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3.6 Characterization o PDIFe Complex (Reduced Ligand or Metal)

Due to the unsuccessful isolation of 4, another route was pursued in order to isolate

d MeO

the two electron reduce PDIFe complex, particularly for the proper assignment the Fe

MeO MeO

center’s oxidation state in ™ ~PDIFe, to prove the redox capability of the ™ ~PDI ligand when
coupled with a metal. M°PDIFe(CO), (5) was synthesized and isolated to confirm the
oxidation state of the Fe center. By exposing a solution of 4 in diethyl ether, to one
atmosphere of CO, complex 5 was obtained (eq. 9). Note that the color of 5 is identical to

that of 4, and slow evaporation of diethyl ether in the solution yielded green crystals of 4.

The solid IR of 5 confirmed two CO molecules bound to the Fe center, with
stretching frequencies at 1947 and 1883 cm? (Figure 3.10). These values were identical with
those of PDIFe(CO), complexes from Chirik and coworkers, best described as having

diradical dianionic ligands with an S equal to zero, Fe(ll) center.*’
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Figure 3.10. Solid FTIR of complex 5.

Complex 5 is also diamagnetic, in both the solid state and in solution. Therefore,
clean *H and *c{*H} NMR spectra of 5 were obtained (Figure 3.11 & 3.12). The Bef*H} NMR
spectrum display the CO bound molecule at 216 ppm. The other CO bound molecule is not

seen, due to the sensitivity of the B3¢ NMR.
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Figure 3.11. *H NMR spectrum of 5, 500 MHz, CD,Cl,.
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Figure 3.12. *C{*"H} NMR spectrum of 5, 126 MHz, CDCl5
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Recent computational studies of similar (P"PDI)Fe(CO), have shown that an Fe(0) d®
electronic description can also be an appropriate configuration, therefore, the electronic
structure may in fact be a hybrid of the Fe(0) and Fe(ll) resonance forms.*® An Fe(ll) with a
diradical dianion ligand is a good description of complex 5 because of the crystallographic
and Mossbauer data. A detailed ORTEP view of 5 (shown in Figure 3.13), depicts the Fe
center having a five-coordinate, square-pyramidal geometry (t = 0.06). Due to the electrons

residing within the “*°

PDI ligand, the bond order of the C=N bond is likely decreased and is
displayed in the elongation of the Cimine—Nimine bonds from a value of 1.299(9) and 1.204(7) A
(average of both independent molecules) in 3 to 1.337(3) and 1.314(3) A in 5. The
contraction of the Cinine—Cipso (C from phenyl ring) bonds is also seen, from 1.467(9) and
1.489(9) Ain 3 to 1.412(3) and 1.427(3) A in 5. This data, taken in conjunction with the room
temperature, zero-field Mossbauer parameters [(AEQ = 1.13(1); 6 = -0.025(6) mm/s)],
suggest that complex 5 is best described as an Fe(ll) center with a doubly reduced MeOpp|

ligand. This is surprising because the metal center is historically the electron acceptor in the

presence of a reductant, not the organic scaffold surrounding it.*
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Figure 3.13. Solid-state structure (30% probability) of 5 (left). H atoms have been omitted
for clarity. Selected bond lengths (A) and angles (deg): Fe(1)-C(1) 1.774(2), Fe(1)-C(2)
1.784(2), Fe(1)-N(1) 1.9458(16), Fe(1)-N(2) 1.8526(17), Fe(1)-N(3) 1.9482(17), C(4)-N(1)
1.337(3), C(10)-N(3) 1.314(3); C(1)-Fe(1)-C(2) 96.00(10), N(2)-Fe(1)-C(2) 156.29(9),
N(1)-Fe(1)-N(3) 152.48(7). Zero-field Mossbauer spectrum of 5 (right).

3.7 Breakdown of CO,to CO on Reduced "°PDI Fe(ll) Complex

With evidence of the liable N, Fe complex 4, CO, was introduced for the observation
of the two electron reduction of CO,-to-CO. Complex 4 was formed in situ in diethyl ether
from two equivalents of NaBHEts. Once all of the hydride was consumed, the solution was
filtered and charged with one atmosphere of CO,, immediately turning brown and then

back to green, with subsequent formation of a purple precipitate over six hours (eq. 10).
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Spectroscopic analysis of the isolated green solution was revealed complex to be 5.
In order to determine if the CO molecules are derived from CO, and not adventitious CO gas
in the N, filled glove box or the CO, gas tank, an isotopic study with Bco, gas was
employed. Complex 4 was once again formed in situ in diethyl ether from two equivalents
of NaBHEts, and within half an hour, the solution was filtered into a J-Young NMR tube. The
NMR tube was charged with *CO, gas and a C{*H} NMR was taken. The *C{*H} NMR
spectrum revealed a resonance at 214 ppm, which is 2 ppm off of the isolated complex 5

from the CO reaction (Figure 3.14).
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Figure 3.14. *C{*H} NMR spectrum of a solution of 4 exposed to *CO, gas to generate
5(**c0),, 126 MHz, toluene-ds.

The solution of 4 exposed to Bco, gas in the J-Young NMR tube was then pipetted
into a liquid IR cell. The liquid IR spectrum showed the shift in the two CO bound molecules
from 1974 and 1914 cm™ in 5(**C0O), to 1923 and 1868 cm™ 5(*3C0O), (Figure 3.15). The
shifted values are within the calculated values of 1935 and 1876 cm™ when exchanging B3¢

for *?Ciin the CO stretching frequency.

66



v \ -
100 | VRN A TS
90 -
80 -
70 - 1923

601 1974 1914 1868

2000 1950 1900 1850 1800

Wavenumber (cm™1)

% Transmittance

Figure 3.15. Overlay liquid IR spectra of 5(*2C0), and 5(**CO),.

3.8 Oxygen Acceptors

With two CO molecules bound to the Fe center, there posed the question of the two
remaining oxygen atoms from the two CO, reacted molecules. It was hypothesized that the
two remaining oxygen atoms reside in the purple solid product. However, attempts to
isolate the purple solid was unsuccessful, owing to the degradation of the purple solid
within an hour standing in room temperature and up to four hours at -35 °C. Therefore, an
oxygen atom acceptor such as bis-diethylphosinoethane (DEPE) and Trimethylsilyl chloride

(TMSCI) was employed to trap the missing oxygen, in order to elucidate the stoichiometry.

A blue suspension of 4 in either diethyl ether or pentane was reacted with two

equivalents of NaBEtsH in a N, filled glove box for half an hour, followed by filtration
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through a glass pipette plugged with glass wool and celite. Then, one equivalent of DEPE
was added drop-wise, and a color change from green to red-brown was observed.” The
reaction was allowed to stir for one hour, before filtering. A concentrated solution in a
minimal amount of pentane (3 mL) was stored at -35 °C to furnish black crystals identified

as M°PDIFeDEPE (6).

/
N, O
| DEPE | PEL
N—Fe—N > N—Fe—N (11)
N Pentane '
[ A ()
J

_N2

4 6

An ORTEP view of 6 is shown in Figure 3.16. The Fe center is a five-coordinate, semi-
square-pyramidal/trigonal bypyrimidal geometry (t = 0.45). The Cimine—Nimine bonds are
elongated from a value of 1.299(9) and 1.204(7) A (average of both independent molecules)
in 3 to 1.359(3) and 1.356(3) A in 6. The Cimine—Cipso bonds are contracted from 1.467(9) and

1.489(9) Ain 3 to 1.408(3) and 1.407(3) Ain 6.
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Figure 3.16. Solid-state structure (30% probability) of 6. H atoms have been omitted for
clarity. Selected bond lengths (A) and angles (deg): Fe(1)-P(1) 2.249(2), Fe(1)-P(2) 2.224(5),
Fe(1)-N(1) 1.952(8), Fe(1)-N(2) 1.860(6), Fe(1)-N(3) 1.992(2), C(2)-N(1) 1.359(3), C(8)-N(3)
1.356(3); P(1)-Fe(1)-P(2) 86.29(3), N(2)-Fe(1)-P(1) 175.58(6), N(1)-Fe(1)-N(3) 148.63(8).
Crystals of 6 were then dissolved in diethyl ether and pipetted into a pressurized
tube to be charged with one atmosphere of CO,. The color changed from black to brown
within minutes and finally green after an hour, without any noticeable purple solid (eq. 12).
The thought behind this experiment was to scrub out the oxygen atom from CO, with
phosphine atoms in DEPE, which was originally presumed to bind to the Fe in MeOpDFe to
produce the purple solid. Through IR analysis, the green product matched previously to the
characterized 5, however, the oxidized DEPE product was not observed. Further attempts to

produce more 5 to repeat the reaction with CO,, for further spectroscopic analysis using

NMR and liquid chromatography mass spectrometry (LCMS) were unsuccessful.
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TMSCI, an external oxygen atom acceptor was then utilized. The complex 4 was
formed in situ in diethyl ether from two equivalents of NaBHEtsH. Once all of the hydride
was consumed (indicated by “B{*H} NMR spectrum (Figure 3.17)) the solution was filtered
and four equivalents of TMSCI and tetramethylsilane (TMS, as an internal standard) were
added to the solution. The solution was charged with one atmosphere of CO,, immediately
turning brown and then back to green, with subsequent formation of a blue precipitate over

six hours (eq. 13).

/ / /
N, O CO, 1 atm OC\:COO Cl\ CIO
|
N—Fle—‘N l 4TMSCI N—Fle'—N i N—Fle'—N i 13
Lon | 4 TMS LN + | N | (13)
3 o Diethyl Ether 1 ] 2 O
NS y NS
-2 TMS-O-TMS
4 5 7
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Figure 3.17. “'B{*H} NMR spectrum of 4 after filtration through a pipette plugged with glass
wool and celite. 160 MHz, diethyl ether. The resonance at 86.68 ppm corresponds to BEts,
which was derived from the complete reduction of 4 with two equivalents of NaBHEts.

MeOpp|)FeCl, complex 7,

Analysis of the paramagnetic blue precipitate revealed the (
which is the dichloride of the starting material (3). The IR and 'H NMR spectra of 7
resembles that of complex 3, with the C=N stretching frequency at 1581 em™? and
resonances spanning 100 to - 50 ppm, respectively (Figure 3.18 & 3.19). Once again, the
assignment of the 'H NMR of 7 was compared to well characterized PDI FeCl, complex from

Gibbon and coworkers.* Also, the prominent solvents displayed within the H NMR

spectrum are from adventitious solvents in the N, glove box.
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Figure 3.18. Solid FT-ATR infrared spectrum of 7.
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Figure 3.19. 'H NMR spectrum of 7, 500 MHz, CDCls.
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Blue single crystals of 7 were acquired by layering diethyl ether into a solution of 7 in
methanol. An ORTEP view of 7 is shown in Figure 3.20. The Fe center is a five-coordinate
with square-pyramidal geometry (t = 0.12). The bond lengths and angles are similar to 3.
The measured effective magnetic moment (ues ) of 5.58 (solid) and 4.94 g (solution) are
consistent with a high-spin (S = 2) Fe(ll) center. At room temperature, the zero-field
Mossbauer parameters were also similar to 3, which is characterized as a high-spin Fe(ll)

center (AEQ = 0.88(2); 6 = 0.677(9) mm/s) with a neutral V*°PDI ligand (Figure 3.20).
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Figure 3.20. Solid-state structure (30% probability) of 7 (left). H atoms have been omitted
for clarity. Selected bond lengths (A) and angles (deg) for one independent molecule in the
unit cell: Fe(1)-Cl(1) 2.270(2), Fe(1)-Cl(2) 2.332(3), Fe(1)-N(1) 2.207(2), Fe(1)- N(2)
2.104(2), Fe(1)-N(3) 2.215(2), C(2)-N(1) 1.284(3), C(8)-N(3) 1.284(4); CI(1)-Fe(1)-CI(2)
110.14(3), N(2)-Fe(1)-Cl(1) 150.53(6), N(1)-Fe(1)-N(3) 143.27(9). Zero-field Méssbauer
spectrum of 7 (right).

25i{*"H} NMR analysis of the green solution revealed the remaining oxygen atoms

from CO, in the molecule trimethylsilyl oxide (TMS-O-TMS) in a molar ratio of 1:2 (Figure

3.21). The »Si{*H} NMR spectrum, prior to the introduction of CO, showed virtually all
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