and C5, atoms
special anisotropic displacement parameters (ADP) of 10.25 each and setting them to 25%
occupancy. After the percentage occupancies were set, the anisotropic displacement

parameters were allowed to refine.

The Oak Ridge thermal ellipsoid plot (ORTEP) of the 2,2-trans isomer of [Rhy(N-
{2,4,6-CH3}CsH;)COCHg3)4]-2NCCgHs is shown in figure 17. In the ORTEP, the 2,2-trans
isomer has tetragonal symmetry (space group = P-42;c). It contains a dinuclear Rh complex
of four bar symmetry. There is a Rh—Rh unit and two benzonitrile ligands located in special
positions along the twofold axis passing through the fourfold. Four symmetry equivalent
mesitylacetamidato ligands bridge the Rh —Rh unit. Thus, each rhodium has an
approximately octahedral coordination by one Rh (Rh—Rh = 2.4289 (6) A), that is

comparable to the range of bond lengths observed in tetrakis(carboxylamidate) dirhodium(ll).

Two acetamidato O atoms trans to each other (Rh—O = 2.044 (3) A), two
acetamidato N atoms trans to each other (Rh—N = 2.090 (4) A), and a benzonitrile N atom
trans to Rh (Rh—N = 2.222 (3) A). The structure is held together by weak van der Waals
forces. It is the mesitylacetamidato analogue of the previously published phenylacetamidato
compound, Rhy[N(CsHs)C(O)CHs]+2NCCgHs,* both having the 2,2-trans stereochemistry in

the complex-core, that is one out of four possible isomers shown in figure 8.

The highest molecular symmetry that these two complexes can adopt is fourfold
symmetry (-42m) with two mirror planes through the carboxylamidate chelate ring pairs and

twofold axes in bisecting positions. While in the crystal structure of
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Figure 17: ORTEP® of Bis(benzonitrile)-2,2-trans-tetrakis[p-(N-{2,4,6-
trimethylphenyl}Acetamidato-xN:xO)] dirhodium(Il) with thermal ellipsoids at 30%
probability and hydrogen atoms arbitrarily small

51












0
Figure 20: ORTEP* of Bay s[Fe(HEDTA)][Co(CN)s]-9H,0 showing thermal ellipsoids at

30% probability and hydrogen atoms arbitrarily small
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Figure 22: Packing diagram of Ba;s[Fe(HEDTA)][Co(CN)e]-9H,0 viewed along the a-axis.

H-atoms omitted for clarity
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CHAPTER 4
CONCLUSION

Three isomers (2,2-trans, 2,2-cis, and 3,1) of [Rhy(N-{2,4,6-
CH3}CsH;)COCH3)4]-2NCCgH,4 were successfully synthesized and identified by NMR
spectroscopy. The crystal structure of the 2,2-trans isomer was successfully determined using

X-ray crystallography.

There were several crystallographic challenges faced when solving the crystal
structure of [Rhy(N-{2,4,6-CH3}C¢H,)COCHS3)4] such as determining the difference between
nitrogen and oxygen, determining the special atomic positions for various atoms because only
a fourth of the structure appeared in the asymmetric unit cell. The other three-quarters parts
were generated by symmetry. The need to assign special atomic positions and the percentage
occupancy assigned to which atom before refinement become important to the successful
determination of the structure. These challenges were resolved by applying various
refinement methods in x-ray diffraction studies and using knowledge of the bonding and
reactivity of Rh,L, compounds from previously published data.** The final structure had an

R1 value of 3.6%.

The X-ray crystal structure of Ba; s[Fe(C19H13N207)][Co(CN)e]-9H,0 was also
successfully solved. The challenges that were associated with solving the crystal structure
such as 1) atomic positions; 2) bonding between Fe and Co as metals and ligands;
determining the difference between nitrogen and oxygen; 3) the existence of multiple H,O
molecules in the compound; 4) disordered oxygen atoms; and 5) the ambiguity that arises in
assigning thermal parameters to potassium (K) and Barium (Ba), were successfully resolved,

and the final structure had an R1 value of 4.3%.
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These goals were generally achieved by careful and thoughtful application of various
techniques as described in this thesis. The structural information obtained from the crystal
structures of these compounds will enable us study further the chemical reactivity,
electronics, and other properties of these compounds. The data and methods used in this
thesis will find useful application in solving structural problems of similar coordination

compounds.
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