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ABSTRACT: A novel pincer ligand based on the pyrazine i o
backbone (PNzP) has been synthesized, (2,6-bis(di(tert-butyl)- °r e‘N/\N f{’F g COo/ thyactivation
phosphinomethyl)pyrazine), tBu-PNzP. It reacts with FeBr, to Ll ¢ \:f% 0‘1},,,,0
yield [Fe(Br),(tBu-PNzP)], 1. Treatment of 1 with NaBH, in T'Bgf . P(%‘ \\ \/‘N/co co, /:(‘_ .'_/PIBUZ
MeCN/MeOH gives the hydride complex [Fe(H)- N Njrco —  fo N "\\_/<"__/T°_°°
(MeCN),(tBu-PNzP)][X] (X = Br, BH,), 2-X. Counterion \—QLFLB.,Z “ke CON% §\‘N/ W p e ST
exchange and exposure to CO atmosphere yields the complex cis- 5 ﬁN\ PN /_Ncg—/ e
[Fe(H)(CO)(MeCN) (tBu-PNzP)][BPh,] 4-BPh,, which upon o At
addition of Bu,NCI forms [Fe(H)(CI)(CO)(tBu-PNzP)] S. OIS H N/:(; ||=°“Hco
0.1 mol% § —Fe—

Complex §, under basic conditions, catalyzes the hydrogenation
of CO, to formate salts at low H, pressure. Treatment of
complex § with a base leads to aggregates, presumably of
dearomatized species B, stabilized by bridging to another metal
center by coordination of the nitrogen at the backbone of the pyrazine pincer ligand. Upon dissolution of compound B in EtOH
the crystallographically characterized complex 7 is formed, comprised of six iron units forming a 6-membered ring. The
dearomatized species can activate CO, and H, by metal—ligand cooperation (MLC), leading to complex 8, trans-[Fe(PNzPtBu-
COO)(H)(CO)], and complex 9, trans-[Fe(H),(CO)(tBu-PNzP)], respectively. Our results point at a very likely mechanism for
CO, hydrogenation involving MLC.

CO, + H, + NaOH
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catalytic O, hydrogenation
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In recent years there has been much interest in catalysis by iron N-Fe | H-N-Fe-co
complexes due to their abundance, low toxicity, and low price —NAr H 'L.P /_(—P‘Buz

. . . . r
and the benign environmental impact of iron compounds.' In Brookhert. Gi 2 N N-F|e/—HC o
particular, iron pincer complexes have gained interest as roo Caﬁf}ik 1DSON. " Baller, Hazari and Schneider \\_<c_||
catalysts. Brookhart and Gibson independently reported in P'Bu,
1998 the application of bis(imino)pyridine iron complexes as O PPh, PiPr, P'Bu, - §
catalysts in olefin oligomerization and polymerization reac- [ H‘B'H = | Br = | H Is wor

P ot e —
tions.> Chirik and co-workers have shown the excellent catalytic N F}e‘N,\ H \ /":_l,Ff co ,":_l,Ff co
properties of these bis(imino)pyridine—iron complexes for O pphz\\ PiPr, PBu,
hydrosilylation and hydrogenation of alkenes and alkynes and
also their activity in C—C bond formation.> An interesting Wilstor
iistein

feature of this ligand is the noninnocent behavior of the imine
groups attached to the metal center, which are able to
delocalize electrons from the metal center.* Several other iron—
pincer complexes have been developed recently, some showing
catalytic activity in amino—borane dehydrogenation or
improving alkene hydrosilylation reactions.” The trans-[FeH-
(BH,)(CO)(iPr-PN(H)P)] complex, reported by Hazari,
Schneider, and Beller,’ exhibits high catalytic activity in
hydrogenation and dehydrogenation processes.” Our group
has developed Fe—PNP and Fe—PNN pincer complexes based
on N-heterocyclic aromatic rings (Figure 1).* An important
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Figure 1. Selection of iron pincer complexes used in catalysis.

feature of the lutidine-based ligands is the ease of
deprotonation of the benzylic CH, group, resulting in
dearomatization. As we have shown, metal—ligand cooperation
(MLC) involving the metal center and the dearomatized pincer
ligand can result in the activation of various X—H bonds (X =
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H,C O,N, B).9 We now report a novel pincer ligand based on
a pyrazine backbone (PNzP). While this PNzP ligand keeps the
possibilities open for MLC by aromatization/dearomatization
of the pyrazine ring, the nitrogen atom in position 4 of the
heterocycle expands its scope of reactivity as compared to our
earlier studies on pyridine-based PNP ligand systems.” In
principle, the electronic properties of the ligand and metal can
be tuned by complexation to the nitrogen in position 4. A
recent example showing such a behav10r was observed by
Bergman, Tilley, and co-workers," in which biaryl reductive
elimination was accelerated in a system based on a bipyrazine—
diarylplatinum(II) complex by Lewis acid binding at the
nitrogen atom in position 4. Moreover, the N atom can stabilize
intermediates by intermolecular coordination. Several years ago,
we reported PCP-type complexes based on lutidine, in which
the nitrogen atom resides at position 4 and is available for
further reactivity."'

Iron complexes developed by our group are excellent
catalysts for the hydrogenation of various substrates.” Sb=eh 1
this report we present the synthesis of a series of iron
complexes bearing the new PNzP ligand, with one of them used
successfully for catalytic hydrogenation of CO, to a formate salt
under low pressure and mild conditions. The use of carbon
dioxide as a Cl source for chemical transformations' is an
important research field, including transformation of CO, into
formates.”> We demonstrated the active participation of the
PNzP ligand in H, and CO, activation by MLC and
characterized several possible intermediates involved in the
catalytic hydrogenation of CO,, including characterization by
X-ray diffraction of a catalytic species, a metallomacrocycle
composed by 6 iron—PNzP units being bridged by the N atom
in position 4.

B RESULTS AND DISCUSSION

Ligand Synthesis and Complexation with Iron. The
new ‘Bu-PNzP (2,6-bis(di-tert-butylphosphinomethyl)pyrazine)
ligand was synthesized in two steps starting with 2,6-
dimethylpyrazine. In the first step, chlorination of the methyl
groups to yield 2,6-bis(chloromethyl)pyrazine was achieved by
a radical reaction with N-chlorosuccinimide using the protocol
of Neugebauer.'* In the second step, the chlorides were
substituted by di(tert-butyl)phosphine following a method
previously used in our group to give the tBu-PNzP ligand in
good yields (Scheme 1)."> The *'P{'H} NMR spectrum of the
new ligand exhibits a singlet at 6 = 39.4 ppm, similar to the tBu-
PNP ligand" (tBu-PNP denotes the ligand based on the
pyridine backbone).

The reaction of tBu-PNzP with 1 equiv of FeBr, in THF
yielded the paramagnetic complex [Fe(Br),(tBu-PNzP)], 1
(Scheme 1). The solution magnetic moment of 1 (y .4 = 5.57),

Scheme 1. Ligand Synthesis and Complexation with Iron®
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“Conditions: (i) N-Chlorosuccinimide (NCS) (2.5 equiv), benzoyl
peroxide (0.02 equiv), in CCl,, reflux, 12 h.(ii) HP'Bu, (3 equiv), in
MeOH, 60° C, 48 h. (iii) Addition of 4 equiv of Et;N and work up.
(iv) FeBr, (0.95 equiv) in THF, 12 h.

measured by Evan’s method fits well for an Fe(II) d° with
high-spin configuration.* Crystals of 1 suitable for X-ray
diffraction were obtained by slow diffusion of pentane into a
concentrated THF solution (Figure 1). The solid state
structure of complex 1 (Figure 2) is best described as a

C4

N
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Figure 2. X-ray structure of complex 1; thermal ellipsoids set at 50%
probability level, and the fert-butyl groups are presented as wireframe
for clarity. Selected bond lengths (Angstroms) and angles (degrees):
Fel—Brl 2.442(1), Fel—Br2 2.491(1), Fel—P1 2.527(1), Fel—P2
2.506(1), Fel-N1 2.352(2), N1-C2 1.346(2), N1-CS 1.341(2),
N2-C3 1.337(2), N2—C4 1.331(2), C2—C3 1.378(2), C4—-CS
1.377(2), P1-Fel—P2 138.01(1), Brl—Fel—Br2 105.01(1), N1—
Fel—Br2 101.01(3), N1—Fel—Brl 93.05(3), P1—Fel—N1 75.56(4),
P2—Fel—NI1 73.69(4).

distorted square pyramid with a 7 value of 0.39,"” in which the
angles are in the range 73.69(4)—138.01(1)°, the iron atom
lying 0.540 A out of the basal plane (defined by P1, N1, Br2,
P2) in the direction of the apical Brl atom. The bond distance
of Fel—P2 (2.506(1) A) is slightly shorter than that of Fel—
P1 (2.527(1) A); interestingly the Fel—N1 bond length
(2.352(2) A) is significantly longer than that found for the
similar iron dichloride complex bearing the tBu-PNP ligand
(Fe—N, 2.198(4) A)."® The Fel—Brl (axial) distance
(2.442(1) A) is shorter than its basal counterpart.

Synthesis of (tBu-PNzP)Fe Hydride Complexes. Pre-
vious studies showed that addition of NaBH, in MeCN/EtOH
to a mixture of tBu-PNP ligand and FeBr, followed by
treatment with 1 bar of CO yielded the dihydride complex
[Fe(H),(CO)(tBu-PNP)], which is an excellent catalyst for the
hydrogenation of CO, to formate salt.** An analogous
procedure using the new tBu-PNzP ligand resulted in
decomposition. In addition, complex 1 does not bind CO;
hence, we were unable to prepare a Fe(H)CO complex by this
route, unlike the reported procedures in the literature.**>** On
the other hand, reaction of 1 with 2.2 equiv of NaBH, in a
mixture of MeOH/MeCN gave a deep blue solution containing
a complex that is tentatively identified as a mixture of
complexes 2-X, [Fe(H)(MeCN),(tBu-PNzP)][X] (X = Br or
BH,), according to the NMR data (Scheme 2). The new blue
compound exhibits in the 'H NMR spectrum in CD;CN a
triplet signal at 6 = —12.31 ppm for the hydride ligand. Two
multiplets at § = 3.22 and 3.41 ppm (2H each) that are
assigned to the benzylic methylene groups of the pincer ligand
are indicative of a nonsymmetric pattern across the plane of the
heterocycle suggesting a cis arrangement. The phosphorus
atoms resonate at 107 ppm in the *'P{'H} NMR spectrum.
Unfortunately the instability of this complex in solution (except
in acetonitrile) precluded its full characterization. Nevertheless,
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Scheme 2. Formation of Complex 2:BPh,, and Postulated Oligomerization in the Solid State
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if 1 equiv of NaBPh, is added to the reaction mixture,
counteranion exchange with NaBPh, yields a more stable
compound 2-BPh,, [Fe(H)(MeCN),(tBu-PNzP)][BPh,].
NMR data of 2°BPh, is identical to that of 2°X (X = Br,
BH,) (with the exception of the signals for the aromatic
protons of BPh,). However, elemental analysis suggests that in
the solid state the complex is better formulated as [Fe(H)-
(MeCN)(tBu-PNzP)][BPh,], in which one acetonitrile ligand
has been lost. Therefore, the instability of 2:X/2:BPh, in
organic solvents other than acetonitrile is probably due to the
ease of dissociation of one of the MeCN ligands, leading to a
more reactive species. The analogous complex bearing the tBu-
PNP ligand shows greater stability compared to 2:BPh,, with
similar: NMR values in CD;CN solutions.*® According to
reactivity studies (see below) we believe that the nitrogen atom
at position 4 is very likely involved in the displacement of one
of the MeCN ligands in a second molecule, possibly the MeCN
ligand trans to the hydride (due to hydride trans effect), when
2-BPh, is exposed to vacuum, leading to an oligomer (A) in
which the hydride and MeCN are likely cis to each other."’
Unfortunately we were not able to obtain suitable crystals for
X-ray diffraction studies.

Treatment of 2°BPh, with carbon monoxide in acetonitrile
results in a color change from deep blue to yellow within 3 h.
Two isomers 3*BPh, and 4°BPh, are formed in a 9:1 ratio,
respectively, according to the NMR data (Scheme 3). 3-BPh,
can be completely transformed into 4*BPh, by heating this
reaction mixture in acetonitrile. The appearance of a strong
adsorption band at 1948 cm™" in the IR spectrum supports the
formation of an iron carbonyl complex. Compound 3-BPh,

exhibits in the *P{'"H} NMR spectrum a singlet at 109 ppm,
very similar to that of its precursor, 2:BPh,. However, a
dramatic downfield shift (ca. 13 ppm) of the hydride signal is
observed (0.88 ppm, *Jyp = 53 Hz). Thus, 3-BPh, is best
described as trans-[Fe(H)(CO)(MeCN)(tBu-PNzP)], with a
CO ligand located trans to the hydride. Complex 3-BPh,
isomerizes with time to yield the thermodynamically more
stable cis-[Fe(H)(CO)(MeCN)(tBu-PNzP)], 4-BPh,. Com-
plete isomerization can be obtained upon heating complex 3¢
BPh, for 30 min at 90 °C in acetonitrile (Scheme 3). The CO
stretching frequency for this new species appears at 1918 cm™".
The phosphorus atoms resonate in the *'P{'H} NMR spectrum
at 113 ppm, whereas a significant change is observed for the
hydride resonance in the "H NMR spectrum, now appearing at
—17 ppm (¥Jyp = 53 Hz).

The molecular structure of this new iron hydride species has
been ascertained by X-ray diffraction studies using crystals
grown by slow diffusion of diethyl ether to concentrated
solutions of 4-BPh, in acetonitrile (Figure 3). 4-BPh, exhibits a
distorted octahedral coordination of the iron atoms, with the cis
angles in the range 82.18(4)—100.78(5)°. The Fel—P1 and
Fel—P2 distances are 2.244(S) and 2.247(6) A, respectively.
The Fel—NI1 bond length is shorter than that observed for
complex 1, 2.011(1) A, owing to the positively charged Fe(II)
center. The Fel—N3 distance, 1.977(2) A, is in the expected
range for Fe(II)-NCMe complexes as well as the distance for
Fe—CO and Fel—C25, 1.736(2) A, and the iron hydride bond,
Fel—H1, 1.42(2) A’

Addition of [Bu,N][Cl] to a suspension of 4-BPh, in THF
and subsequent application of vacuum results in displacement
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Figure 3. X-ray structure of complex 4:BPh,; thermal ellipsoids set at
50% probability. The counteranion is not shown and the tert-butyl
groups are presented as wireframe for clarity. Selected bond lengths
(Angstroms) and angles (degrees): Fel—H1 1.49(2), Fel-N1
2.011(1), Fel—P1 2.244(5), Fel—P2 2.245(6), Fel—C25 1.736(2),
O1-C25 1.165(2), Fel—-N3 1.977(2), N3—C23 1.140(2), C23—C24
1.462(3), N1—-C2 1.354(2), N1—-CS$ 1.350(2), N2—C3 1.327(3), N2—
C4 1337(3), C2—C3 1.391(3), C4—CS 1.389(3), P1—Fel—P2
159.97(2), H1—Fel—N3 176.1(8), N1—Fel—C25 171.46(7), N1—
Fel—HI 86.2(8), H1—Fel—C25 85.5(8), N3—Fel—C25 98.22(7).

of the acetonitrile ligand by a chloride with concomitant
precipitation of [Bu,N][BPh,] to give the neutral iron complex
[Fe(H)(CI)(CO)(tBu-PNzP)] 5 (Scheme 3). The cis geom-
etry of the CO and hydride ligands is preserved according to
the high-field resonance of the hydride (—20.71 ppm, *J;;p = 56
Hz); as expected, the preferred coordination of the hydride
ligand is trans to the weaker sigma donor chloride. The lower
stretching frequency of the CO ligand in the IR spectrum is in
agreement with more backbonding in the neutral species.
Compound § exhibits a singlet resonance in the *P{'H} NMR
spectrum at 6 = 115 ppm. Elemental analysis is in line with the
chemical structure proposed for complex § shown in Scheme 3.

Deprotonation of 5. Complex $ is a suitable complex for
studying the possibility of metal—ligand cooperation (MLC) by
aromatization—dearomatization, since treatment with a base is
expected to lead to deprotonation and dearomatization of the
1igand.9

Treating complex S with 1.1 equiv of ‘BuOK results in
conversion of the orange clear solution to a brown suspension
(in THF or C4Hy), from which a brown solid was isolated by
solvent removal. We presume that the brown solid, B, consists
of aggregates, formed by coordination of the N atom at position
4 of the pyrazine ring to the deprotonated, coordinatively
unsaturated iron center of another complex (Scheme 4).%°
Neutral 16-electron, five-coordinated iron(II) complexes
bearing a hydride and CO ligands are rather unstable species,*!
and the only exception reported recently is more likely
formulated as an 18-electron, five-coordinated Fe(II)

complex.®®™"” The amido ligand being a 4e donor in these
cases and the N—Fe bond is always represented as a double
bond.

Aggregation of the dearomatized units would give 18-
electron, six-coordinated iron(II) complexes. Formation of
these aggregates can explain the lack of solubility in THF or
benzene, despite being a neutral species. In an attempt to prove
the existence of a dearomatized pattern in compound B, NMR
experiments were carried out in neat deuterated pyridine (Py-
d°) to prevent coordination of the N4 atom of the pyrazine.
This approach allowed us to identify a new compound
formulated as the Fe(II)—pyridine adduct, 6°Py-d®> complex,
[Fe(H)(Py-d°)(CO)(tBu-PNzP)*] (Scheme 4, the asterisk
denotes a dearomatized pincer ligand) on the basis of NMR
data. 6Py-d® exhibits an AB system in the *'P{'H} NMR, as
two doublets are observed at § = 96.5 and 104.9 ppm (}Jpp =
110 Hz), in accordance with a dearomatized system, in which
one of the arms possesses a double bond. A similar conclusion
can be drawn from the "H NMR spectrum, where the hydride
signal, 6 = —19.19 ppm, is no longer a triplet but a doublet of
doublets, and the signal for the deprotonated arm is shifted
down to 0 = 4.08 ppm. In agreement with all of this, the two
hydrogen atoms at the heterocyclic ring are not equivalent,
resonating at 6 = 7.96 and 7.12 ppm.

Complex B is soluble in EtOH, turning from a brown
suspension to a dark but clear solution. This solution is NMR
silent. Crystallization by slow diffusion of pentane resulted after
2 days in small black crystals suitable for X-ray diffraction
studies. Interestingly, the ligand remains dearomatized.
Complex 7, [Fe(H)(CO)(N*pu-(tBu-PNzP)*)], is formed
having a unique structure consisting of six iron centers bearing
the new deprotonated pincer ligand (Scheme $ and Figure 4).

Scheme S. Formation of a Dearomatized Macrocycle upon
Deprotonation of §, Crystallized from an Ethanol/Pentane
Solution at —40 °C
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In addition to one CO and one hydride ligand, the
coordination sphere around the iron atom is completed by
coordination of a nitrogen atom at position 4 of the pyrazine
fragment from a neighboring iron center. In each macrocycle
there are 3 pairs of units showing the same bond length and

Scheme 4. Reaction of S with 1.1 Equiv of ‘BuOK Gives Aggregates That Can Be Broken by Addition of Pyridine

P'Bu, 'Buzco F(PiBuz’// P'Bu,
t Va a 7 45 /_(_ -d5
1.1 eq. 'BuOK ¥ —_ y ||:‘\\Hco o ;Fe-»——N N—Fé-cO Py-d ¥ — ’ l\\\Pgod
—_— - —Fre— e —_— —re—
5 \ ik A N \ N \: \ e
THF N N \/>\/P‘Bu P'Bu, H |
PBu, ’ PBu,
n
n
B B 6-Py-d°

DOI: 10.1021/acs.inorgchem.5b00366
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.5b00366

Inorganic Chemistry

Figure 4. (Left) Molecular structure of complex 7 by X-ray crystallography; thermal ellipsoids are set at 50% probability, and the fert-butyl groups are
presented as wireframe. The bonding of the tBu-PNzP is colored black for clarity. (Right) Ball and stick presentation of the packing of complex 7 in

the unit cell in two different dispositions.

angle, and the difference between them is minimal. The unit
cell is quite porous as can be seen in Figure 4. Each unit cell
contains 14 macrocycle complexes, which interestingly form
channels within them. The black crystals from complex 7 can
be dissolved in benzene; however, within minutes the
coloration changes from dark to orange and creates with time
the usual brown suspension containing B.

Focusing merely on one of the 3 pairs (Figure S), the
geometry around the Fe(II) center is distorted octahedral, with
the cis angles ranging from 82.00(8)° to 103.00(8)°. Both Fe—
P distances are different, with values of 2.272(1) A for the one
attached to the deprotonated arm and 2.243(1) A for the other
one. As expected, Fe3—NS5 (2.005(3) A) is considerably shorter
than Fe3—N2 (2.083(3) A). All units present a clear
dearomatized pattern. Thus, C47—C48, C49—N6, and C50—
CS1 bond lengths (1.379(S), 1.329(4), and 1.388(4) A,
respectively) represent double bonds, and C51-CS2
(1.496(4) A) is clearly a single bond. The Fe—CO bond
separation, Fe3—C69 (1.720(4) A), is slightly shorter than in
compound 4'BPh,, presumably due to the higher electron
density of the iron center in the neutral species, resulting in
higher back-bonding.

Deprotonation of 5 Followed by Reaction with CO.,.
Treatment of § with 1 equiv of base leads to the formation of
aggregates B. Assuming that these aggregates are a masked
coordinatively unsaturated dearomatized complex, its reactivity
toward CO, was tested. In THF-d®, under 1 bar of CO,, the
reaction proceeds smoothly, and after 6 h a new product forms,

which appears to be trans-[Fe(PNzPtBu—COO)(H)(CO)], 8,
according to NMR data. The reaction likely proceeds via a
[1,3]-addition of the CO, molecule to the exocyclic methine
carbon of the deprotonated arm of the pincer ligand and the
iron metal center to produce a C—C and a Fe—O bond
(Scheme 6), as previously reported for dearomatized ruthenium
and rhenium complexes.” NMR spectroscopic data are similar
to those of the previously reported complexes, particularly the
complex trans-[Ru(PNPtBu—COO)(H)(CO)].*"* The
3'P{'"H} NMR resonances of the new AB system of 8 appear
at higher frequencies with respect to the pyridine adduct 6:Py-
d’ suggesting the rearomatization of the PNzP ligand in 8.*'
Two doublets are observed in the spectrum (THF-d®, 25 °C) at
147.8 and 138.4 ppm with a coupling constant of *Jpp = 128 Hz,
suggesting two phosphorus nuclei in different chemical
environments. The characteristic resonance for the carboxylate
carbon nucleus Fe—OC(R)=0 appears in the *C{'H} NMR
at 170.8 ppm and resonates as a doublet (*Jcp = 9 Hz, THF-d°,
25 °C). The signal of the hydride resonates as a doublet of
doublets (}Jp = 65 Hz and %Jgp = 55 Hz, C(Dy, 25 °C) at
—22.45 ppm. Complex 8 is highly unstable. Under CO,
atmosphere decomposition is observed after 18 h in a J.
Young NMR tube. In the absence of CO, complete
decomposition occurs within seconds, and therefore, its
characterization was only possible by NMR spectroscopy
under CO, atmosphere.

Though complex 8 decomposes in the absence of CO,, it is
long lived enough to undergo further reactivity. In fact, when 8
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C52 i
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Figure S. Molecular structure of a unit of complex 7 by X-ray
crystallography; thermal ellipsoids are set at 50% probability, and tert-
butyl groups are presents as wireframe for clarity. Selected bond
lengths (Angstroms) and angles (degrees): Fe3—H3FE 1.51(3), Fe3—
NS 2.005(3), Fe3—PS 2.272(1), Fe3—P6 2.243(1), Fe3—C69
1.720(4), 01-C69 1.175(4), Fe3—N2 2.083(3), N6—C49 1.329(4),
N6—CS0 1.370(4), N5—C48 1.388(4), N5—CS1 1.353(2), C48—C49
1.423(5), CS0—C51 1.388(4), CS1—CS2 1.496(4), C48—C47
1.379(5), PS—Fe3—P6 155.66(4), H3FE—Fe3—NS5 82(1), H3FE—
Fe3—N2 172(1), H3FE—Fe3—C69 88(1), N2—Fe3—C69 99.3(1),
NS—Fe3—C69 169.1(1).

is exposed to 1 bar of H, at room temperature, a mixture of two
new iron compounds is formed within minutes, together with
some minor unidentified species. These new species have been
identified by NMR spectroscopy as trans-[Fe(H),(CO)(tBu-
PNzP)], complex 9, and trans-[Fe(H)(OOCH)(CO)(tBu-
PNzP)], complex 10 (Scheme 7 and Figure 6). Complex 9 is
very likely formed through a mechanism that involves initial
extrusion of a molecule of CO,, regenerating B, followed by
reaction with H, by a MLC mechanism leading to the dihydride
9. Then, the released CO, can undergo an insertion process
into one of the Fe—H moieties leading to complex 10. These
reactions have been performed separately starting from the
dearomatized species B (see below).

Deprotonation of 5 and Reaction with H,. When a mixture
of 5 and 1 equiv of ‘BuOK in C¢Dy is treated with H, (1 bar) a
red clear solution is formed after 6 h. NMR studies indicate the
formation of the trans dihydride complex 9, [Fe(H),(CO)(tBu-
PNzP)]. 9 exhibits a singlet resonance in the *'P{'"H} NMR at
5 =137 ppm. "H NMR shows a high symmetry pattern, where
the hydride signal, integrating for 2 H atoms, appears at —7.03
ppm (YJgp = 38 Hz, notice that the coupling constant has

Scheme 7. Exposure of a Solution of Complex 8 to Hydrogen
Atmosphere at Room Temperature

(o}
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diminished by 20 Hz, compared to the related Fe(Il) hydride
complexes). The hydrogen atoms of the heterocycle are
symmetric as expected for a nondearomatized system.

The behavior of complex 9 is rather different in protic and
nonprotic solvents. When dissolved in protic solvents, such as
EtOH, in a J. Young NMR tube and degassed by 3 freeze—
pump—thaw cycles, the color of the solution turns from clear
red to dark. Upon layering the dark solution with pentane and
leaving it at —40 °C, crystals of complex 7 are obtained.
Pressurization of the dark solution mentioned above with H,
gas (1 bar) yields back complex 9. This is a facile and clean
reversible process, which occurs at room temperature, with no
observed formation of free ligand or decomposition products at
short periods of time. However, keeping complex 9 under 1 bar
of H, in EtOH for 12 h results in decomposition to form the
free ligand and compound 11 (Scheme 8). Complex 11 has
been characterized by NMR spectroscopy as the Fe(0) complex
[Fe(CO),(tBu-PNzP)].* Complete decomposition takes place
after 36 h, generating a 1:1 mixture of the free ligand and
complex 11 (Scheme 8).

On the other hand, when a solution of 9 in nonprotic
solvents, such as benzene, is subjected to vacuum the signals in
the '"H NMR spectrum become broader yet complex 7 is not
detected. Refilling the atmosphere of the NMR tube with H,
does not sharpen the signals in the 'H NMR spectrum.
Complex 9 is partially stable in the solid state and in nonprotic
solution, but after standing for a few days in benzene, 9 also
decomposes to give free ligand and the Fe(0) complex 11.
When trying to obtain suitable crystals of 9 for X-ray diffraction
studies by slow diffusion of pentane into a concentrated
benzene solution of 9 at room temperature, black crystals were
obtained. Interestingly, these black crystals do not belong to 9
but to the new Fe(0) complex [Fe(CO)(N*-u-(tBu-PNzP))],
12, which consists of a new 6-membered macrocomplex
composed of six Fe(0) centers linked one to another through
the N at position 4 of the pyrazine backbone, the CO ligand
remaining bonded to the metal center (Figure 7). No
dearomatized pattern is observed in the structure, as judged
from the bond distances C61—C62 (1.498(4) A) and C65—
C66 (1.504(9) A) being essentially equal.”® Thus, complex 9
loses H, in ethanol solution to form the dearomatized Fe(II)

Scheme 6. Reaction of the Iron Pincer Aggregates with CO,,

PBu;  KBuO /_(/_
N, N-F "ccl:o B R Y
e .
\S/AK4
] =
P'BUZ
5 B

P'Bu,

o
[l [o]
o
' ;, N

/N —Fe-CO

\ /N —Fe-CO
Byt

8

DOI: 10.1021/acs.inorgchem.5b00366
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.5b00366

Inorganic Chemistry

Compound 9

N\

Compound 8

N\
-~

Compound 10

/

AV SV A A b Sy AN AP S A b ALY A iy

Free Ligand

i

o

5 + 'BUOK

T T T T T T T T T T T T T T T
165 160 155 150 145 140 135 130 125 120 115 110 105 100 95
f1 (ppm)

T T T T T T T T T T T T
9 85 80 75 70 65 60 55 50 45 40 35

Figure 6. *'P{'"H} NMR spectra of complex 5 with 1 equiv of BuOK in C4Ds in a J. Young NMR tube (bottom), addition of 1 bar of CO, (middle),

and addition of H, to previous mixture (top).

Scheme 8. Formation of Complex 9 and Its Reactivity in the Presence of H, or CO,
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7 Decomposition Products
hexamer 7, while in benzene it dehydrogenates to form the 2.238(1) A). The Fe—N bond distances are not equal, being
aromatic Fe(0) hexamer 12 (Scheme 8). The reason for that is Fe3—NS5 1.962(2) A and Fe3—N2 2.043(3) A, in contrast with
not clear. ‘ . . complex 7, where the Fe—N was more similar (NS is from the
In each macrocycle there are 3 pairs of units showing the PNzP ligand and N2 comes from bridging with another PNzP
same b_ond lengths' and angles, and the difference be_tween them ligand, through the N atom in position 4).
is minimal. Focusing merely on one of the 3 pairs, the iron C . . .
4 ) omplex 12 appears to be an intermediate in the
center structure reveals a distorted square pyramid geometry o .

. - . decomposition path from complex 9 to 11. No dearomatized
around the metal, with the N atom of position 4 of the pyrazine } ) T, )
backbone from another unit located at the apical position. The complex was detected during this crystallization.™ We believe
P6—Fe3—PS and N5—Fe3—C83A angle values are 155.9(2)° that extrusion of H, from 9 can follow several pathways, in
and 160.0(1)°, respectively. The angles between the apical N2 which one of them yields the dearomatized species involving
atom and the surrounding atoms are almost 100° in all cases. MLC with the benzylic arm of the ligand while other routes
Both Fe—P distances have similar values (2.275(1) and lead to decomposition products.
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Figure 7. (Left) Molecular structure of complex 12 by X-ray crystallography; thermal ellipsoids are at S0% probability level, and the tert-butyl groups
are presented as wireframe. The bonding of the tBu-PNzP is colored black for clarity. Benzene and pentane that cocrystallize were deleted for clarity.
(Right) Molecular structure of complex 12 by X-ray crystallography; thermal ellipsoids are at 50% probability level, and the tert-butyl groups are
presented as wireframe for clarify. Selected bond lengths (Angstroms) and angles (degrees): Fe3—NS 1.962(2), Fe3—PS 2.238(1), Fel—P6
2.275(1), Fel—C83A 1.726(3), O1—C83A 1.179(4), Fe3—N2 2.043(3), N6—C63 1.370(4), N6—C64 1.351(5), N5—C62 1.391(5), N5—C65
1.393(5), C62—C63 1.366(4), C64—C65 1.375(4), C61—C62 1.498(4), C65—C66 1.504(9), PS—Fe3—P6 155.92(4), NS—Fe3—N2 99.1(1), N5—

Fe3—C83A 160.0(1), N2—Fe3—C69 100.9(1).

Compound 11
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9 + CO, = [Fe(H)(OOCH)(CO)(tBu-PNzP)] (10)
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Figure 8. *'P{'"H} NMR spectra of complex 5 treated with 1 equiv of ‘BuOK in C¢Dy in a J. Young NMR tube (down), addition of 1 bar of H,

(middle), and addition of CO, to previous mixture (top).

Furthermore, when complex 9 is exposed to CO, (1 bar) a
fast reaction takes place forming the formate complex 10 in
seconds (Scheme 8, Figure 8). Complex 10 exhibits a singlet
resonance in the ¥P{'H} NMR at § = 112 ppm. A less
symmetric environment is clearly observed in the 'H NMR
spectrum due to the coordination of the formate trans to the
hydride, which now integrates for 1 H, resonating at —22.85
ppm (“Jup = 55 Hz). The CH, groups of the PNzP ligand are

diastereotopic, and a new singlet appears at 8.78 ppm, assigned
to the hydrogen atom of the formate.*>*'¢ Complex 10 is not
stable, decomposing after 24 h in solution to the free ligand and
complex 11. Additionally, when 10 is subjected to vacuum, CO,
extrusion takes place and complex 9 is reformed, although this
process is not clean.

Catalytic Hydrogenation of NaHCO;. All complexes
described in Scheme 3 were investigated as possible catalysts
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for the hydrogenation of sodium bicarbonate. Only complex §
showed significant catalytic activity to form sodium formate
under various reaction conditions. Significant turnover numbers
were obtained when water was used as solvent, with small
amounts of THF as cosolvent (Table 1). With acetonitrile as

Table 1. Hydrogenation of NaHCO; Catalyzed by the Iron
Complex §

0.1 mol% 5
HCO;Na + H, HCO,Na + H,0
H,O/THF (10:1)
entry p(H,) [bar]® T [°C] TON®

1 6.5 room temp 78
2 6.5 4S5 149
3 7 65 148
4 10 SS 110
S 10 75 144
6 10 80 63
7 10 room temp

“Reaction conditions: 5 (0.005 mmol), tBuOK (0.006 mmol),
HCO;Na (5 mmol), H,0 (5 mL), THF (0.5 mL), 16 h. bPressure
at room temperature. “On the basis of 'H NMR analysis using
dimethylformamide as internal standard; moles of sodium formate per
mole of catalyst.

solvent no catalytic activity was observed. This is in line with
the inactivity of the acetonitrile complex 4-BPh, in THF or
H,O/THE, possibly as a result of the strong coordination of
acetonitrile. Experiments at different temperatures and
pressures were conducted with 0.1 mol % of § in a mixture
of THF:H,O (1:10). The highest activities for complex § in the
hydrogenation of sodium bicarbonate were observed at 45 and
65 °C at 6.5 bar of H, (entries 2 and 3, TON = 149 and 148,
respectively), and the activity did not increase at higher
pressure and temperature (entry S, 10 bar of H, at 75 °C, TON
= 144). For entries 2 and 3, when the reaction was run for
longer periods (36 h), the TON did not increase, indicating
that the maximum achievable TONSs are those shown in Table
1, entries 2 and 3. Surprisingly, upon temperature increase to
85 °C, a lower TON of 63 was obtained, possibly as a result of
catalyst thermal instability (entry 6). On the other hand, at
room temperature (at 10 bar of H,) no catalytic activity was
observed, as reported also in other cases.® Next, we studied the
catalytic hydrogenation of CO,. To this aim, mixtures of CO,/
H, in a 1:2 ratio (this was the best ratio reported in the case of
[Fe(H),(CO)(tBu-PNP)])* were used in aqueous sodium
hydroxide solution, instead of sodium bicarbonate, under a total
pressure of 10 bar. All experiments were carried out at 55 °C
while varying the concentration of sodium hydroxide in water.
Sodium formate was formed with similar turnover number
values as in the bicarbonate hydrogenation, when the
concentration of NaOH in water was 1 M (entry 1, TON =
157). It was encouraging to observe that the turnover numbers
doubled when the concentration of NaOH was raised to 2 M
(entry 2, TON = 339). Further increase of NaOH
concentration resulted in a moderate rise of the TON (entry
3, TON = 388), probably due to the higher concentration of
carbonate dissolved in solution. With 4 M NaOH the catalyst is
still active but the TON obtained is lower (entry 4, TON =
280). Entry S in Table 2 shows that the reaction occurs also in
the absence of water, using just THF as a solvent. Sodium
ethoxide was chosen to facilitate the solubility of the base
compared to sodium hydroxide; however, its low solubility can

Table 2. Hydrogenation of CO, Catalyzed by 5

0.1 mol% 5

CO, + H, + NaOH HCO,Na + H,0

H,O/THF (10:1)
p(CO,) [bar]”

entry p(H,) [bar] E Craon [M] TON®

1 63 33 1 157
2 63 33 2 339
3 6.3 33 3 388
4 63 33 4 280
5 63 33 1 30

“Reaction conditions: § (0.005 mmol), NaOH, H,0O (5 mL), THF
(0.5 mL), 16 h. "Pressure at room temperature. “On the basis of 'H
NMR analysis using dimethylformamide as internal standard; moles of
sodium formate per mole of catalyst. “1 M NaOEt was used in THF in
the absence of water.

be reflected in the low TON obtained compared with entry 1.
Furthermore, complex 9 was used to catalyze the hydro-
genation of CO, at 80 °C, obtaining low TON values (TON =
80, entry S, Table 2), possibly due to the thermal instability of
the catalyst.

Mechanism and Conclusion. Taking into consideration the
results described in the previous sections we believe that MLC
is likely involved in the mechanism of the catalytic process. The
first step of the hydrogenation of carbon dioxide is probably
deprotonation of one of the arms of the new pincer ligand,
which leads to a stable compound with a dearomatized pattern.
The structure and properties of the dearomatized compound
depend on the solvent. In nonprotic solvents deprotonation
leads to the formation of insoluble aggregates of an unknown
number of iron units, probably linked one to another by the
nitrogen in position 4 of the backbone of the pincer ligand.
However, the good solubility of these species in protic solvents
has led to the isolation of a 6-membered ring oligo complex,
whose structure has been determined by X-ray diffraction
studies. The reactivity of the dearomatized species is also highly
dependent on the nature of the solvent (protic vs aprotic). The
dearomatized compound reacts with CO, and H, to form
compounds 8 and 9, respectively, by MLC. Compound 8 reacts
with H,, by formal substitution of CO, by H,, leading to
complex 9. The dihydride complex 9 undergoes CO, insertion
into the hydride—iron bond yielding the iron—formate complex
10. It is likely that 10 in the presence of a base produces the
dearomatized complex that reacts again with H,, closing the
catalytic cycle (Scheme 9).

It was postulated that the hydrogenation of CO, catalyzed by
the tBu-PNP analogue iron hydride complex in water/THF
involves displacement of HCO,Na by water, followed by water
displacement by H,.* Deprotonation of the H, ligand leads to
the iron—dihydride catalytic species. This mechanism is also
possible in our case. On the other hand, in this report we
additionally describe catalysis in THF in the absence of water
(Table 2, entry 5).

In summary, we reported in this paper a new pincer-type
ligand based on a pyrazine ring which exhibits interesting
reactivity. It is shown that the nitrogen atom in position 4 of
the pyrazine ligand can act as a dative ligand, expanding the
scope for PNP pincer complexes into macromolecular systems
by the formation of aggregates. Interesting macrocycles, both
aromatic and dearomatized, were isolated. In this report we
provide additional support regarding the possibility of MLC
involved in the catalytic process of CO, hydrogenation by using
iron complexes in protic or nonprotic media. Further studies on
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Scheme 9. Proposed Mechanism for Hydrogenation of CO,,
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these and other systems using these pincer ligands are in
progress.

B EXPERIMENTAL SECTION

General Procedures. All experiments were carried out under an
atmosphere of purified nitrogen in a Vacuum Atmospheres glovebox
or using standard Schlenk techniques. All solvents were reagent grade
or better. THF and n-pentane were refluxed over sodium/
benzophenone and distilled under argon atmosphere. Ethanol,
MeCN, and H,0O were cooled with liquid nitrogen and degassed
under vacuum. Deuterated solvents were sparged with argon and
stored in the glovebox. 'H, '*C, and 3'P NMR spectra were recorded
using Bruker AMX-300, AMX-400, and AMX-500 NMR spectrom-
eters. 'H and BC{'H} and C-DEPTQ NMR chemical shifts are
reported in ppm downfield from tetramethylsilane. *'P NMR chemical
shifts are reported in ppm downfield from H;PO, and referenced to an
external 85% solution of phosphoric acid in D,0. NMR assignments
were made based on 'H—COSY, 'H-3P-HMQC, 'H-"*C-HSQC,
'"H-"C-HMBC, and “C-DEPTQ NMR spectroscopies. IR spectra
were recorded on a Nicolet FT-IR spectrophotometer. Elemental
analyses were performed on a Thermo Finnigan Italia S.p.A-FlashEA
1112 CHN Elemental Analyzer.

General Procedure for Catalytic Hydrogenation of HCO;Na.
A 90 mL Fischer—Porter tube was charged under nitrogen with
catalyst § (0.00S mmol) dissolved in 0.5 mL of THF and HCO;Na (S
mmol) dissolved in S mL of H,O. The tube was pressurized at ambient
temperature with hydrogen, and the solution was stirred at the
specified temperature for 16 h (Table 1). After the reaction, the
Fischer—Porter tube was cooled to room temperature with water and
the pressure was released. Dimethylformamide (1 mmol) was added to
the reaction mixture as an internal standard, and 0.05 mL of the
mixture was dissolved in D,O for determination of the yield by 'H
NMR.

General Procedure for Catalytic Hydrogenation of CO,. A 90
mL Fischer—Porter tube was charged under nitrogen with catalyst §
(0.005 mmol) dissolved in 0.5 mL of THF and S mL of an aqueous
NaOH solution with the specified concentration (Table 2). The tube
was pressurized with CO, and allowed to equilibrate for 5 min. After
this period the specified hydrogen amount was added to the tube and
the reaction mixture was heated to 55 °C. After the reaction, the
Fischer—Porter tube was cooled with water and the pressure was
released.

Dimethylformamide (1 mmol) was added to the reaction mixture as
an internal standard, and 0.05 mL of the mixture was dissolved in D,0O
for determination of the yield by 'H NMR.

Ligand synthesis

tBu-PNzP. Following the report published by Neugebauer,"* 2,6
dimethylpyrazine (5.04 g, 50 mmol), N-chlorosuccinimide (13.35 g,

/_(—PtBUZ
7\

N N

\_Q—P‘Buz

100 mmol), and dibenzoyl peroxide (0.25 g) were stirred in
tetrachloromethane (100 mL) under reflux for 1 day. The solution
was then cooled to 0—5 °C and filtered, washing the filtrate with
tetrachloromethane (2 X 20 mL). The solvent was removed under
vacuum, giving a yellow oil. The desired 2,6-bis(chloromethyl)pyrazine
was separated by column chromatography [silica gel 60A, 0.040—0.063
mm, CH,Cl,/ethyl acetate (10:1), R; = 0.55] in 31% yield. Later, 2,6-
bis(chloromethyl)pyrazine (15 mmol) was dissolved in methanol (15
mL) followed by addition of the corresponding phosphine, R,PH (60
mmol). This reaction mixture was heated at 45 °C for 48 h. The
reaction was left to cool at room temperature, and Et;N was added to
quench the reaction (60 mmol). The solvent and other volatile
compounds were removed under vacuum, and the residual solid was
treated with pentane to extract the desired phosphine together with
other products, leaving a red oil. The phosphine was separated by
column chromatography [silica gel 60A, 0.040—0.063 mm, hexane/
diethyl ether (3:1), R = 0.35]. tBu-PNzP, white crystalline solid, 89%
yield. "H NMR (400 MHz, C,Dy, 23 °C) &: 1.05 (d, 36H, J;pp = 11
Hz, PC(CHs,),), 2.88 (d, 4H, *J,;p = 2.4 Hz, CH,P'Bu,), 8.66 (s, 2H,
pyrazine-H) ppm. *'P{'"H} NMR (161 MHz, C¢Dy, 23 °C) &: 39.4 (s)
ppm. BC {'"H} NMR (100 MHz, C¢Dy, 23 °C) &: 29.5 (d, 2C, JJcp =
28 Hz, 2 CH,P'Bu,), 29.7 (d, 12C, ¥Jcp = 28 Hz, P[C(CH;);],), 32.0
(d, 4C, 2 P[C(CH,)3],), 1426 (dd, 2C, *Jcp = 9 Hz, ¥Jcp = 2 Hg,
pyrazine-C), 157.6 (d, 2C, *Jcp = 14 Hgz, 2 pyrazine-C) ppm. ESI-MS
(m/z, pos), C,,Hy,N,P,Na: 419.2721 calcd, 419.2720 expt.
[Fe(Br),tBu-PNzP] (1). FeBr, (100 mg, 0.462 mmol) was stirred
with 1.02 equiv of tBu-PNzP (184 mg, 0.462 mmol) in THF (10 mL)
for 8 h, affording a red suspension. The solution was concentrated in
vacuo, followed by addition of 10 mL of pentane, which led to the
precipitation of an orange solid which was isolated by filtration,
washed with pentane (3 X 6 mL), and dried under high vacuum. Yield:
252 mg, 89%. Single crystals were obtained from a solution of 1 in
THEF layered with n-pentane. Anal. Calcd for Cy,H,,Br,FeN,P,: C,
43.16; H, 6.92; N, 4.58. Found: C, 42.72; H, 6.94; N, 4.45.
[Fe(H)(MeCN),(tBu-PNzP)j[BPh,] (2:BPh,). Complex 1 (50 mg,
0.08 mmol) was stirred in a mixture of MeOH/MeCN (4 mL, 1:1).
Once the complex dissolved, 2.2 equiv of NaBH,, (7 mg, 0.18 mmol)
was added at once. The solution color evolved from colorless to
intense dark blue, and after 15 min 1.02 equiv of NaBPh, (29 mg, 0.08
mmol) was added. Thirty minutes later the solution was layered with
15 mL of Et,O, forming a white precipitate of NaBr and NaBH, after
complete solvent mixing, and was filtered off. The filtrate was
evaporated under vacuum, and the residue was dissolved in MeCN.
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Layering this solution with Et,O resulted in blue plates after 2 days.
Yield: 56 mg (76%). Compound 2-BPh,, was either not soluble (C¢Dy,
toluene-d®, MeOH-d*) or not stable (acetone-d®) in solvents other
than CD;CN. Due to an exchange of the coordinated MeCN with the
deuterated solvent, the coordinated acetonitrile ligands could not be
detected. 'H NMR (400 MHz, CD,CN, 23 °C) &: —12.31 (t, 1H, ¥Jp
= 60 Hz, Fe—H), 135 (m, 18H, PC(CH;);), 140 (m, 18H,
PC(CH,;);), 3.22 (m, 2H, CH,P'Bu,), 3.41 (m, 2H, CH,P'Bw,), 6.83
(t, 4H, *Jy = 7.1 Hz, BPh-H,,..), 6.98 (t, 8H, *Juy = 7.4 Hz, BPh-
Hpew), 726 (br, 8H, BPh-H,.4,), 7.88 (s, 2H, pyrazine-H) ppm.
SIp{H} NMR (161 MHz, CD;CN, 23 °C) §: 107 (s) ppm. *C {'"H}
NMR (100 MHz, CD,CN, 23 °C) &: 28.7 (br, 6C, 2 PC(CH,),), 28.9
(br, 6C, 2 PC(CHj,),), 32.3 (br, 2C, 2 CH,P'Bu,), 35.5 (br, 2C, 2
PC(CH,)3), 36.6 (br, 2C, 2 PC(CH,)3), 122.7 (s, 4C, BPh—C,,,,),
126.5 (br, 8C, BPh—C,,..,), 136.7 (br, 8C, BPh—C,,y,), 137.1 (br, 2C,
pyrazine-CH), 164.8 (g, 4C, 'Jpy = 49 Hz, BPh—C,,), 162.9 (br, 2C,
2 pyrazine-C) ppm. Anal. Calcd for C,gHBFeN;OP,: C, 70.85; H,
8.18; N, 5.16. Found: C, 70.71; H, 8.07; N, 4.94.

trans-[Fe(H)(CO)(MeCN)(tBu-PNzP)][BPh,] (trans-3-BPh,). Com-
plex 2-BPh,, (50 mg, 0.06 mmol) was dissolved with MeCN (3 mL) in
a Teflon capped tube and immersed in a bath of liquid nitrogen. The
tube was evacuated on a high-vacuum line and cooled with liquid
nitrogen, and 1 atm of carbon monoxide was added. The reaction was
allowed to warm up to ambient temperature, and after 2 h under
carbon monoxide atmosphere the color changed from blue to yellow-
orange. All volatiles were removed in vacuo to give 3-BPh, together
with small amounts of 4BPh,. Yield: 46 mg (94%). '"H NMR (400
MHz, CD;CN, 23 °C) &: 0.88 (t, 1H, *Jyyp = 53 Hz, Fe—H), 1.44 (m,
18H, PC(CH,);), 1.50 (m, 18H, PC(CH,);), 3.48 (m, 2H,
CH,P'Bu,), 3.50 (m, 2H, CH,P'Bu,), 6.83 (t, 4H, *Ly = 7.1 Hz,
BPh-H,,,), 6.98 (t, 8H, *Juyy = 7.4 Hz, BPh-H,,,,), 7.26 (br, 8H, BPh-
Houno)y 8-13 (s, 2H, pyrazine-H) ppm. 'P{'H} NMR (161 MHz,
CD;CN, 23 °C) 8: 109 (s) ppm. *C {"H} NMR (100 MHz, CD,CN,
23°C) 8: 283 (d, 6C, *Jcp = 2 Hz, 2 PC(CH,)5), 29.7 (d, 6C, YJp = 2
Hz, 2 PC(CH,);), 33.3 (d, 2C, YJep = 9 Hz, 2 CH,P'Bu,), 36.0 (br,
2C, 2 PC(CH,;);), 37 (br, 2C, 2 PC(CH,),), 122.7 (s, 4C, BPh—
Cpara)s 126.6 (g, 8C, *Jcp = 2.8 Hz, BPh—C,,,.;,), 136.7 (br, 8C, Jcp = 2
Hz, BPh—C, ), 140.0 (d, 2C, ¥Jcp = 4 Hz, pyrazine-CH), 164.8 (q,
4C, 'Jpy = 49 Hz, BPh—C,,,), 160.0 (d, 2C, *Jcp = S Hz, 2 pyrazine-
C), 217 (br, 1 C, Fe—CO) ppm. IR (KBr, disk): 1948 (v CO). Due to
its instability and tendency to form 4-BPh,, elemental analysis will be
given for 4-BPh,,

cis-[Fe(H)(CO)(MeCN)(tBu-PNzP)][BPh,] (4-BPh,). Complex 3:
BPh, (50 mg, 0.06 mmol) was dissolved in CH;CN (2 mL) in a
Teflon capped tube and heated at 90 °C for 30 min. Removal of the
solvent in vacuo gave 4-BPh,, together with some impurities. After
washing the yellow solid with pentane, pure 4-BPh, was obtained.
Yield: 46 mg (91%). "H NMR (400 MHz, CD,CN, 23 °C) &: —17.0
(t, 1H, *p = 53 Hz, Fe—H), 1.27 (m, 18H, PC(CHj;);), 1.44 (m,
18H, PC(CH,);), 3.68 (m, 2H, CH,P'Bu,), 3.77 (m, 2H, CH,P'Bu,),
6.83 (t, 4H, *Juy = 7.1 Hz, BPh-H,,,), 6.98 (t, 8H, *Juy = 7.4 Hz,
BPh-H,,.,), 7.26 (br, 8H, BPh-H,,), 8.58 (s, 2H, pyrazine-H) ppm.
SIp{H} NMR (161 MHz, CD;CN, 23 °C) §: 113 (s) ppm. *C {'"H}
NMR (100 MHz, CD,CN, 23 °C) §: 28.7 (br, 6C, 2 PC(CH,);), 29.2
(br, 6C, 2 PC(CHs,);), 33.5 (br, 2C, 2 CH,P'Bu,), 36.5 (t, 2C, YJcp =
11 Hz, 2 PC(CH,),), 374 (br, 2C, 2 PC(CH,),), 122.7 (s, 4C, BPh—
Cpar)y 1266 (q, 8C, *Jcp = 2.8 Hz, BPh—C,,,.,,), 136.7 (br, 8C, *Jcp = 2
Hz, BPh—C,.4,), 141.5 (br, 2C, pyrazine-CH), 158.9 (br, 2C, 2
pyrazine-C), 164.8 (g, 4C, 'Jp; = 49 Hz, BPh—C,,), 221.6 (t, 1C, YJcp
=22 Hz, Fe—CO) ppm. IR (KBr, disk): 1918 (v CO). Anal. Calcd for
CuoHBFeN,OP,: C, 69.92; H, 7.90; N, 4.99. Found: C, 70.04; H,
7.72; N, 4.83.

[Fe(H)(C)(CO)(tBu-PNzP)] (5). Complex 4 (150 mg, 0.17 mmol)
together with 2.2 equiv of Bu,NCl (86 mg, 0.37 mmol) were dissolved
in THF, giving a dark orange solution. After stirring for 30 min the
solvent was removed under vacuum. The desired product was
extracted from the crude residue with benzene. Removal of the
solvent in vacuo gave pure 5. Yield: 86 mg (98%). '"H NMR (400
MHz, CD;CN, 23 °C) &: —20.7 (t, 1H, *Jy;p = 56 Hz, Fe—H), 1.01 (m,
18H, PC(CH,);), 1.45 (m, 18H, PC(CH,);), 2.63 (m, 2H,

CH,P'Bu,), 3.53 (m, 2H, CH,P'Bu,), 7.97 (s, 2H, pyrazine-H) ppm.
3Ip{IH} NMR (161 MHz, CD;CN, 23 °C) &: 115 (s) ppm. *C {1H}
NMR (100 MHz, CD,CN, 23 °C) &: 29.3 (br, 6C, 2 PC(CH,);), 30.9
(br, 6C, 2 PC(CHj,)5), 33.9 (t, 2C, ¥Jcp = 5 Hz, 2 CH,P'Bu,), 35.6 (br,
2C, 2 PC(CH,);), 37.7 (br, 2C, 2 PC(CHj;);), 139.5 (t, 2C, ¥Jcp = 5
Hz, pyrazine-CH), 158.9 (t, 2C, YJep =7 Hz, 2 pyrazine-C), 221.6 (t,
1C, YJcp = 22 Hz, Fe—CO) ppm. IR (KBr, disk): 1896 (v CO). Anal.
Caled for C,3H,;CIFeN,OP,: C, 53.45; H, 8.39; N, 5.42. Found: C,
53.02; H, 8.42; N, 5.25.

[Fe(H)(Py-d°)(CO)(tBu-PNzP)*] (6-Py-d®). Complex 5 (25 mg, 0.05
mmol) together with 1.2 equiv of tBuOK (7 mg, 0.10 mmol) were
dissolved in THF, leading to formation of a dark red solution. After
stirring for 30 min, the solvent was removed under vacuum and the
residue was washed with pentane. The brown solid was dried to give
complex A. Once dried, A was dissolved in neat Py-d°, leading to the
formation of complex 6-Py-d°. 'H NMR (400 MHz, CD,CN, 23 °C)
8: —19.24 (dd, 1H, *Jypp = 55 Hz, Yy = 60 Hz, Fe—H), 0.96 (m, 18H,
PC(CH,),), 1.25, 1.43 (d, 9H each, *J;p = 11 Hz, PC(CHj;);), 3.89,
421 (dd, 1H each, ¥yyp = 12 Hz, ¥y = 16 Hz, CH,P'Bu,), 5.19 (s,
1H, CHP'Bu,), 7.08, 7.92 (s, 1H each, pyrazine-H) ppm. *'P{'H}
NMR (161 MHz, CD;CN, 23 °C) &: 96.5, 104.9 (d, 1P each, ¥Jpp =
110 Hz) ppm. *C {'"H} NMR (100 MHz, CD;CN, 23 °C) §: 28.5,
29.5, 304, 314 (br, 3C, C(CH,);), 374, 36.8, 37.1 (br, 1C each,
PC(CH,),), 38.4 (d, 1C, ¥Jcp = 9 Hz, CH,P'Bu,), 37.6 (d, 1C, *Jcp =
20 Hz, CH,PC(CH,;);), 69.3 (d, 1C, ¥Jcp = 40 Hz, CH-PC(CH,);),
116.6 (m, 1C, pyrazine-CH), 117.6 (d, 1C, ¥cp = 10 Hz, pyrazine-
CH), 138.8 (d, 1C, ¥Jcp = 16 Hz, pyrazine-CH) 153.2, 164.7 (br, 1C
each, pyrazine-C), 222.3 (br, 1C, Fe—CO) ppm. IR (pyridine, liquid):
1868 (v CO). The coordination of pyridine is reversible; when 6-Py-d®
was placed under vacuum, pyridine was partially removed, which does
not allow one to obtain elemental analysis.

trans-[Fe(PNzPtBu-COO)(H)(CO)] (8). Complex S (S0 mg, 0.09
mmol) together with 1.2 equiv of tBuOK (13 mg, 0.12 mmol) were
dissolved in THF, leading to formation of a dark red solution. After
stirring for 1 h, the solvent was removed under vacuum. The desired
product was washed with pentane. The solid was dried to give
compound A, which upon addition of THF-d® gave a suspension that
was placed in a J. Young NMR tube. The suspension was degassed by a
3 freeze—pump—thaw cycles and filled with 1 bar of CO,. After 6 h
complete reaction occurred, leading to the formation of a brown-
yellow clear solution; 99.9% yield by NMR spectroscopy. 'H NMR
(400 MHz, CD;CN, 23 °C) §: —22.45 (dd, 1H, *J;yp = 47 Hz, Jypp =
57, Hz Fe—H), 0.989 (m, 18H, PC(CHj;);), 1.47, 1.59 (d, 9H, *p = 9
Hz, PC(CH;);), 3.41 (m, 1H, CH,PBu,), 3.71 (m, 1H, CH,P'Bu,),
4.61 (s, 1H, CHP'Bu,), 8.42, 8.52 (s, 1H each, pyrazine-CH) ppm.
SIP{H} NMR (161 MHz, CD;CN, 23 °C) §: 138.4, 147.8 (d, 1P
each, ¥Jpp = 128 Hz) ppm. *C {"H} NMR (100 MHz, CD,CN, 23
°C) &: 29.6, 30.1, 31.0 (d, 3C each, ¥Jp = 4 Hz, PC(CH,);), 30.7 (s,
3C, PC(CHj;)3), 34.5 (d, 1C, ¥J¢p = 17 Hz, CH,PC(CHs,),), 35.3 (4,
1C, *Jcp = 22 Hz, PC(CH,)3), 36.9 (d, 1C, *Jcp = 7 Hz, PC(CHy)3),
37.5 (d, 1C, ¥Jep = 8 Hz, PC(CH;);), 38.7 (d, 1C, *)cp = 3 Hz,
PC(CH;);), 59.7 (s, 1C, CHP'Bu,), 138.6 (d, 1C, “Jcp = 9 Hz,
pyrazine-CH), 139.8, (d, 1C, ¥J¢p = 7 Hz, pyrazine-CH), 158.4, 159.1
(br, 1C each, pyrazine-CH), 170.7 (d, 1C, ¥cp = 9 Hz, O(0=C)-
CHPC(CH,),), 225.1 (t, 1C, ¥Jcp = 25 Hz, Fe—CO) ppm. Complex 8
in the absence of CO, is unstable, which does not allow one to obtain
its elemental analysis nor the IR spectrum.

trans-[Fe(H),(CO)(tBu-PNzP®)] (9). Complex 5 (50 mg, 0.09
mmol) together with 1.2 equiv of tBuOK (13 mg, 0.12 mmol) were
dissolved in THF, leading to formation of a dark red solution. After
stirring for 1 h, the solvent was removed under vacuum and the
residue was washed with pentane. The resulting solid was dried to give
compound A, to which C¢Dg was added to give a suspension that was
placed in a J. Young NMR tube. The suspension was degassed by 3
freeze—pump—thaw cycles and filled with 1 bar of H,. After 24 h
complete reaction occurred leading to the formation of a clear red
solution. This solution was filtered through Celite. Removal of the
solvent by vacuum yielded complex 7. Yield: 30 mg (68%). 'H NMR
(400 MHz, tol-d®, 23 °C) §: —7.07 (t, 1H, *J;p = 36 Hz, Fe—H), 1.31
(m, 36H, PC(CHs,)5), 2.77 (m, 4H, CH,P'Bu,), 7.72 (s, 2H, pyrazine-
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H) ppm. *'P{'"H} NMR (161 MHz, tol-d*, 23 °C) &: 137 (s) ppm. *C
{'H} NMR (100 MHz, tol-d%, 23 °C) &: 29.6 (br, 12C, 2 PC(CHj,)5),
34.8 (t, 2C, Jcp = 5 Hz, 2 CH,P'Bu,), 35.6 (t, 4C, ¥Jcp = 36 Hz, 2
PC(CHs)5), 138.6 (br, 2C, pyrazine-CH), 158.8 (br, 2C, 2 pyrazine-
C), 226.1 (t, 1C, *Jcp = 27 Hz, Fe—CO) ppm. IR (KBr, disk): 1896 (v
CO). Anal. Caled for Cp3H,,FeN,OP,: C, 57.27; H, 9.19; N, 5.81.
Found: C, 55.40; H, 8.98; N, 5.45. The deviation in C value may be
due to the instability of complex 9 when briefly exposed to air prior to
elemental analysis

[Fe(H)(OOCH)(CO)(tBu-PNzP™“)] (10). Complex § (50 mg, 0.09
mmol) together with 1.2 equiv of tBuOK (13 mg, 0.12 mmol) were
dissolved in THF, forming a dark red solution. After stirring for 1 h,
the solvent was removed under vacuum and the residue was washed
with pentane. The resulting solid was dried to give compound A, to
which C4D¢ was added to give a suspension which was placed in a J.
Young NMR tube. The suspension was degassed by 3 freeze—pump—
thaw cycles and filled with 1 bar of H,. After 24 h complete reaction
occurred forming a clear red solution. Once the formation of 9 was
observed by 'H NMR, the solution was degassed by a 3 freeze—
pump—thaw cycles and placed under 1 bar of CO,. The reaction
occurs within minutes to give an orange solution, containing complex
10 quantitatively by NMR spectroscopy. 'H NMR (400 MHyz,
CD,CN, 23 °C) &: —22.6 (t, 1H, ¥yp = 5 Hz, Fe—H), 1.11 (m, 18H,
PC(CH,;);), 1.39 (m, 18H, PC(CHj;),), 2.85 (m, 2H, CH,P'Bu,), 3.54
(m, 2H, CH,P'Bu,), 8.13 (s, 2H, pyrazine-H), 8.98 (s, 1H, Fe—
OOCH) ppm. *P{'H} NMR (161 MHz, CD;CN, 23 °C) &: 112 (s)
ppm. BC {"H} NMR (100 MHz, CD4CN, 23 °C) &: 28.9 (br, 6C, 2
PC(CHs;)3), 29.7 (br, 6C, 2 PC(CH,),), 33.6 (t, 2C, *Jcp = 5 Hz, 2
CH,P'Bu,), 35.5 (br, 2C, 2 PC(CH,),), 36.6 (br, 2C, 2 PC(CHS,)s),
139.7 (br, 2C, pyrazine-CH), 159.6 (br, 2C, 2 pyrazine-C), 170.5 (br,
1C, Fe—OOCH), 222.3 (br, 1C, Fe—CO) ppm.

[Fe(CO),(tBu-PNzP)] (11). Fe(CO); (100 mg, 0.51 mmol) and tBu-
PNzP (210 mg, 0.53 mmol) were dissolved in THF (10 mL) and
introduced into a 50 mL Teflon capped tube. This solution was left
under static vacuum and stirred under FL8BL-B UV light light for 36
h. After this time the volatiles were removed and the black-brownish
solid was washed with cold pentane (—20 °C) (3 X 3 mL). The solid
was dried under vacuum to give 220 mg of the desired product; yield
84%. 'H NMR (400 MHz, C/D, 23 °C) &: 126 (br, 36H,
PC(CHs,)3), 2.55 (br, 4H, CH,-P'Bu,), 7.90 (br, 2H, pyrazine-H)
ppm. ¥P{'H} NMR (161 MHz, CiDy, 23 °C) &: 126 (s) ppm. *C
{*H} NMR (100 MHz, C/Dy, 23 °C) &: 29.6 (s, 24C, PC(CH,),),
33.4 (br, 4C, 2 CH,—P'Bu,), 37.7 (br, 4C, PC(CH,);), 225.9 (br, 2C,
Fe—CO) ppm. IR (KBr, disk): 1882, 1822, (v CO). Anal. Calcd for
C,,H,FeN,O,P,: C, 56.70; H, 8.33; N, 5.51. Found: C, 56.51; H,
8.15; N, 5.0S.
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