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The syntheses of various manganese and iron PCP pincer complexes via a solvothermal oxidative addition
methodology is described. Upon reacting [Mn,(CO);0] with the ligands (P(C—Br)P<"z-iPr) (1a) and (P(C-Br)
PC-iPr) (1b), Mn() PCP pincer complexes [Mn(PCP<M2-iPr)(CO)s] (2a) and [Mn(-PCP®-iPr)(CO)s] (2b) were
obtained. Protonation of 2a with HBF4-Et,O led to the formation of [Mn(x*P,CH,P-P(CH)P<Hz-iPr)(CO)s]
BF4 (3) featuring an nZ-Caryl—H agostic bond. The solvothermal reaction of 1a with [Fe,(CO)q| afforded the
Fe() PCP pincer complex [Fe(PCP“M2-iPr)(CO),Br] (4). Treatment of 4 with Li[HBEts] afforded the Fe()
complex [Fe(PCP<H2-iPr)(CO),] (5a). When using the sterically more demanding ligands (P(C—Br)P<Hz-tBu)
(1c) and (P(C-Br)P°-tBu)(1d) striking differences in reactivity were observed. While neither 1c nor 1d
showed any reactivity towards [Mn,(CO);0], the reaction with [Fe,(CO)s] and [Fe(CO)s| led to the formation
of the Fe(l) complexes [Fe(PCP<M2-tBu)(CO),] (5b) and [Fe(PCPC-tBu)(CO),] (5¢). X-ray structures of repre-
sentative complexes are provided.
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Introduction

Pincer complexes' have received considerable attention in the
last decades.> Their high stability in addition to their facile
modifiability make them attractive compounds in transition
metal chemistry as well as for the examination of stoichio-
metric and catalytic reactions.” In particular PCP pincer com-
plexes consisting of a benzene backbone onto which phos-
phine donors are attached via O, NR or CH, linkers, first intro-
duced in 1976,® are a very interesting class of compounds. As
far as first row transition metals are concerned, the chemistry
of these complexes is, with the exception of nickel, not very
comprehensive. Indeed, reports of PCP complexes of iron and
especially manganese are exceedingly rare.”® A reason for the
lack of base metal PCP pincer complexes is that many metal
precursors are low-valent carbonyl compounds which fail to
activate the arene C-H bond primarily for thermodynamic
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reasons due to the instability of the resulting hydride com-
plexes. Recently, it was shown that oxidative addition of P(C-X)P
(X = Cl, Br) ligands onto low valent base metal precursors can
be used to gain entry into base metal PCP pincer chemistry.” "

In this paper, the oxidative addition of the C-Br bond of
the ligand precursors P(C-Br)P“">-R and P(C-Br)P°-R (R = iPr,
tBu) to the Mn(0) and Fe(0) complexes [Mn,(CO),o] and
[Fe,(CO)o] was utilized to synthesize, characterize and study
the reactivity of Mn(1), Fe(i) and Fe(u) PCP pincer complexes.
Striking differences in the reactivity between the ligands with
iPr moieties attached to the phosphorus donor atom and their
corresponding sterically more demanding ¢Bu analogues were
observed. Moreover, also differences between pincers featuring
O, NR or CH, linkers are significant. X-ray structures of the
new complexes are presented.

Results and discussion

Manganese PCP pincer complexes

The Mn(0) complex [Mn,(CO)y0] and 2 equiv. of (P(C-Br)P“*-
iPr) (1a) were dissolved in CH3CN and reacted under solvo-
thermal conditions for 18 h at 150 °C. Workup of the resulting
orange solution via column chromatography afforded the dia-
magnetic, air-stable, tricarbonyl Mn(r) complex [Mn(PCP“">-
iPr)(CO);] (2a) in 31% isolated yield (Scheme 1). The reaction
formally constitutes a one electron oxidation of the Mn center,
with the ligand 1a acting as the oxidant. Similarly, under the
same conditions, the reaction of the POCOP-ligand (P(C-Br)
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Scheme 1 Synthesis of complexes 2 and 3.

P%-iPr) (1b) also afforded the tricarbonyl Mn(1) complex
[Mn(PCP®-iPr)(CO);] (2b) in 39% yield, which crystallized
directly from the reaction mixture after cooling to room temp-
erature (Scheme 1). In both cases, the fate of the bromine and
the remaining Mn fragments could not be established.

Complexes 2a and 2b were fully characterized by a combi-
nation of "H, "*C{'H}, and *'P{'"H} NMR spectroscopy, IR spec-
troscopy, and HR-MS analysis as well as single crystal X-ray
diffraction in the case of 2a. In the *'P{"H} NMR spectrum the
complexes exhibit characteristic singlet resonances at 100.3
and 220.9 ppm for 2a and 2b, respectively. The carbonyl
ligands of the complexes were detected as poorly resolved tri-
plets at 223.7 ppm for 2a and 220.1 ppm for 2b, corresponding
to the carbonyl located t¢rans-to the ipso carbon of the pincer
ligand, as well as broad resonances at 226.7 ppm (2a) and
222.0 ppm (2b), assignable to the carbonyls cis to the ipso
carbon. The signals of the ipso carbons were detected as tri-
plets at 173.0 (Jcp = 8.2 Hz) (2a) and 135.6 ppm (Jcp = 14.3 Hz)
(2b), respectively. The IR spectra of both complexes showed
characteristic bands corresponding to a mer arrangement of
the carbonyl ligands at 1985, 1892 and 1873 cm™" for 2a and
2010, 1994 and 1984 cm™' for 2b. In addition to the spectro-
scopic characterization, the solid-state structure of 2a was
determined by single-crystal X-ray diffraction.

A structural view of 2a is depicted in Fig. 1 with selected
bond distances given in the captions. The coordination geome-
tries around the manganese center corresponds to a distorted
octahedron. In particular the P-Mn-P angles deviate signifi-
cantly from 180° being 162.33(1)°. The C;,,,~Mn bond lengths
is 2.093(1) A.

In analogy to [Mn(PCPN*"-iPr)(CO);] reported previously,'
protonation of [Mn(PCP"*iPr)(CO);] (2a) with HBF,-Et,O
leads to the formation of the cationic Mn(1) complex [Mn(kP,
CH,P-P(CH)P“""-iPr)(CO);]BF, (3) featuring an n*Cuy-H
agostic bond in 86% isolated yield (Scheme 1). The agostic
proton is comparatively acidic and the starting material 2a can
be recovered upon deprotonation with even relatively weak
bases such as NEt;. Accordingly, protonation of 2a is fully
reversible (Scheme 1). On the other hand, all attempts to pro-
tonate [Mn(PCP®-iPr)(CO);] (2b) led to the formation of several
intractable materials possibly due to P-O bond cleavage in the
presence of a strong acid.

13916 | Dalton Trans., 2021, 50, 1391513924

Fig. 1 Structural view of [Mn(PCPM:-iPr)(CO)s] (2a) showing 50%
thermal ellipsoids (H atoms omitted for clarity). Selected bond lengths
(A) and bond angles (°): Mn1-C1 2.093(1), Mn1-C23 1.800(1), Mn1-C21
1.822(1), Mn1-C22 1.823(1), Mn1-P1 2.2794(4), Mn1-P2 2.772(4), P1-
Mn1-P2 162.33(1), C1-Mn1-C23 178.70(4), C21-Mn1-C22 172.25(4).

Complex 3 was characterized by a combination of 'H, °C
{'H}, and *'P{"H} NMR spectroscopy as well as IR, HR-MS, and
X-ray crystallography. In the '"H NMR spectrum a high-field
shift of the proton attached to the ipso-carbon giving rise to a
signal at 4.05 ppm can be observed. This shift is less pro-
nounced than in the previously published NEt linked complex
[Mn(x*P,CH,P-P(CH)P"*-iPr)(CO);]BF,, where the agostic
proton was detected at 1.36 ppm."® In the “C{"H} NMR spec-
trum the ipso-carbon atom exhibits a signal at 84.3 ppm (¢f.
173.0 ppm in 2a), the three CO ligands give rise to a broad low-
field resonance at 226.0 ppm and a triplet at 216.7 ppm. The
relatively low 'Ji;c coupling constant of 139.1 Hz (¢f 126.6 Hz
in [Mn(x*P,CH,P-P(CH)PN*"-iPr)(CO);]BF,),* as compared to
162.2 and 164.2 Hz for the other two aromatic C-H bonds is
also typical for a strong C-H metal interaction.*' Complex 3
also exhibits three strong bands at 2043, 1958, and 1911 cm ™"
in the IR spectrum, consistent with a mer configuration of the
carbonyls.

Structural views of 3 and, for comparison, the previously
reported complex [Mn(k*P,CH,P-P(CH)P"""iPr)(CO);|BF,,’ are
shown in Fig. 2. Complex 3 features a distorted octahedral geo-
metry around the Mn center. The distance between the ipso-
carbon and the Mn atom is extremely long (2.408(3) A), when
compared to the Mn-C,;, bond distance of 2.249(2) A in

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Structural views of [Mn(k*P,CH,P-P(CH)P<"2-iPr)(CO);IBF,4 (3) (left) and [Mn(x*P,CH,P-P(CH)PNE-iPr)(CO)sIBF, (right) showing 50% thermal
ellipsoids (most H atoms and BF,~ anion omitted for clarity). Selected bond lengths (A) and bond angles (°) for 3: Mn1-C1 2.408(3), Mn1-C15
1.767(3), Mn1-C16 1.851(3), Mn1-C17 1.846(3), Mn1-P1 2.3331(8), Mn1-P2 2.3334(9), Mn1-H1 2.29(3), C1-H1 0.96(3), P1-Mn1-P2 163.96(4),
C16—Mn1-C17 174.7(1), C1-Mn1-C15 175.3(1). For [Mn(x>P,C-H,P-P(CH)PNE'-iPr)(CO)3]BF4: Mn1-C1 2.249(2), Mn1-C24 1.789(2), Mn1-C23 1.839(2),
Mn1-C25 1.845(2), Mn1-P2 2.3142(8), Mn1-P1 2.3147(7), Mn1-H1 1.99(3), C1-H1 0.97(3), P1~Mn1-P2 157.74(2), C23-Mn1-C25 171.01(9), C1-Mn1-

C24 164.67(9).

[Mn(x*P,CH,P-P(CH)PN*-iPr)(CO);]BF,. As already evident from
"H NMR spectrum of 3, the H(1) atom (which was located in
difference Fourier maps and refined freely) interacts with the
Mn center (2.29(3) A). It is noteworthy that this hydrogen atom
is hardly removed from the aromatic plane (ca. 11°) while in
[Mn(*P,CH,P-PCPN"iPr)(CO);]BF, this angle is as large as
31°. The C1-H1 bond lengths of 0.96(3) A is in the range
observed in X-ray diffraction measurements for not activated
hydrocarbons (e.g., 1.08 A in C4Hy). Given these data it can be
assumed that the nZ—Caryl—H agostic bond of 3 is weaker as
compared to the analogous NEt linked complex [Mn(«x*P,CH,P-
P(CH)P"*-iPr)(CO);]BF,.

The electronic structure of 3 has been investigated by DFT
calculations. The pattern obtained is typical of a low-spin d°
metal complex with a distorted octahedral geometry, with
three filled orbitals based on metal xy, xz and yz, corres-
ponding to the t,, set of an octahedron, and two empty e, orbi-
tals, with strong participation of metal z*> and x> — y?, respect-
ively. There are significant Mn—-C and Mn-H interactions with
distances of 2.52 and 2.47 A, respectively, and Wiberg indices
of 0.10 and 0.01, by the same order. The C-H bond also
reflects the agostic interaction being weaker (WI = 0.87) than

the other C,,;~H bonds (WI = 0.90). The agostic interaction is
significantly weaker in the case of the complex with CH,
linkers when compared to the complexes with NEt linkers: WI
(Mn-C) = 0.20 and WI(Mn-H) = 0.05. This is also apparent in
the C-H bond that is as weaker as the agostic interaction is
stronger: d(C-H) agostic = 1.11 A, WI = 0.76; other C(aryl)-H
bonds: d = 1.08-1.09 A, WI = 0.90 as well as by a more negative
Mn atom and a more positive PCP ligand. PCP ligands with
NEt linkers are both better donors than the one with CH,
linker: C(Mn) = —0.61 (CH,), —0.76 (NEt), C(PCP) = 1.07 (CH,),
1.18 (NEt) based on the NPA charges.

Interestingly, when conducting the solvothermal reaction of
[Mn,(CO),] in acetonitrile with the sterically more demanding
ligands PCP (P(C-Br)P“">-¢tBu) (1c) and (P(C-Br)P°-‘Bu) (1d),
no conversion to a PCP complex was observed and only the
unreacted ligands were recovered from the reaction mixtures.

Iron PCP pincer complexes

The solvothermal reaction of [Fe,(CO)o] with [P(C-Br)P“"-iPr]
(1a) in toluene at 140 °C yielded after 16 h the iron dicarbonyl
complex [Fe(PCP“™-iPr)(CO),Br] (4) in 58% isolated yield
(Scheme 2). The complex was fully characterized by a combi-

co co co
o, Br :
PiPry— PiPr —PiPr, ) —PiPr, —PiPr,
1a (2 equiv) K HBEt; > S
Fe,(CO)g Fe—CO Fe——CO Fe—CO
140°C, 16 h, toluene 25°C, 1 h, THF
PiPr, PiPry PiPr;
solvothermal H
Br
4 5a not observed

Scheme 2 Synthesis of complexes 4 and 5a.
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nation of "H, "*C{'H}, and *'P{'"H} NMR spectroscopy, IR spec-
troscopy, and HR-MS analysis. The "*C{'"H} NMR shows two
characteristic triplet low field triplet resonances at 218.1 ppm
(Jec = 25.2 Hz) and 213.0 ppm (Jpc = 12.7 Hz) that can be
assigned to the carbonyl ligands. The ipso carbon was detected
at 170.6 ppm (Jpc = 15.2 Hz). The *'P{'"H} NMR spectrum
shows a singlet resonance at 88.4 ppm. In the IR spectrum,
the complex shows two strong absorption bands at 1993 and
1938 cm™" indicating a cis arrangement of the CO ligands. The
spectroscopic data are in good agreement with a related
xylenol-based pincer complex published by Dauth et al.® The
structure of 4 was also elucidated by means of single-crystal
X-ray crystallography. A molecular view is depicted in Fig. 3
with selected bond lengths and angles reported in the caption.
This complex adopts a slightly distorted octahedral geometry
with an Fe-C bond length of 2.036(4) A.

Complex 4 was treated with 1 equiv. of Li[HBEt;] in an
effort to generate the hydride complex [Fe(PCP"-iPr)(CO),H].
However, in analogy to the complex [Fe(PCP""-iPr)(CO),Cl]
reported previously,” a formal one electron reduction of the
complex was observed and the green air-sensitive Fe(1) complex
[Fe(PCP“™-iPr)(CO),] (5a) was isolated in 80% yield
(Scheme 3). A similar reaction was reported by Thompson
et al. with the PNP pyrrole-based complex and [Fe(“YPNP)Cl
(CO),], which upon treatment with Na[HBEt;] yielded the Fe(1)
complex [Fe(“YPNP)(CO),].>*

Br1 &

Fig. 3 Crystal Structure of [Fe(PCPCH2-tBu)(CO),l (4) with 50% thermal
ellipsoids (H atoms omitted for clarity). Selected bond lengths (A) and
bond angles (°): Fe1-C1 2.036(2), Fe1-C21 1.805(2), Fe1-C22 1.738(129),

Fel-Brl 2.5209(3), Fel-P1 2.2602(5), Fel-P2 2.2731(5), P1-Fel-P2
160.69(2), C1-Fel1-C21 176.28(7), Brl-Fel-C22 177.40(6).
P i°
Br
PtBUZ Pt?UZ X— —PtBuZ
1b,1d (2 equiv) &
Feg(CO)g > Fe——CO
120-180°C, 14-16 hX /
toluene X=PtBu,
solvothermal 5b X = CH,
5¢X=0

Scheme 3 Synthesis of complexes 5b and 5c.
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Electron paramagnetic resonance (EPR) studies and solu-
tion magnetic susceptibility measurements (benzene, Evans
method) were performed. The solution effective magnetic
moment of 1.7(8)ug is in agreement with a low-spin d’ center
(one unpaired electron). X-band EPR studies were conducted
in toluene glass at 100 K showing a rhombic spectrum with
simulated anisotropic g values of g, = 2.075, g, = 2.045 and g, =
2.005 with well resolved hyperfine coupling (4, = 13.98 G, A, =
15.44 G and 4, = 16.66 G) of the two *'P atoms (I = 1) (Fig. 4)
with the unpaired electron (S = ). The reported g values of
close to 2.0 are in good agreement with other reported low
spin Fe(1) complexes.”**>® Complex 5a also shows two distinct
carbonyl bands at 1933 cm™" and 1868 cm™ in the ATR-IR
spectrum.

The solvothermal reaction of [P(C-Br)P°-iPr] (1b) with
[Fe,(CO)o] in either acetonitrile or toluene led to a mixture of
several diamagnetic carbonyl containing species. Unfortunately,
it was not possible to separate these compounds from each
other which prevented their characterization.

In order to determine if the bulkier ligands PCP (P(C-Br)
P"=-tBu) (1¢) and (P(C-Br)P°-‘Bu) (1d) showed any difference
in reactivity towards the oxidative addition reaction onto the
Fe(0) precursors [Fe(CO)s] and [Fe,(CO)o], solvothermal reac-
tions were performed in toluene at 120 to 180 °C for 14-24 h.
In both cases no formation of an Fe(u) complex was observed.
Instead, the moderately air sensitive Fe(i) complexes [Fe
(PCP“"2-¢Bu)(CO),] (5b) and [Fe(PCP°-tBu)(CO),] (5¢) were iso-
lated in yields of 42% and 47%, respectively. Both complexes
show two distinct CO bands in the ATR-IR spectrum at 1931
and 1865 cm™" for 5b and 1947 and 1876 cm ™" for 5c. These
complexes exhibit effective magnetic moments of 1.8(3)uz (5b)
and 1.8(1)up (5¢) respectively, as determined by the Evans
NMR method in benzene. These data again are indicative of d”
low-spin complexes. An overview of the carbonyl stretching
frequencies as well as solution magnetic moments of selected
Fe(1) pincer complexes are given in Table 1.

Furthermore, X-band EPR studies were conducted with the
complexes in toluene glass at 100 K. Analogously to complex

measured

simulated

r T T T T

3200 3240 3280 3320 3360 3400 3440
magnetic field [G]

Fig. 4 X-band EPR spectrum of [Fe(PCP<"2-iPr)(CO),] (5a) in to toluene
glass at 100 K at a microwave frequency of 9.86 GHz. The red line rep-
resents a simulation with g, = 2.075 g, = 2.045 g, = 2.005, A, = 14.0 G,
A,=154G,and A, =167 G.

This journal is © The Royal Society of Chemistry 2021
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5a, these complexes feature rhombic spectra with simulated g
values of around 2.0, which is close to the g value of a free elec-
tron (g = 2.002) (see ESI, Fig. S2f) with the anisotropic
g-factors as well as the hyperfine coupling given in the cap-
tions and in Table 2.

The frontier orbitals of complex 5b are typical of a low spin
d” species with a square pyramidal geometry (Fig. 5)."> The
spin is located on the metal in the z* orbital that is also the
single occupied HOMO of the molecules. The other three

Table 1 Carbonyl stretching frequencies and solution magnetic
moment of selected Fe(i) pincer complexes

Compound veo [em™] Hetr [HB]
[Fe(PCP°™=-iPr)(CO),] (5a) 1933, 1868 1.7(8)
[Fe(PCP™-¢Bu)(CO),] (5b) 1931, 1865 1.8(3)
[Fe(PCP°-¢Bu)(CO),] (5¢) 1947, 1876 1.8(1)
[Fe(PCPN™-iPr)(CO),] 1937, 1866 1.8(1)
[Fe(“PNP)(CO),]** 1945, 1877 2.0(2)

Table 2 Overview of the simulated anisotropic g values and hyperfine
coupling constants of complexes 5a—c

Hyperfine

coupling

constants A(*'P)

g values [G]

Compound x g g Ay A, A,
[Fe(PCPCHZ-iPr)(CO)Z] (5a) 2.075 2.045 2.005 14.0 15.4 16.7
[Fe(PCP*"-¢Bu)(CO),] (5b) 2.051 2.027 2.010 45.0 39.3 48.5
[Fe(PCPO—tBu)(CO)Z] (5¢) 2.044 2.034 1.991 203 22.5 14.5

Paper

metal d orbitals, xz, yz and xy are involved in filled molecular
orbitals, HOMO-1, HOMO-2 and HOMO-3, respectively. In
terms of bonding, the main difference is the donating capa-
bility of the PCP ligand. The one with NEt linkers is a stronger
donor than the one with CH, linkers. This results in an elec-
tron richer metal (C(Fe) = —0.19) in the first case (C(Fe) =
—0.12 for the molecule with PCP®">-¢Bu). Accordingly, in the
PCPYF.-iPr complex the PCP ligand is more positive than the
PCP“"2¢Bu ligand in the correspondent molecule (C = 0.24
and 0.17, respectively).”

Finally, single crystals of complexes 5b and 5c¢ could be
grown by cooling saturated solutions in n-pentane to —20 °C.
Molecular views are presented in Fig. 6 and 7 with selected
bond distances and angles reported in the captions. Both com-

Fig. 6 Crystal structure of [Fe(PCP<M2-tBu)(CO),| (5b) with 50% thermal
ellipsoids (H atoms omitted for clarity). Selected bond lengths (A) and
bond angles (°): Fel-C1 2.019(1), Fel-P1 2.2647(4), Fel-P2 2.2621(4),
Fel-C25 1.781(1), Fel-C26 1.785(1), C25-Fel-C26 99.64(5), C1-Fel-
C25 174.01(5,), P1-Fel-P2 153.24(1).

Fig. 5 (left) Frontier orbitals (d-splitting) and (right) spin density of [Fe(PCP<"2-tBu)(CO),] (5b). Orbital energy values in Hartrees (italic).

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Crystal structure of [Fe(PCP®-tBu)(CO),l (5¢) with 50% thermal
ellipsoids (H atoms omitted for clarity). Selected bond lengths (A) and
bond angles (°): Fe1-C1 1.990(4), Fe1-P1 2.238(1), Fe1l-P2 2.236(1), Fel—
C24 1.781(4), Fel-C23 1.795(5), C23-Fel-C24 92.7(2), Cl1-Fel-C23
160.3(2). P1-Fel-P2 155.46(5).

pounds show a slightly distorted square pyramidal coordi-
nation geometry with geometry indices of z5; = 0.35 for 5b and
75 = 0.08 for 5¢, respectively. The C,,;—Fe bond lengths are
2.019(1) A (5b) and 1.990(4) (5¢), respectively.

Conclusion

We describe here the syntheses of various manganese and iron
PCP pincer complexes via a solvothermal oxidative addition
methodology. The PCP pincer ligands consist of a benzene
backbone onto which phosphine donors are attached via CH,
or O linkers. Upon reacting [Mn,(CO),,] with the ligands (P(C-
Br)P“"=-iPr) (1a) and (P(C-Br)P°-iPr) (1b), Mn(1) PCP pincer
complexes [Mn(PCP“">-iPr)(CO);] (2a) and [Mn(PCP®-iPr)(CO);]
(2b) were obtained. This reaction involves a one electron oxi-
dation of the precursor. Protonation of [Mn(PCP“"=iPr)(CO);]
(2a) with HBF,-Et,0 led to the formation of [Mn(x*P,CH,P-P
(CH)P“™-iPr)(CO);]BF, (3) featuring an n*C,y—H agostic
bond. The more bulky ligands (P(C-Br)P“"¢Bu) (1¢) and
(P(C-Br)P°-tBu) (1d) did not show any reactivity towards
[Mn,(CO)4,].

The solvothermal reaction of (P(C-Br)P°"=iPr) (1a) with
[Fe,(CO)o] afforded the Fe(n) PCP pincer complex [Fe(PCP<>-
iPr)(CO),Br] (4). Treatment of [Fe(PCP“™-iPr)(CO),Br] (4) with
Li[HBEt;] afforded the Fe(1) complex [Fe(PCP®-iPr)(CO),] (4a).
When using the sterically more demanding ligands (P(C-Br)
P°™-¢Bu) (1¢) and (P(C-Br)P°-tBu)(1d) striking differences in
reactivity were observed. The reaction of [Fe,(CO)o] or [Fe(CO)s]
led to the formation of the Fe(i) complexes [Fe(PCP“">-¢tBu)
(CO),] (5b) and [Fe(PCP°-tBu)(CO),] (5¢) rather than complexes
of the type [Fe(PCP"-¢Bu)(CO),Br].

In sum, the stability of PCP pincer complexes as a function
of the linkers follows in general the order NEt (described pre-
viously) > CH, > O. In particular PCP systems with oxygen
linkers appear to be susceptible to hydrolysis resulting in P-O
cleavage and decomposition.

13920 | Dalton Trans., 2021, 50, 13915-13924
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Experimental section
General information

All reactions were performed under an inert atmosphere of
argon by using Schlenk techniques or in a MBraun inert-gas
glovebox. The solvents were purified according to standard
procedures.”® The deuterated solvents were purchased from
Aldrich and dried over 3 A molecular sieves. The ligand precur-
sors P(C-Br)P“"=-iPr (1a),° P(C-Br)P°-iPr'° (1b), P(C-Br)P°-tBu
(1¢)"* were prepared according to the literature. "H and '*C
{'H}, and *'P{'H} NMR spectra were recorded on Bruker
AVANCE-250, AVANCE-400, and AVANCE-600 spectrometers. H
and "C{'H} NMR spectra were referenced internally to
residual protio-solvent, and solvent resonances, respectively,
and are reported relative to tetramethylsilane (§ = 0 ppm). *'P
{'"H} NMR spectra were referenced externally to HzPO, (85%)
(6 =0 ppm).

High resolution-accurate mass data mass spectra were
recorded on a hybrid Maxis Qq-a0oTOF mass spectrometer
(Bruker Daltonics, Bremen, Germany) fitted with an ESI-
source. Measured accurate mass data of the [M]" ions for con-
firming calculated elemental compositions were typically
within +5 ppm accuracy. The mass calibration was done with a
commercial mixture of perfluorinated trialkyl-triazines (ES
Tuning Mix, Agilent Technologies, Santa Clara, CA, USA).

CW-EPR spectroscopic measurements were performed on
an X-band Bruker Elexsys-II E500 EPR spectrometer (Bruker
Biospin GmbH, Rheinstetten, Germany) in solution at 293 K. A
high sensitivity cavity (SHQE1119) was used for measurements
setting the microwave frequency to 9.86 GHz, the modulation
frequency to 100 kHz, the center field to 6000 G, the sweep
width to 12000 G, the sweep time to 30.0 s, the modulation
amplitude to 6 G, the microwave power to 15.9 mW, the con-
version time to 7.33 ms and the resolution to 4096 points. The
spectra were analyzed using the Bruker Xepr software.

(2-Bromo-1,3-phenylene)bis(methylene)bis(di-¢-butylpho-
sphane) (P(C-Br)P°">-tBu) (1d). A solution of the borane di-
tert-butylphosphine complex (0.98 g, 6.15 mmol) and 2-bromo-
1,3-bis(bromomethyl)benzene (1.06 g, 3.10 mmol) in acetone
(6 mL) was heated in a sealed microwave glass tube at 80 °C
for 18 h. After cooling to room temperature, the solvent was
removed under reduced pressure and the formed diphospho-
nium salt was washed three times with diethyl ether (10 mL).
The solid was then dissolved in 30 mL of CH3;0H and 8.5 mL
of NEt; (61 mmol, 10 equiv.) was added and the solution was
stirred for 1 h at 25 °C. After removal of the solvent under
reduced pressure, a yellowish residue was obtained which was
extracted four times with n-pentane (10 mL). The combined
extracts were filtered over silica gel and after evaporation of the
solvent the product was obtained as colorless solid. Yield:
950 mg (65%). "H NMR (250 MHz, C¢Ds, 8, 20 °C): 7.68 (d, J =
7.55 Hz, 2 H, CH"®), 7.03 (t, /] = 7.58 Hz,1 H, CH’), 3.10 (d,
Jup = 2.68 Hz, 4H -CH,P-), 1.10 (d, J = 10.72 Hz, 36 H, -PC
(CH3)3). >C{"H} NMR (63 MHz, &, C¢D, 20 °C) 142.0 (d, Jcp =
12.77 Hz, C*?), 130.1 (dd, Jcp = 19.01 Hz, Jcp = 2.07 Hz, C*°),
126.6 (s, C°), 32.1 (d, Jep = 24.2 Hz, -PC(CHj,),), 29.9 (d, Jep =
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13.8 Hz, -PC(CHz),), 29.7 (d, Jcp = 24.5 Hz, -CH,P-). Ipso C not
detected. *'P{"H} NMR (101 MHz, §, C¢Dq, 20 °C) 33.6. HRMS
(ESI', CH3;CN/MeOH + 1% H,0): m/z caled for C,4HyuBrP,
[M + H]" 473.2096 found 473.2087. Anal. calcd for C,,Hy3BrP,:
C, 60.88; H, 9.15. Found: C, 60.65; H, 9.21.

[Mn(PCPM=-iPr)(CO);] (2a). A solution of [Mn,(CO),]
(46.8 mg, 0.12 mmol) and 2 equiv. of P(C-Br)P°™iPr (1a)
(100 mg, 0.24 mmol) in CH;CN (5 mL) in a 20 mL sealed glass
tube were stirred for 16 h at 150 °C yielding a clear orange
solution. After evaporation of the solvent the orange product
was purified by column chromatography (n-hexane:EtOAc
10:3) and the off-white residue was recrystallized from a solu-
tion of n-hexane:EtOAc (10:1) at —30 °C to yield off-white
crystals of 2a suitable for X-ray diffraction. Yield: 35 mg (31%).
"H NMR (400 MHz, CD,Cl,, 6, 20 °C): 6.99 (d, J = 7.39 Hz, 2H,
CH"®), 6.80 (t, ] = 7.43 Hz,1H, CH"), 3.36 (d, J = 7.33 Hz, 4H,
CH,P), 2.37 (m, 4H, -PCH(CH,),), 1.28 (dd, J = 13.32 Hz, J =
7.04 Hz,12H, -PCH(CHj3),), 1.22 (dd, 12H, J = 13.27 Hz, J = 7.18
Hz, -PCH(CH;),). "C{'"H} NMR (101 MHz, §, CD,Cl,, 20 °C)
226.7 (br, CO), 223.7 (t, ] = 23.2 Hz, CO), 173.0 (t, ] = 8.2 Hz, C-
Mn), 148.8 (t, ] = 9.1 Hz, C"%), 123.7 (s, C°), 121.9 (t, ] = 6.8 Hz,
C*%), 41.2 (t, ] = 10.0 Hz, CH,P), 41.0 (t, J = 10.0 Hz, CH,P) 28.2
(m, PCH(CH3),), 26.8 (vt, PCH(CH3;),), 19.4 (d, J = 18.1 Hz, PCH
(CH3),). *'P{'"H} NMR (162 MHz, §, CD,Cl,, 20 °C) 100.3. IR
(ATR, vco, cm™t) 1985, 1892, 1873. HRMS (ESI", CH;CN/MeOH
+ 1% H,0): m/z caled for Cy3Hz0;MnP, [M + H]' 477.1515
found 477.1516. Anal. caled for C,3H350;MnP,: C, 57.98; H,
7.40. Found: C, 58.15; H, 7.49.

[Mn(PCP®-iPr)(CO);] (2b). This complex was prepared in
analogous fashion to 2a with 1b (100 mg, 0.24 mmol) and
[Mn,(CO)40] (46.4 mg, 0.12 mmol) as starting materials. Upon
cooling colorless crystals precipitated from the reaction vial.
The crystals were washed twice with one mL of cold CH;CN
and dried under vacuum affording the complex as colorless
plates. Yield: 45 mg (39%). "H NMR (400 MHz, CD,Cl,, 20 °C):
5 =6.85 (t,J = 7.8 Hz, 1H, C,,H), 6.54 (d, J = 7.8 Hz, 2H, C,.H),
2.73 (m, 4H, PCH(CH,),), 1.37 (dd, J = 15.3, J = 7.0 Hz 12H,
PCH(CH,;),), 1.29 (dd, J = 16.0, J = 7.4 Hz 12H, PCH(CHj3),)
ppm; “C{'H} NMR (101 MHz, CD,Cl,, 20 °C): § = 222.1 (br,
CO), 220.1 (t, CO), 165.1 (t, J = 8.6 Hz, C,,C), 135.6 (t, J = 14.3
Hz C-Mn), 126.5 (C4H), 105.5 (t, J = 5.1 Hz, C,H), 32.3 (t, ] =
11.0 Hz, PCH(CH3;),), 17.7 (d, J = 18.0 Hz, PCH(CHj,),) ppm; *'P
{'H} NMR (162 MHz, CD,Cl,, 20 °C): § = 220.9 ppm; IR (ATR,
Veo): = 2010, 1921, 1904 cm™; HRMS (ESIY, CH;CN/MeOH +
1% H,0): m/z caled for C,,H3,05NaMnP, ([M + Na]') 503.0919,
found 503.0916. Anal. caled for C,;H3;0sMnP,: C, 52.51; H,
6.50. Found: C, 52.41; H, 6.42.

[Mn((x*P,CH,P-P(CH)P“"">-iPr)(CO);]BF; (3). To a solution of
[Mn(PCP°™-iPr)(CO);] (2a) (7 mg, 14.7 pmol) in CH,CI,
(2 mL), HBF,-Et,0 (2.5 pL, 17.6 pmol, 1.2 eq.) was added and
stirred for 10 min. The solvent was evaporated under reduced
pressure and an orange-red solid was obtained which was
washed three times with n-pentane (1 mL). To remove the
excess of HBF,-Et,0, the residue was dissolved in CH,CI,
(2 mL) and precipitated upon addition of n-pentane (4 mL)
yielding 3 as an orange-red solid. Yield: 6 mg (86%). Crystals
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suitable for X-ray diffraction were obtained by slow evaporation
of a concentrated solution of 3 in CH,Cl,. "H NMR (600 MHz,
CD,Cl,, 8, 20 °C): 7.70 (t, J = 7.62 Hz, 1H, CH’), 7.09 (dd, J =
7.30 Hz, J = 2.30 Hz, 2H, CH"®), 4.05 (s, 1H, CHipso), 3.55 (m,
2H, -CH,P-), 3.08 (m, 2H, -CH,P-), 2.86 (sep, J = 7.16 Hz 2H,
-PCH(CH,),), 2.47 (sep, J = 7.42 Hz 2H, ~-PCH(CHj3),), 1.46 (m,
6H, -PCH(CH,),), 1.35 (m, 18H, -PCH(CHs),). "*C{'"H} NMR
(151 MHz, 8, CD,Cl,, 20 °C) 226.0 (br, CO), 216.7 (m, CO),
155.6 (s, C%), 137.5 (vt, C°), 126.7 (vt, J = 5.7 Hz, C*°), 84.3 (¢,
J = 6.63 Hz, ipso C), 33.4 (m, ~-CH,P-), 29.5 (m, ~PCH(CH3),)
26.6 (m, -PCH(CH,3),), 19.0 (m, PCH(CH,),). *'P{'H} NMR
(243 MHz, §, CD,Cl,, 20 °C) 53.4 (s). IR (ATR, vco, cm™") 2043,
1958, 1911. HRMS (ESI', CH;CN/MeOH + 1% H,0): m/z caled
for C,3H3;;0;MnP, [M — HBF,]" 476.1436 found 476.1436.
Anal. calcd for C,3H;6BF,OsMnP,: C, 48.96; H, 6.43. Found: C,
48.82; H, 6.50.

[Fe(PCP™>-iPr)(CO),(Br)] (4). A suspension of [Fe,(CO)o]
(44 mg, 0.12 mmol) and 2 equiv. of 1a (100 mg, 0.24 mmol) in
toluene (5 mL) in a 20 mL sealed glass tube was stirred for
16 h at 140 °C yielding a clear yellow solution. After evapor-
ation of the solvent 4 was obtained as an orange solid which
was washed twice with 2 mL of n-pentane. Yield: 73 mg (58%).
Crystals suitable for X-ray diffraction were obtained by slow
diffusion of n-pentane in a concentrated solution of 4 in THF.
'H NMR (600 MHz, C¢Ds, 8, 20 °C): 7.08 (m, 3H, CH*>°), 3.58
(dt, J = 15.6 Hz, J = 4.6 Hz, 2H, -CH,P-), 3.19 (dt, J = 15.7 Hz,
J = 3.9 Hz, 2H, -CH,P-), 3.10 (m, 2H, -PCH(CHj3),), 2.02 (m,
2H, -PCH(CHz),), 1.24 (q, J = 7.2 Hz, 6H, -PCH(CHj3;),), 1.08 (q,
J = 7.2 Hz, 6H, -PCH(CH,;),), 1.02 (m, 12H, -PCH(CHj,),). *C
{'H} NMR (151 MHz, 8, C¢D, 20 °C) 218.1 (t, J = 25.2 Hz, CO),
213.0 (t, J = 12.7 Hz, CO), 170.6 (t, 12.5 Hz, C-Fe), 148.5 (t, ] =
8.7 Hz, C'?), 125.3 (s, C°), 123.0 (t,J = 7.1 Hz, C*°), 38.7 (t, ] =
14.7 Hz, -CH,P-), 26.4 (td, J = 10.1 Hz, J = 4.8 Hz, -PCH
(CH3),), 19.4 (m, PCH(CH3),). *"P{'"H} NMR (243 MHz, §, C¢Ds,
20 °C) 88.4 (s). IR (ATR, vco, cm™') 1993, 1938, HRMS (ESI',
CH;CN/MeOH + 1% H,0): m/z caled for CyH350,FeP,
[M — Br]" 449.1456 found 449.1456. Anal. caled for
C,,H;50,BrFeP,: C, 49.93; H, 6.67. Found: C, 50.04; H, 6.72.

[Fe(PCP™=-iPr)(CO),] (5a). A solution of [Fe(k’P,C,P-PCP™™")
(CO),Br] (4) (50 mg, 0.094 mmol) in THF (3 mL) was reacted
with Li[HBEt;] (60 pL, 1.7 M solution in hexanes, 0.102 mmol)
at room temperature. The color of the solution changed
immediately from orange to green. After stirring of the solu-
tion for 1 h, the solvent was removed under vacuum. The
residue was extracted with n-pentane (2 mL) and filtered over a
syringe filter (polytetrafluoroethylene 0.2 um). After removal of
the solvent under vacuum, 5a was obtained as green solid.
Yield: 36 mg (80%). Crystals suitable for X-ray diffraction were
obtained by cooling a saturated solution of 5a in n-pentane to
—20 °C. pegr = 1.7(8)up (Evans method, benzene). IR (ATR, vgo,
em™) 1933, 1868. HRMS (ESI', CH;CN/MeOH + 1% H,0): m/z
caled for C,,H;350,FeP, [M]" 449.1456 found 449.1465.

[Fe(PCP®™>-¢Bu)(CO),] (5b). A suspension of [Fe,(CO)o]
(38.4 mg, 0.11 mmol) and 2 equiv. of 1d (100 mg, 0.22 mmol)
in toluene (5 mL) were placed in a 20 mL sealed glass tube and
stirred for 14 h at 120 °C yielding a green solution together
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with a brown precipitate. After decantation, the solvent was
evaporated in vacuo and the green residue was re-dissolved in
n-pentane (2 mL) and filtered over a syringe filter
(polytetrafluoroethylene 0.2 pm). Cooling of the n-pentane
solution to —20 °C for 48 h afforded green crystals of 5b suit-
able for X-ray diffraction. Yield: 45 mg (42%). piesr = 1.8(3)us
(Evans method, benzene). IR (ATR, vco, cm™') 1931, 1865.
HRMS (ESI', CH;CN/MeOH + 1% H,0): m/z caled for
C6H430,B1P, [M]" 505.2082 found 505.2075.

[Fe(PCP°-tBu)(CO),] (5¢). A solution of [Fe(CO)s] (22 mg,
0.11 mmol) and 1c¢ (56 mg, 0.12 mmol) in toluene (3 mL) was
placed in a 8 mL sealed-glass tube and stirred at 180 °C for
24 h. All volatiles were removed under reduced pressure. The
product was extracted with n-pentane (2 mL) and after removal
of the solvent under vacuum, 5¢ was obtained as green solid.
Crystals suitable of X-ray diffraction measurement were
obtained by cooling a saturated solution of 5c in n-pentane to
—20 °C. Yield: 28 mg (47%). perr = 1.8(1) (Evans method,
benzene). IR (ATR, vco, cm '): 1947, 1876. HRMS (ESI',
CH;CN/MeOH + 1% H,0): m/z caled for C,3H3qFeO;P,
[M — COJ" 481.1724 found 481.1713.

X-ray structure determination

X-ray diffraction data of 2a, 3, 4, 5b and 5c (CCDC
2097016-20970207) were collected at 7= 100 K in a dry stream
of nitrogen on a Bruker Kappa APEX II diffractometer system
using graphite-monochromatized Mo-Koa radiation (4 =
0.71073 A) and fine sliced ¢- and w-scans. Data were reduced
to intensity values with SAINT and an absorption correction
was applied with the multi-scan approach implemented in
SADABS.>' The structure was solved by the dual-space
approach implemented in SHELXT?? and refined against F
with SHELXL.*® Non-hydrogen atoms were refined with aniso-
tropic displacement parameters. Generally, the H atoms were
placed in calculated positions and thereafter refined as riding
on the parent C atoms. The agostic H atom in 3 was located
from difference Fourier maps and refined freely. The BF,~ unit
was modelled as positionally disordered about two positions
with a 91.9:8.1(16) ratio. 5c crystallizes as a five-fold super-
structure with very weak superstructure reflections and ten
independent molecules in the asymmetric unit (Z' = 10).
Residual difference electron density hints towards polytypism:
Four Fe atoms were modelled as positionally disordered,
which is probably due to an alternative orientation of a distinct
layer parallel to (001). Molecular graphics were generated with
the program MERCURY.**

Computational details

The computational results presented have been achieved in
part using the Vienna Scientific Cluster (VSC). Calculations
were performed using the caussian 09 software package® and
the B3LYP functional, without symmetry constraints. That
functional includes a mixture of Hartree-Fock®® exchange with
DFT* exchange-correlation, given by Becke’s three parameter
functional®® with the Lee, Yang and Parr correlation func-
tional, which includes both local and non-local terms.*®*° The
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basis set used consisted of the Stuttgart/Dresden ECP (SDD)
basis set! to describe the electrons of Mn and Fe, and a stan-
dard 6-31G(d,p) basis set®® for all other atoms. The frontier
orbitals of complex 5b result from a single point restricted
open shell calculation. A Natural Population Analysis (NPA)*?
and the resulting Wiberg indices** were used to study the elec-
tronic structure and bonding of the optimized species. The
NPA analysis was performed with the NBO 5.0 program,*® and
the three-dimensional representations of the orbitals were
obtained with Molekel.*®
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