





Figure 17: Packing diagram of 4-(dimethylamino)benzonitrile adduct.
3.1.4 The 3,5-dinitrobenzonitrile Adduct of Rha(OAC)s
The [Rh2(COOCHS3)4]:2NCOCH2CH3CsH3(NO3). crystal was a red platelet having
approximate dimensions of 0.330 x 0.270 x 0.060 mm mounted on a mitogen loop. The lattice
parameters measured for the crystal’s unit cell determined that the
[Rh2(COOCHS3)4]:2NCOCH2CH3CsH3(NOy)2 crystal system was monoclinic and primitive. For
Z=2 and formula weight equaling 828.23 g/mol, the calculated density was 1.633 g/cm?®. A total

of 540 oscillation images were collected.
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Table 6: Crystal data for [Rh2(COOCHz3)4]-:2NCOCH2CH3CgH3(NO2)2.

Empirical Formula Ca26H28N6015RN2
Formula Weight 828.23 g/mol
Crystal Dimensions 0.330 x 0.270 x 0.060 mm
Crystal System Monoclinic
Lattice Type Primitive
Lattice Parameters a=11.52150 A
b =10.63880 A
¢ =14.08500 A

B =102.75300°
V = 1683.87728 A3

Space Group P2:/n (#14)
Residuals: R1 (1>2.0006(1)) 0.0416
Residuals: R (All reflections) 0.0551
Residuals: wR2 (All reflections) 0.1428
Goodness of Fit Indicator 1.074

Max Shift/Error in Final Cycle 0.022
Maximum peak in Final Diff. Map 1.04 e'/A3
Minimum peak in Final Diff. Map -1.30 e/A°3

Figure 18 shows an TEP of the 3,5-dinitrobenzonitrile adduct. This TEP was created in
Mercury, a software package used to model crystal structures. The structure depicted here is
quite different from what was expected, certainly different from the structures heretofore
presented. C5 has reacted with an oxygen atom, 09, on an ethanol molecule. As a consequence
of this, the C5-N1 triple bond (the nitrile) has lost electron density because of this reaction,
which makes this bond longer (see Section 3.1.5). It can be said that the carbon atom, C5, has
rehybridized from sp to sp? hybridization. The sp hybridization gives the carbon atom a linear
bonding geometry, while sp? hybridization gives the carbon atom a planar bonding geometry,
because the carbon atom here is bonded to a carbon, nitrogen, and oxygen atom, C6, N1, and O9,
respectively. This structure, while unexpected, suggests that the Rh1-N1 bond has made C5 more
reactive, perhaps by taking electron density away from the atom, allowing electron density from

the oxygen atom to form a bond.
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Figure 18: TEP of 3,5-dinitrobenzonitrile adduct.

The type reaction seen here, while previously unobserved for this catalyst, has been
recorded in the literature.® The nitrile group is strongly polarized, giving the carbon atom a
slight positive charge. This allows nucleophiles, atoms or molecules with a negative charge or
lone pair of electrons, to interact with the nitrile group, yielding an sp? hybridized imine ion,
shown in Figure 19. The two nitro groups on this specific benzonitrile in the ortho- position to
the nitrile are strongly electron withdrawing, creating an even stronger positive charge on the
nitrile carbon. This would give a nucleophile a better environment to react with the nitrile. Here
because an ethanol molecule reacted with the nitrile, a systematic name for the reaction is nitrile
alcoholysis. It can also be called the Pinner reaction for the German chemist Adolf Pinner,
because of his work in the elucidation of the nature of this reaction and the detailed study of

these compounds in 1892.1%%° Traditionally the Pinner synthesis is carried out in an acid catalyst,
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possibly due to electron donating capability but more likely due to steric hindrance because the

4-(dimethylamino) substituent is quite bulky. In the isonitrile adducts the Rh-Rh bond is

consistent throughout its series at around 2.42 A.

Table 8: Selected bond distances and angles for isonitriles.™

4-(dimethylamino)-
phenyl isonitrile
adduct

Phenyl isonitrile
adduct

Trifluoromethylphenyl
isonitrile adduct

Distances (A)

Rh-Rh 2.4245(4) 2.4271(3) 2.4182(3)
Rh-C 2.148(4) 2.133(3) 2.122(3)
C-N 1.139(5) 1.153(4) 1.141(5)
Angles (°)

Rh-C-N 166.8(4) | 158.7(2) | 155.4(3)

3.2 IR Spectroscopy

Infrared spectroscopy was used here to assist in understanding the type of bonds that

occur in the novel rhodium acetate adducts, particularly the rhodium to nitrogen bond in the axial

site. If m-backbonding were to occur, the carbon to nitrogen bond in the nitrile should become

weaker and be lower in energy. The stretching frequency therefore should decrease because

energy is directly proportional to it.

E =hv

hc_h _
7 = hev

All IR data was taken in the solid phase, using attenuated total reflectance (ATR). Spectra

for the following four novel rhodium acetate adducts were successfully obtained: the adducts

with 4-nitrobenzonitrile, 4-aminobenzonitrile, 4-(dimethylamino)benzonitrile and 3,5-

dinitrobenzonitrile. Spectra for each unreacted benzonitrile were also obtained. The spectrum for

each adduct is followed by its corresponding benzonitrile, given in Figures 22-29 and selected

wavenumbers are given in Tables 9-16 for clarity.

39




For all of the adducts’ spectra, a distinct pattern appears in what is considered the nitrile
absorbing region. There are two distinct peaks at 2378.23 and 2310.72 cm™, separated by a sharp
peak in the middle. In figures 24 and 26, there is a peak to the right of this pattern, at 2235.50
and 2223.92 cm™, respectively. In the unreacted benzonitriles’ spectra, there are also two distinct
peaks. One peak is consistent throughout: 2358.94 cm™. The second peak, however, is different
for each benzonitrile. For both nitrobenzonitriles, the peak is at 2341.58 cm™ and the peaks for 4-
aminobenzonitrile and 4-(dimethylamino)benzonitrile are at 2331.94 and 2330.01 cm™,
respectively.

The peak at 2378.23 cm™ is higher in wavenumber than the corresponding unreacted
peak, suggesting that the carbon to nitrogen bond in the nitrile has gained energy. This does not
support the n-backbonding hypothesis in the axial ligation at the rhodium site. This may indicate

predominantly o-bonding for the rhodium to nitrogen bond in all of the adducts.
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Figure 22: IR spectrum of the 4-nitrobenzonitrile adduct.
Table 9: Selected wavenumbers for the 4-nitrobenzonitrile adduct (cm™).
3101.54
3070.68
3047.53
2920.23
2378.23
2310.72
1587.42
1354.03
1014.56
854.47
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Figure 23: IR spectrum of 4-nitrobenzonitrile.
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Figure 24: IR spectrum of the 4-aminobenzonitrile adduct.

Table 11: Selected wavenumbers for 4-aminobenzonitrile adduct (cm™).

2929.87

2854.65
2378.23
2310.72
2235.50

1869.02
1508.33
1176.58
1047.35

835.18
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Figure 25: IR spectrum of 4-aminobenzonitrile.

Table 12: Selected wavenumbers for 4-aminobenzonitrile (cm™).

3367.71

3074.53
2358.94
2331.94

2212.35
1600.92
1516.05
1315.45
1174.65

829.39
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Figure 26: IR spectrum of the 4-(dimethylamino)benzonitrile adduct.

Table 13: Selected wavenumbers for the 4-(dimethylamino)benzonitrile adduct (cm™).

2829.57

2378.23

2310.72
2223.92
1589.34
1508.33

1168.86
1043.49

819.75
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Figure 27: IR spectrum of 4-(dimethylamino)benzonitrile.
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Figure 28: IR spectrum of the 3,5-dinitrobenzonitrile adduct.

Table 15: Selected wavenumbers for the 3,5-dinitrobenzonitrile adduct (cm™).

3107.32

2929.87
2854.65
2378.23
2310.72
1749.44
1508.33

1417.68
1338.60
1136.07
993.34

798.53
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Figure 29: IR spectrum of 3,5-dinitrobenzonitrile.

Table 16: Selected wavenumbers for 3,5-dinitrobenzonitrile (cm™).
3082.25
2358.94
2341.58
2212.35
1539.20
1348.24
921.97
798.53
731.02

3.3 NMR Spectroscopy

Nuclear Magnetic Resonance (NMR) spectroscopy is an excellent technique that allows
for the detection of uniquely positioned atoms in a compound, granted that these atoms have a
non-integer spin value. NMR spectroscopy is also solution based, while the X-ray
crystallography and IR spectroscopy techniques discussed above analyzed the novel compounds
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in the solid state. NMR spectroscopy therefore gives insight about these compounds in a
different chemical environment, lending to the possibility to structural phenomena not available
in the crystalline state. This technique also lends itself to the discussion of purity of the
compounds, for example, whether or not there is a significant amount of unreacted benzonitrile
present in the solution.

The solvent used in this study was deuterated chloroform (CDCIs) and three of the four
adducts were soluble in the chloroform and therefore able to produce *H NMR spectra: the 4-
nitrobenzonitrile, 4-(dimethylamino)benzonitrile, and 3,5-dinitrobenzonitrile adducts. The 4-
aminobenzonitrile adduct was insoluble in CDCls. At the time of this paper, no further attempts
have been made to ascertain a spectrum for this adduct. NMR spectra for each of the
uncomplexed ligands are available in the literature and will be used for the discussion that
follows.?"2 NMR spectra for the adducts were used here only to determine the hydrogen atom’s
chemical environment. While integration of the peaks was attempted, they were not proportional
to each other. Integration data was lost due to the temporary breakdown of the NMR instrument.
When the repairs were complete the original data was erased.

Note: for this discussion, the term deshielded describes a peak that has been shifted
downfield, or to the left, of the NMR spectrum and the term shielded describes a peak that has
been shifted upfield, or to the right, of the NMR spectrum.

Figures 30 and 31 show the 4-nitrobenzonitrile adduct and unreacted 4-nitrobenzonitrile,
respectively. We would expect to see three peaks on the adduct: one from the methyl group from
the equatorial acetate ligands on the rhodium complex, and two from the phenyl ring of the axial
ligand. These peaks are assigned a, b, and c, and are shown in Figure 30. In total, there are five

peaks, the three just mentioned as well as one from the chloroform at 6 7.2548 and one from

49



water at 6 1.6746. The methyl peak, a, is thus located at & 2.0290. When Figures 30 and 31 are
compared, there are two sharp peaks at approximately 6 8.35 and 6 7.85 in the unreacted 4-
nitrobenzonitrile that correspond to the peaks at 6 8.45 and 8.1551, respectively, labeled b and c.
This indicates that upon reaction, the phenyl peaks shifted downfield by & 0.10, meaning they
have been deshielded. Losing electron density supports evidence of reaction and s-bonding from

the nitrogen atom to the rhodium atom.
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Figure 30: NMR spectrum of the 4-nitrobenzonitrile adduct.
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Figure 31: Literature NMR spectrum of 4-nitrobenzonitrile.

Figures 32 and 33 show the 4-(dimethylamino)benzonitrile adduct and unreacted 4-
(dimethylamino)benzonitrile, respectively. We would expect to see four peaks on the adduct: one
from the methyl group from the equatorial ligands on the rhodium complex, two from the phenyl
ring of the axial ligand, and one from the methyl groups on the amine also on the axial ligand.

These peaks are assigned a, b, ¢, and d. In Figure 32 there are approximately seven peaks,
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including the chloroform peak at & 7.2548 and water at 6 1.5757. The methyl peak from the
acetate ligands, a, is thus located at 6 2.0015. When Figures 32 and 33 are compared, there are
three sharp peaks at approximately & 7.4, § 6.6, and & 3.01 in the unreacted 4-
(dimethylamino)benzonitrile that correspond to the peaks at 6 7.75, 8 6.7951, and 6 3
respectively, labeled b, c and d. There are two peaks around 6 3: 6 3.0978 and & 3.0053. This

indicates that there is some unreacted benzonitrile in the solution. This also indicates that upon

reaction, the phenyl and methyl peaks from the reacted benzonitrile shifted downfield by varying

degrees, meaning that the peaks on the phenyl ring were shifted downfield more than the methyl

peaks on the amine. This is reasonable because the phenyl electrons are in resonance with the
nitrile and the methyl electrons of the amine are not. Losing electron density supports evidence

of reaction and o-bonding from the nitrogen atom to the rhodium atom.
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Figure 32: NMR spectrum of the 4-(dimethylamino)benzonitrile adduct.
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Figure 33: Literature NMR spectrum of 4-(dimethylamino)benzonitrile.??

Figures 34 and 35 show the 3,5-dinitrobenzonitrile adduct and unreacted 3,5-
dinitrobenzonitrile, respectively. Based on the crystal structure, five peaks would be expected for
the adduct: one from the methyl group from the equatorial ligands on the rhodium complex, two
from the phenyl ring of the axial ligand, and two from the ethanol molecule that had reacted with
the nitrile carbon. These peaks are assigned a, b, c, d, and e. In Figure 34 there are approximately

six peaks, including the chloroform peak at & 7.2548 and water at & 1.5885. The methyl peak
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from the acetate ligands, a, is thus located at 6 1.8312. When Figures 34 and 35 are compared,
there are two sharp peaks at approximately 6 9.29 and & 8.88 in the unreacted 3,5-
dinitrobenzonitrile that correspond to the peaks at 6 9.1543 and ¢ 8.5639, respectively, labeled b
and c. There also appears to be a peak at 6 4.6071, which could correspond to either the methyl
or methylene hydrogens on the ethanol. Unfortunately, the peaks were weak, indicating a low
concentration in the NMR tube. This limits the ability to discern all of the peaks, especially those
on the ethanol. In regards to peaks labelled b and c, they both have shifted upfield by 6 0.15 and
6 0.32, respectively. This shift upfield is different from what was observed in the other spectrum,
perhaps because of the ethanol molecule reacting to the nitrile carbon. The rehybridization of the
carbon atom has changed the geometry of the benzonitrile: this effect and the attachment of the
oxygen atom likely has a substantial impact on the shielding of the hydrogen atoms. Also, in
comparison with the other NMR spectrum, peak a is approximately 6 0.2 farther upfield,
indicating that the shielding effect is not exclusive to the axial ligand. This shielding of peaks a,
b, and c still indicates a reaction; however, a reaction different from that experienced by the other

adducts, which is reasonable based on the crystal data.
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Figure 34: NMR spectrum of the 3,5-dinitrobenzonitrile adduct.
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Figure 35: Literature NMR spectrum of 3,5-dinitrobenzonitrile.?
4. Conclusion
Four of the six proposed adducts of functionalized benzonitriles and rhodium acetate,
[Rh2(COOCH3)4]- 2NCCsHsNO3, [Rh2(COOCHs)4]- 2NCCsHaNH,
[Rh2(COOCHS3)4]-2NCCsHaN(CHs)z, and [Rha(COOCHs3)4]- 2NCOCH;CHaCsHa(NO2)2, were

successfully prepared and characterized by X-ray crystallography. The structures all had low R:
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values, ranging from 0.0259-0.0416, indicating accurate models. All of the models indicated a
nonlinear rhodium-nitrogen-carbon bonding, ranging from 173.80-179.02°, which does not
support the classical definition of n-backbonding, although the 4-aminobenzonitrile adduct was
the closest to linearity. An interesting development was the discovery that the ethanol molecule
had reacted to the nitrile carbon in the 3,5-dinitrobenzonitrile adduct.

The significance of this study comes from the use of benzonitriles as carbene analogs in
order to observe n-backbonding. One possibility for observing nonlinear bonding angles in the
benzonitrile adducts is that the n-backbond is weak and cannot form due to the steric hindrance
of the functionalized benzonitrile in the crystalline lattice, forcing bonding at an angle, or due to
close contacts or intermolecular forces of the benzonitriles on nearby adducts. Eagle’s work
involving isonitrile adducts of rhodium acetate also produced structures that did not have linear
bonding angles; however, it was argued that n-backbonding occurred due to the coplanarity of
the benzene rings.!® This leads to the need for the analysis of the coplanarity of the benzonitrile
adducts in this study. This can be done with the structural software used in solving the adducts. It
is recommended that other isonitrile analogs be used having the same functional groups as in this
study, including nitro and amino groups, in order to observe bonding angles as well as
coplanarity. Isonitriles are less stable than nitriles, however, so this analog would have to be
prepared immediately before study.

In the IR analysis, similar wavenumbers were found in the nitrile region for all adducts,
with two distinct peaks at 2378.23 and 2310.72 cm™. This maintains the successful attachment of
nitrile to the rhodium complex. Another step forward would be to assign the specific stretches for
the nitrile as dictated by symmetry. This requires using group theory. For the NMR data,

literature peaks for the benzonitriles were compared to the data collected, indicating that the
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benzonitriles were bound to rhodium acetate in the solution phase. For the 4-nitrobenzonitrile
and the 4-(dimethylamino)benzonitrile adducts of rhodium acetate, peaks for the benzonitrile
were shifted downfield, indicating a loss of electron density around those hydrogens, while the
3,5-dinitrobenzonitrile adducts indicated that peaks were shifted upfield, indicating a gain of
electron density, likely because of the Pinner reaction. For future NMR analysis, more of the
adducts could be synthesized in order to obtain a stronger signal. This would allow better
integration of the peaks in each spectrum.

The 3,5-diaminobenzonitrile adduct of rhodium acetate initially produced a red
amorphous precipitate and over several months this solid reentered solution. This made the case
for a kinetic and thermodynamic product, and the thermodynamic product should be able to be
crystallized by the vapor diffusion method used for the four adducts in this study. While the 3,5-
diaminobenzonitrile adduct of rhodium acetate will be studied crystallographically in the future
by the Eagle group, an experiment should be conducted in order to explain the formation of the
kinetic and thermodynamic product. An initial step would be to analyze the precipitate initially
formed, believed to be the kinetic product, by IR and NMR spectroscopy and compare the results
to the data collected on the other benzonitrile adducts, as well as to the thermodynamic product.

The 3,5-dinitrobenzonitrile adduct of rhodium acetate formed a structure that was not
predicted. The solvent, ethanol, reacted with the carbon atom of the nitrile to form a bond, which
was subsequently found in the crystalline lattice. The reaction likely occurred because of the
nitro groups attached to the benzene ring, which are strongly electron withdrawing. Therefore,
this adduct needs further experimental work. Because the NMR spectrum presented here showed
very small peaks, it is recommended that a more concentrated solution be tested. This could help

determine if the hydrogen found on the ethanol molecule remained attached and that zwitterion
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was the product. The solvent used should be anhydrous because the nucleophilic water could
abstract this hydrogen atom. Another study for this adduct would be to dissolve a large amount
of the adduct into water and test the solution’s acidity, with a pH decrease indicating that water

did abstract the hydrogen atom.
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Appendix
File Locations of Solved Crystal Structures on Eagle Group’s Computer:
1. 4-nitrobenzonitrile adduct of rhodium acetate

Jared -> Rh2(OAc)4_4-NitroPhCN_solved_reinheimer

2. 4-aminobenzonitrile adduct of rhodium acetate
Jared -> Rh2(OAc)4_4-Aminobenzonitrile_ EtOH_H20O_B_renumbered

3. 4-(dimethylamino)benzonitrile adduct of rhodium acetate
Jared -> Rh2(OAc)4_4-dimethylaminoPhCN_EtOH_H20_renumbered

4. 3,5-dinitrobenzonitrile adduct of rhodium acetate
Jared -> Rh2(OAc)4_3 5-dinitroPhCN_EtOH-MeOH_C_renumbered

Also, a folder located on the desktop titled “Jared Publication Materials” contains CIF files,
packing diagrams, and X-ray Structure Reports for some of the above structures.
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