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Tri- and Tetra-Substituted Derivatives of [Fe,(CO)4(u-
dithiolate)] as Novel Dinuclear Platforms Related to the H-
Cluster of [FeFe]H,ases

Francesca Realini,”’ Catherine Elleouet,*™ Francois Y. Pétillon,” and

Philippe Schollhammer*®?

Dedicated to Professor Rinaldo Poli on the occasion of his 65th birthday

Novel carbonyl dithiolato diiron complexes [Fe,(CO). L, (-
dithiolate)] (x=3, 4), related to the active site of [FeFe]-
hydrogenases, have been synthesized by photolysis of hexacar-
bonyl species [Fe,(CO)¢(u-dithiolate)] (dithiolate ={S,(CH,)s}
(pdt), {SCH,L,NR with R='Pr (adt™) or Bn (adt®). The new
compounds were characterized by structural and spectroscopic

Introduction

The active site of [FeFe] hydrogenases, the H-cluster, is an
outstanding example of a natural chemical engineering device
that associates bimetallic and metal-ligand cooperativities
through the presence of redox and proton relay for controlling
its activity at the molecular level."” It can be considered as a
highly sophisticated archetype for bimetallic activation. During
the last decades, the chemistry of synthetic diiron species have
been developed in order to reproduce the bidirectional
behaviour of this enzyme towards H*/H, conversion, and to
demonstrate that diiron systems could be inserted in applica-
tive device for the production of H,B™ Several works still
continue to contribute to solve the question of the redox/
protonated stages of catalytically active intermediates involved
into the intricated mechanism of functioning of the H-
cluster.®™™® The questions of controlling proton and electron
circulation as well as how generating specific redox/protic
conformations affording a free coordination site and active
hydride species at bimetallic moieties are at the heart of several
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methods. Variable-temperature (VT) NMR experiments revealed
their fluxionality in solution depending on terminal ligands
exchanges and dithiolate bridge motions. Preliminary results on
their protonation giving hydride species and their electro-
chemical properties are reported.

studies and remain opened for chemists. Interestingly, Zampella
et coll. examined recently, by density functional theory, the
possibility to obtain with polysubstituted diiron complexes
[Fe,(CO),L,(u-dithiolate)] bridging hydride species more reactive
than their kinetic terminal hydride isomers while the opposite is
thermodynamically expected and generally observed.” The
behaviours of these diiron models depend a lot on fine
electronic/steric combinations of the dithiolate bridge and
terminal ligands.>'” The replacement of CO ligands by various
better donating ligands in hexacarbonyl diiron Fe(l)Fe(l)
precursors [Fe,(CO)¢(u-dithiolate)] is a straight way for modify-
ing the electronic/steric properties of the diiron core but such a
strategy mainly depends on the reactional conditions (thermol-
ysis, photolysis, use of reagent (Me;NO)) which induces the
replacement of one or more carbonyl groups. It is worth noting
that the chemistry of substituted diiron species [Fe,(CO).L,(u-
dithiolate)] with x >3 has been not extensively studied by using
different monodentate or polydentate ligands compared to that
of mono and disubstituted derivatives (x=1, 2) despite the fact
that important insights have been obtained with bis-chelate
derivatives.”! For these reasons, we have started to prepare a
series of tri- and tetra-substituted derivatives [Fe,(CO)4,L, (1~
dithiolate)] with x>3. We report in this short communication
our preliminary results on the preparation, characterization, and
behaviour of novel relatively stable tri- and tetra-substituted
diiron species obtained by using the monodentate phosphite
P(OMe),.

Results and Discussion

The formation of mono- and di-substituted diiron dithiolate
complexes [Fe,(CO)q. L (u-dithiolate)] (x=1, 2) have been re-
ported with the monodentate phosphite P(OMe); (L)."" To the
best of our knowledge the related tri- and tetra-substituted
derivatives are unknown until now. Only the photolysis of a bis-

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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thiolate complex, [Fe,(CO)4(u-S-Bu),], affording a compound
presumed to be [Fe,(CO);{P(OMe)s};(u-S-Bu),], was reported™'?
and a handful of tetra-substituted compounds containing PMe;
have been described in literature."” Photolytic route was used
for preparing the series of tri- and tetra-substituted diiron
dithiolato complexes from tetrahydrofuran solutions of hexacar-
bonyl diiron precursors [Fe,(CO)¢(u-xdt)] (xdt=pdt (1a), adt ™
(1b), and adt® (1¢)) in the presence of an excess of P(OMe),
(Scheme 1). Thermolysis of 1a-c affords only mono and
disubstituted species. The substituted derivatives were sepa-

(MeO) P S..S P(OMe);
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C/Fe Fe
¢ & POMo)s
((X (0) [e)
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Scheme 1. Syntheses of tri-and tetra-substituted diiron dithiolate com-
pounds.
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Scheme 2. Fluxional process operative in tri- and tetra-substituted deriva-
tives (OMe substituents are omitted for clarity; a=apical, b=basal).

rated and purified by chromatography on a silica gel column,
and characterized by spectroscopic methods (IR, NMR), and/or
X-ray diffraction methods. All the complexes were obtained in
low or moderate yields after purification. Complexes 2c¢ and
3a-b crystallized by slow evaporation of n-pentane solutions
either at room temperature (3a) or at lower temperature (3b,
2c). Their molecular structures were determined by X-ray
analysis (Table S1 for crystallographic data and refinement
parameters). The molecular structures of the tetra-substituted
complexes 3a-b are very similar, presenting the phosphite
ligands in a transoid basal-apical arrangement at each iron
atom (Figure 1). In the tri-substituted derivative 2 c one P(OMe),
ligand is coordinated at one iron atom in apical position and
the two others at the second iron centre in basal-apical
disposition. In these dinuclear Fe'Fe' complexes, the iron atoms
have a square-pyramidal geometry, as confirmed by the values
of the P—Fe-P, P—Fe-CO, P—Fe-S, S—Fe-S, and S—Fe-CO angles
(Table 1). The crystallographic analysis indicates that 3a-b have
similar structures than those of the related phosphine tetra-
substituted compounds [Fe,(CO),(PMe;),(u-xdt)] (xdt= pdt, edt)

Table 1. Selected distances and bond angles of complexes 2¢, 3a-b. (edt={S,(CH,),)."*? The benzyl group in 2c is in equatorial
2¢ 3a 3b position relatively to the six members metallacycle FeS,CN. It is
- worthy to note that increasing the number of substitutions of
Length [A] Fel-Fe2 2.5584(3) 25920(4) 2.6046(3) CO ligands by better donor ones, such as P(OMe),, results
Fe1-P1 2.1516(5) 2.1409(5) 2.1501(5) . . . Lo
Fel-p2 2.1599(5) 2.1558(6) 2.1566(5) clearly in a concomitant lengthening of the iron-iron bond
Fe2-P3 2.1673(5) 2.1453(5) 2.1547(5) distance in these complexes. For example, the Fe—Fe length of
Fe2-P4 2.1630(6) 2.1628(5) 2.5089(4) A in the di-substituted compound [Fe,(CO),{P-
Angles [] P1-Ee1-P2 99.61(2) 101.08(2) 100.90(2) (OME)3}2(H'pdt)]mc] increases up to 2.5584(3) A in the tri-
P3-Fe2-P4 98.66(2) 96.11(2) substituted derivative 2¢, and ~2.60 A in the tetra-substituted
PISFETSSI 106.09(2) 99.14(2) 101.53(2) complexes 3a-b. Such a feature has been attributed to higher
P2-Fe1-S1 154.30(2) 159.73(2) 157.53(2) ) T -
P4-Fe2-52 157.58(2) 158.74(2) partial occupancy of the LUMO, which is known to be anti-
P3-Fe2-C2 96.73(6) bonding with regard to the Fe—Fe bond.'” The iron-iron lengths
Eii:g? ?2'12;(77()7) in these three compounds (2c and 3a-b) accord with a Fe—Fe
S1-FeS2,, 84.04 83.92 83.05 single bond of a complex having a 18 electron counting rule.
Table 2. IR (CH,Cl,; cm™") of complexes 1-3.
Compounds v (CO) V (CO)verage AV (CO)stypment
[Fe,(CO)s(u-pdt)] (1a)™ 2073(s), 2033(s), 1998(s), 1988(s) 2023 -
[Fe,(CO)5{P(OMe);};(u-pdt)] (2a) 1979(s), 1925(s), 1907 (sh) 1937 86
[Fe,(CO),{P(OMe);},(-pdt)] (3a) 1918(s), 1895 (s) 1907 116
Fe,(CO)s(u-adt™] (1 b)!™ 2072(m), 2035(s), 1995(s) 2034 -
[Fe,(CO);{P(OMe);};(u-adt=™)] (2 b) 1976(m), 1922(s), 1907(sh) 1935 99
[Fe,(CO),{P(OMe)s},(p-adt"™)] (3 b) 1915(s), 1893 (s) 1904 130
[Fe,(CO)g(p-adt®™)] (1¢)""® 2073(m), 2035(s), 1997(s) 2035 -
[Fe,(CO),{P(OMe);};(u-adt®™)] (2c) 1976(s), 1922(s), 1907 (sh) 1935 100
[Fe,(CO),{P(OMe)5},(u-adt®™ (3 c) 1915(s), 1893 (s) 1904 131
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Figure 1. Ortep view (ellipsoids at 30% of probability level) of 2¢, 3a-b.

The IR spectra display typical patterns of two bands in the
carbonyl region for the tetra-substituted compounds,’* and of
three bands for the related tri-substituted ones. A shift of the
»(CO) bands towards lower wavenumbers compared to those of
the parent complex is consistent with a better electron-donor
character of the phosphite ligand than that of the carbonyl
(Table 2). As expected, the ¥(CO) patterns of the tri-substituted
compounds 2a-c are similar, which is consistent with a similar
molecular structure in solution. Likewise, IR observations in the
carbonyl region for 3a-c suggest a similar geometry for these
tetra-substituted complexes.

'"H NMR spectra of tri- and tetra-substituted complexes,
recorded in CDCl; at 25°C, display the expected set of
resonances for the various group, P(OMe); and dithiolate
(Experimental part). Their *'P-{"H} NMR spectra show broad
signals, ca 170-190 ppm, for the phosphite ligands, that is
typical of operative fluxional behaviours of such compounds in
solution.”? For this reason, variable temperature *'P-{'H} NMR

Eur. J. Inorg. Chem. 2022, 202200133 (3 of 7)
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(CD,Cl,) experiments were performed and revealed the temper-
ature dependence of the line shapes of these complexes when
the temperature decreases. Observations made with complexes
2b and 3 b exemplify nicely general behaviours of tri- and tetra-
substituted species in this series (Figures S1, S2) that are in
agreement with previous reports.?®>'2<'1 \When the temper-
ature decreases, the broad signal observed at 25°C for 3 b splits
into two large resonances at ca 0°C (Figure S1a). Then, each of
these resonances splits again independently into two signals, at
different coalescence temperatures (ca —55°C and —85°C). At
—90°C four resonances are detected. These observations are
compatible with the fluxionality expected for a transoid basal-
apical isomer. When temperature decreases, the higher energy
process related to the exchange of phosphorus atoms in basal-
apical position is frozen (Scheme 2a). Then at lower temper-
ature, the slow-down of the “wiper” motion of the bridge (non-
rigidity of the metallacycle {FeS,C;}) allows to differentiate each
phosphite ligand. It is worth noting that in the case of 3a, only

© 2022 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 2. Cyclic voltammetry of [Fe,(CO)q.(P(OMe),),(u-pdt)] (a) (x=3, (2a) (1.26 mM); (b) (x=4) (3a) (1.23 mM) in CH,Cl,-[NBu,][PFs] 0.2 M under Ar at

0.2Vs™.

two peaks are observed at —90°C, showing thus the higher
flexibility of pdt bridge compared to that of the azadithiolate
(Figure S1b). Tri-substituted derivatives, such as 2b, were
characterized in their *'P-{"H} NMR spectra, recorded at 25°C in
CD.Cl,, by a singlet, at ca 180 ppm, assigned to the P(OMe),
coordinated at the monosubstituted iron centre (Figure S2).
This signal overlaps a wide resonance attributed to the two
other P(OMe);. When the temperature decreases this last signal
splits into two peaks suggesting that the basal-apical exchange
between phosphite is stopped (Scheme 2b). Observations of
additional weak peaks at —80°C could be due to isomers with a
different orientation of the bridge-head group of the dithiolate
or a apical—basal motion of the P(OMe); borne by the
monosubstituted iron atom (Scheme 2¢).l"®

Preliminary investigations of the protonation of 2a and 3a
were performed. 2a and 3a were reacted in CH,Cl, with HBF,.
IR monitoring in the »(CO) region, show the appearance of two
strong bands at 2050 and 1994 cm™' and one intense band at
1978 cm™' for 2a and 3a, respectively (Figure S3). These wave-
number shifts suggest a protonation at the diiron site."””’ The
formation of hydride species was confirmed by observation in
'H NMR spectra of multiplets between —13 and —17 ppm,
showing also that isomerization processes are operative upon
protonation.

The electrochemical properties of complexes [Fe,(CO)q.,(P-
(OMe),)(u-pdt)] (x=3) (2a) and (x=4) (3a) were preliminary
examined in CH,Cl,-[NBu,][PF¢] 0.2 M by cyclic voltammetry (CV)
under inert atmosphere (argon) on a vitreous carbon electrode.
Potentials are given versus the couple (Fc'/Fc). The cyclic
voltammograms show that 2a has a reversible monoelectronic
oxidation at £,,”"'=—0.22 V, with a ratio (i,* *'/i;* °*") close to 1
(Figure 2a, Figure S4). A second oxidation at E,>*=0.47V,
assigned to the oxidation of the cation since the ratio ip®?/ ip®™'
is constant whatever the scan rate, is irreversible which
suggests that an EC process is operative. The cation 2a%* is,
apparently, regenerated in this process since the intensity of
the cathodic peak of the first oxidation is similar to that
obtained when the scan is immediately reversed after the first
oxidation. The substitution of a fourth CO by P(OMe), shifts, as

Eur. J. Inorg. Chem. 2022, €202200133 (4 of 7)

expected, potentials of 3a at more negative (or less positive)
potentials than those observed for 2a: E,,”'=—0.57 V, E,"%=
0.19V (Figure 2b). The i,>%/i,™' ratio is constant at different
scan rates indicating that the second irreversible oxidation
corresponds to that of the cation and, as for 2a, it occurs
according to an EC mechanism causing the regeneration of the
monocation 3a* detected on the reverse scan.

Upon successive additions of MeCN to the solution of 2a,
the increase of ip°“ with a shift of the oxidation potential, the
loss of reversibility and the appearance of a new peak on the
reverse scan suggest the formation of an adduct that oxidizes
at a less positive potential than 2a (Figure 3). The scan rate
dependence of the current function determined in the presence
of ca 1000 equivalents of acetonitrile confirms an ECE process.
This is consistent with the fact that in MeCN, the oxidation of
2a involves two electrons, which is determined by comparison
of the current functions of 2a with that of the complex
[Fe,(CO)4(1*lye-CHylye) (u-pdt)] (Iye=1-methylimidazol-2-
ylidene) which has a one-electron oxidation," (Figure S5). It is
worth noting that the chemical reaction C (formation of MeCN
coordinated species) is fast since two electrons are still involved
at high scan rates.

40 eq MeCN
—0
30 — 100
—— 150
204 — 300
1002
‘5 10

under Ar
v=02Vs'

T T T T T T T T T T T T
-12 -1.0 08 -06 -0.4 -02 00 0.2 04

EIV

Figure 3. Cyclic voltammetry of [Fe,(CO);(P(OMe)s);(u-pdt)] (2a) (1.29 mM) in
the presence of MeCN in CH,Cl,-[NBu,J[PF¢] 0.2 M under Ar at 0.2 Vs,
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Upon addition of methanesulfonic acid, the oxidation peak
of 2a and 3a decreases while a reduction peak appears at
—1.64V and —1.89 V with a shoulder at —1.81 V in the CV of 2a
and 3a, respectively, and are thus assigned to cationic hydride
species (Figures S6-S8). IR spectra of the resulting solutions
were similar to those obtained upon protonation of 2a and 3a
with HBF, in CH,CI, (Figure S3). In the case of 3a, no catalysis is
observed at this reduction potential. An increase of the current
arises only at a more negative potential, suggesting that a
catalytic event takes place in these experimental recording
conditions.

Conclusion

The results described in this preliminary study show that the
formation of relatively stable tri- and tetra-substituted deriva-
tives of [Fe,(CO)(u-dithiolate)] using P(OMe); ligand is attain-
able. Such new systems obtained with monodentate ligands, as
phosphane, remain surprisingly scarce despite the fact that they
could be useful electronically and sterically controlled platforms
for considering further reactivity at a diiron site. Preliminary
results show that such tri- and tetra-substituted derivatives can
be protonated, affording thus hydride species that could be
efficient for activating various small substrates. Furthermore,
electrochemical studies show that they can be oxidized at
accessible potentials under 0 V that should allow their oxidation
by common oxidant reagents such as ferrocenium. Moreover, in
MeCN, CV recordings suggest strongly that MeCN substrate is
incorporated into the coordination sphere of iron atoms,
showing thus the possibility to modify and to control sequen-
tially the coordination sphere around the dinuclear site for
having highly reactive species as well as the possibility to
activate small molecules through oxidative processes. Extension
of this work, by varying phosphane/dithiolate groups, and
studies in more details of proton transfer, and oxidation in the
presence of substrates, are now considered.

Experimental Section

General procedures

All the experiments were carried out under an inert atmosphere,
using Schlenk techniques for the syntheses. Solvents were deoxy-
genated and dried according to standard procedures. Literature
methods were used for the preparation of the starting materials,
[Fe,(CO)s(u-pdt)] (1a),"" [Fe,(CO)s(u-adt™] (1b)," and [Fe,(CO)(u~
adt®™)] (1¢);"® all other reagents were purchased from commercial
sources and used as received. IR spectra were recorded in CH,Cl,
solutions with a Perkin-Elmer spectrometer. NMR spectra ('H, *'P-
{'H}) were recorded either at room temperature in CDCl, or CD,Cl,
solutions with a Bruker AMX 400 or AC 300 spectrometer (‘Service
général des plateformes, Université de Bretagne Occidentale, Brest)
and were referenced to SiMe, ('H) and H;PO, ('P). VT-NMR
experiments were performed with a Bruker DRX 500 spectrometer.
Chemical analyses were made by the “Service de Microanalyse du
CNRS”, Gif/Yvette (France). Single-crystal X-ray diffraction data were
collected at 170K on an Oxford Diffraction X-Calibur-2 CCD
diffractometer, equipped with a jet cooler device and a graphite-
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monochromated Mo—Ko radiation (A=0.71073). Electrochemical
measurements were conducted using a PG-STAT 128 N Autolab
driven by the GPES software. All the electrochemical studies were
carried out in a conventional three-electrode cell under an inert
atmosphere (argon). The preparation and the purification of the
supporting electrolyte [NBu,][PFs] were as described previously.*”
The working electrode was a vitreous carbon disk of 0.3 cm in
diameter, polished with alumina prior to use. A platinum wire was
used as counter electrode. The reference electrode was an Ag|Ag™
electrode, however, all the potentials (text, tables, and figures) are
quoted against the (Fc*/Fc) couple; ferrocene was added as an
internal standard at the end of the experiments.

Synthesis of [Fe,(CO),..{P(OMe)} (u-pdt)] (x=3 (2a), 4 (3a))

To a THF (100 mL) solution of propane dithiolate hexacarbonyl
derivative [Fe,(CO)s(u-pdt)] (1a) (0.59g, 1.3 mmol), 10 equiv. of
P(OMe); (1.513 mL, 13 mmol) were added. The mixture was photo-
lyzed under nitrogen with a UV lamp, dipping in the solution, until
the starting material 1a totally disappeared (~1 hr) as monitored
by IR. After evaporation of the solvent, the residue was chromato-
graphed on a silica gel column. Light yellow and orange bands
were eluted with a dichloromethane-hexane (40:60) mixture giving,
respectively, the known mono-and di-substituted derivatives"'? in
very small quantities. A third red band collected with dichloro-
methane gave compound 2a. Removal of volatiles afforded a red
residue that was washed with n-pentane at low temperature, to get
a red powder 2a in moderate yields (27%). Elution with a
dichloromethane-THF (95:5) mixture led to a fourth dark red
fraction that gave, after evaporation, compound 3a in 16 % yield, as
a dark red powder. Crystals suitable for an X-ray analysis were
grown from a n-pentane solution of 3a, at room temperature.

2a: % Calcd. For C;5H;5Fe,0,,P5S,: C, 26.71; H, 4.90. Found: C, 27.43;
H, 471%. IR (CH,Cl; cm™): ¥ (CO) 1979(s), 1925(s), 1907(sh). 'H
NMR (CDCl;; 298°K; ppm): & 3.80 (d, *Jpy=11.4 Hz, 9H, P(OMe),),
3.73 (d, *Jpy=10.4 Hz, 18H, P(OMe);), 1.88 (m, 4H, CH,), 1.70 (m, TH,
CH,), 149 (m, 1H, CH,). 'H NMR (CD,Cl,; 298 K; ppm): & 3.76 (d,
*Joy=11.5 Hz, 9H, P(OMe),), 3.71 (d, *Jpy=10.5 Hz, 18H, P(OMe)s),
1.86 (m, 4H, CH,), 1.70 (m, TH, CH,), 1.46 (m, 1H, CH,). *'P-{"H} NMR
(CDCl;; 298 K; ppm): 0 182.6 (s, overlapping a broad signal).

3a: % Calcd. For C;,H,,Fe,0,,P,S,: C, 26.49; H, 5.45. Found: C, 27.36;
H, 4.86%. IR (CH,Cl,; cm™): ¥ (CO) 1918 (s), 1895 (s). 'H NMR (CDCls;
298 K; ppm): 0 3.73 (m, 36H, P(OMe);), 1.90 (m, 4H, CH,), 1.64 (m,
2H, CH,). *'P-{"H} NMR (CD,Cl,): 179.9 (s, br).

Synthesis of [Fe,(CO),.,{P(OMe);} (u-adt ")l(x=3 (2b), 4(3b))

In a similar way, to a solution of 0.65 g of [Fe,(CO)s(u-adt™™)] (1b)
(1.515 mmol) were added 10 equiv. of P(OMe); (1.79 mL,
~15 mmol), in 100 mL of THF. The mixture was photolyzed with a
UV lamp, dipping in solution, until compound 1b disappeared (~
1 hr). After evaporation of the solvent, the residue was purified by
chromatography on silica gel. Complexes 2b (24% yield) and 3b
(14% vyield) were separated from minor side-products by elution
with CH,CI,/THF (98:2, and 90:10) mixtures. Single crystals of 3b
were grown from n-pentane solution at —30°C.

2b: IR (CH,Cly; cm™): ¥ (CO) 1976 (s), 1922 (s), 1907 (sh). '"H NMR
(CDCl5; 298 K; ppm): & 3.74 (d, *Jpy=11.6 Hz, 9H, P(OMe)s), 3.70 (d,
3Jpy=10.4 Hz, 18H, P(OMe),), 2.95 (d, *Jyy=9.4 Hz, 2H, CH,), 2.72 (d,
%)y =9.4 Hz, 2H, CH,), 2.49 (m, 1H, CH(CH,),), 0.82 (d, *J,,=6.4 Hz,
6H, HC(CH,),). *P-{'H} NMR (CD,Cl;; 298K; ppm): & 1826 (s,
overlapping a broad signal)
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3b: IR (CH,Cl,; cm™): ¥ (CO) 1915 (s), 1893 (s). 'H NMR (CDCl;; 298 K;
ppm): & 3.69 (m, 36H, P(OMe);), 2.85(s, 4H, CH,), 2.46 (sept, *J=
6.8 Hz, 1H, CH(CH,),), 0.82 (d, *Jy,=6.8 Hz, 6H, HC(CH,),). *'P-{'H}
NMR (CD,Cl,; 298 K; ppm): & 181.0 (br).

Synthesis of [Fe,(CO)s.{P(OMe);},(u-adt®")] (x=3 (2¢c), 4(3¢)).

Similarly, the reaction of [Fe,(CO)s(u-adt®™] (1¢) (0.300g,
0.628 mmol) with an excess of P(OMe); (10 equiv, 0.787 mL) gave
rise to two new products, after 4 hr of photolysis in THF (100 mL).
The solvent was removed, and the residue chromatographed on
silica gel. Complexes 2c and 3¢ were separated from few minor
side-products by elution with CH,CL/THF (99:1, and 98:2) mixtures.
These two compounds were, after works, obtained, each of them in
low yields (~10%), as dark red powders from the collected bands
after removal of solvents, and washing with n-pentane. Single
crystals of 2 c were obtained from a cold solution of n-pentane.

2c: IR (CH,Cly; em™): ¥ (CO) 1976 (s), 1922 (s), 1907 (sh). '"H NMR
(CDCl5; 298 K; ppm): & 7.18 (m, 5H, C¢Hs), 3.73 (d, *Jpy=12.0 Hz, 9H,
P(OMe),), 3.66 (d, *Jy=10.0 Hz, 18H, P(OMe),), 3.42 (s, 2H, CH,(Bn)),
295 (d, Jyy=9.2Hz, 2H, CH,), 2.71 (br, 2H, CH,). *'P-{"H} NMR
(CD,Cl,; 298 K; ppm): & 181.8 (s), 180.5 (br).

3¢ IR (CH,Cly; cm™): # (CO) 1915 (s), 1893 (s). "H NMR (CDCl5; 298 K;
ppm): & 7.23 ( d, Juu=7.2Hz, 2H, CHy), 7.18 (d, Jyy=7.6 Hz, TH,
CeHs), 7.08 (d, J4y=6.8 Hz, 2H, C,H;), 3.67 (m, 36H, P(OMe)s), 3.45 (s,
2H, CH,(Bn)), 2.87 (s, 4H, CH,). *'P-{"H} NMR (CD,Cl,; 298 K; ppm):
180.0 (br)

Crystallography

The structures of 2c and 3a-b were solved by direct methods and
refined by full-matrix least-squares on [F?].?"" Complete crystal data
and parameters for data collection and refinement are listed in
Table S1 (SI).

Deposition Numbers 2153355 (for 3a), 2153357 (for 3b), and
2153358 (for 2¢) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.
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