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Abstract:
Reaction of [PPN][HFe(CO)4] (PPN = bis(triphenylphosphine)iminium) with
PCl3 in a 1:1 ratio produced small amounts of [PPN][P{Fe(CO)4}2Cl2] ([PPN][Ia]). Reaction of
[Et4N][HFe(CO)4] with AsCl3 in a 1:0.75 ratio in THF at -78 oC produced
[Et4N][As{Fe(CO)4}2Cl2] ([PPN][Ib]) as the majority product. The compound
[PPN][(CO)4FePCl2O] ([PPN][II]) was obtained from the reaction of Fe2(CO)9 with PCl3 in
THF. In contrast, [Et4N][HFe(CO)4] reacted with PCl3 at -78 oC in a 2:1 ratio to yield
[Et4N][Fe2(CO)6{(μ4-PFe(CO)4)2(μ-CO)}{μ-PCl2}] ([Et4N][III]) as the majority product. The
compounds were characterized spectroscopically and by single-crystal X-ray diffraction
analyses.

1. Introduction
Significant effort has been directed towards obtaining members of the iron phosphide
family (Fe4P, FeP2, FeP, Fe2P, Fe3P) as nanomaterials as these materials are important catalysts,
energy storage compounds, and magnetic materials.1–11 These properties are phase-dependent;
therefore, directing syntheses to obtain phase-pure materials is of key importance. One such
route is with single-source precursors whose heavy element stoichiometry can be tailored to
target specific phases. In our laboratory, we have shown that the precursor H2Fe3(CO)9PtBu
decomposes to Fe3P as a thin film by simple MOCVD, that Fe4(CO)12(PtBu)2 can be converted to
nanostructures of Fe2P, and that FeMn(CO)8(μ-PH2) decomposes to nanoparticles of
Fe2-xMnxP.12–14 As a further demonstration of the versatility of the method, blends of isolobal
organometallic complexes were used as the MOCVD feedstock for ternary (Fe1-xCox)3P and
Fe3(P1-xTex) thin films.15 We have also dedicated effort to the pursuit of naked-main group
element mixed metal carbonyl precursors to mixed P/As metal pnictide phases.16,17
The purpose of this work was to develop a low-cost, high yield method to obtain
molecular precursors containing iron and phosphorus to target specific iron phosphide phases
Despite many examples of metal carbonyl clusters containing iron, phosphorus, and alkyl
groups, there are very few such clusters that contain only iron and phosphorus.16,18,19 While alkyl
groups may be chosen that are good leaving groups, there is the possibility that their presence
could introduce carbon contamination in the materials produced. Moreover, there is a need to
prepare neutral iron carbonyl phosphide clusters with Fe:P ratios matching known Fe-P phases in
order to avoid complications arising from the presence of counterions and to obtain volatile
precursors. Effort has been directed, therefore, at developing routes based on the use of the main
group element halides and iron carbonyl ions.
The pnictide trichlorides ECl3 (E = P, As) were chosen as the pnictide source for its
commercial scale of production, high intrinsic reactivity, and lack of alkyl groups which could be
a source of carbon contamination in the produced phosphide materials were an alkyl group
retained in the precursor. PCl3 is already known to react with [Fe4(CO)13]2- to give [{Fe3(CO)9(µCO)}(µ3-PFe(CO)4)]-.16,20 The corresponding reaction with AsCl3 yields a mixture of
[{Fe3(CO)9(µ-CO)}(µ3-AsFe(CO)4]- and [{AsFe2(CO)8}2(μ-(Fe2(CO)6)].16 There are, however,
no reports of PCl3 having been reacted with the simple and easily prepared anion [HFe(CO)4]-. In
this study, reactions between PCl3 and [HFe(CO)4]- were undertaken to evaluate whether ironcarbonyl clusters with novel Fe:P ratios could be obtained.
2. Results and Discussion
2.1 Structure and Bonding
The reaction of [PPN][HFe(CO)4] with PCl3 in a 1:1 ratio at room temperature proceeds rapidly
to produce a mixture of products. When the solution is taken to dryness, an oil results from
which small crystals of [PPN][Ia] appeared after standing for three months. Similarly reaction of

AsCl3 and [Et4N][HFe(CO)4] at -78 oC in a 0.75 AsCl3 to 1.0 [HFe(CO)4]- ratio, formed
[Et4N][Ib] in good yield, but separation of the crystalline materials from an unidentified metal
carbonyl impurity made isolation of a pure compound difficult. An FTIR spectrum of crystals
mechanically separated from the impurity was, however, collected and found to be the majority
constituent in solution.
While both products [PPN][Ia] and [Et4N][Ib] were only obtained as a mixture with other
substances, the single crystals that were obtained from those mixtures were suitable for single
crystal X-ray diffraction (Figure 1). Crystallographic data collection and refinement parameters
are summarized in Table 1S (see Supporting Information). [PPN][Ia] crystallizes in the
monoclinic C2/c space group, while [Et4N][Ib] crystallizes in the monoclinic space group P21/c.
The phosphorus atom of [Ia]-, sits on a two-fold rotation axis such that each iron-phosphorus
bond and phosphorus-chlorine bond are identical in length. The arsenic atom in [Ib]-, however,
sits on a general position and possesses no crystallographically-imposed symmetry. The anions
are isostructural and electron precise. They can be readily viewed as an ECl2- unit possessing two
lone pairs of electrons that are then donated to neutral Fe(CO)4 groups.

A.

B.

Figure 1. The structures of the anionic portions of (A) [PPN][Ia] and (B) [Et4N][Ib].
The iron-phosphorus bond length of 2.2479(10) Å is typical of similar Fe-P covalent bonds and
is comparable to the distance from phosphorus to Fe(CO)4 of 2.2343(18) Å in [{Fe3(CO)9(μCO)}(μ3-PFe(CO)4]-.16 The corresponding distances in Fe(CO)4PH3, Fe(CO)4PPh3, and
Fe(CO)4P(tBu)3 are similar at 2.219, 2.244(1), and 2.364(1) Å respectively.16,21–23
The P-Cl bond length of 2.1051(17) Å in [Ib]- is slightly longer than the 2.082(3) Å length of the
respective bonds in the only other bimetallated bridging PCl2 species that has been structurally
characterized, [{CpW(CO)3}(µ-PCl2){CpW(CO)3Cl}].24 That compound is formed by the action
of PCl3 on [{CpW(CO)3}]-.24 The mean P-Cl lengths in Cr(CO)5PCl3 and W(CO)5PCl3 are 2.025,
and 2.028 Å, respectively, which are markedly shorter.25 This can be compared the gas phase
value for the P-Cl bond length for free PCl3 of 2.043 Å.26 For [Ib]-, the mean As-Cl bond length
is 2.210(15) is significantly shorter than that of [PyH][{Cr(CO)5}2(µ-AsCl2)] at 2.294(15) Å,27
which may occur due to steric crowding by the Cr(CO)5 unit. By contrast, the As-Cl distance in

AsCl3 is approximately 2.18 Å, again shorter.28–30 The longer E-Cl bonds in [Ia]- and [Ib]- may
also reflect greater population of the E-Cl σ* orbital.
Dropwise addition of RPCl2 (R = Ph, Me,) and [HFe(CO)4]- yields Fe(CO)4P(Cl)RH (I),31 so we
had anticipated that addition of PCl3 with the iron hydride could produce Fe(CO)4PCl2H. This
species may be formed initially, but it is likely to be unstable due to its ability to evolve HCl
intramolecularly, to react further with [HFe(CO)4]-, or to add PCl3 with the formation of a P-P
bond and elimination of HCl. When the authors of the original report of I conducted the addition
by adding the RPCl2 to the [HFe(CO)4]- solution and vice versa, they obtained different higher
nuclearity clusters.32 When solutions of RPCl2 (Ph, Me) and [Ph4P][HFe(CO)4] are added dropdrop-by-drop in tandem, RP(H)ClFe(CO)4 is formed quantitatively as determined by 31P and 1HNMR spectroscopies. If the [HFe(CO)4]- in solution is added to a solution of the PhPCl2, II is
formed. This species reacts with an additional equivalent of [HFe(CO)4]- to give III. The
formation of the latter two species is accounted for by addition of PCl3 to I with loss of HCl,
addition of a further equivalent of [HFe(CO)4]-, and loss of a further HCl to yield edge-on
product I this species can then accept an additional molecule of [HFe(CO)4]- to yield anion III.

2.2 Attempted Synthesis of [{Fe(CO)4}2PCl2] - from Fe2(CO)9 and PCl3
von Seyerl et al. obtained the related compound [Et4N][{Cr(CO)5}2(μ-AsCl2)] by treatment of
Cr(CO)5(THF) with AsCl3.27 Those authors proposed the intermediate production of the inidene
complex {Cr(CO)5}2(μ-AsCl) which subsequently added a chloride ion to give the final
[{Cr(CO)5}2(μ-AsCl2)]- ion. Given this hypothesis, we reasoned that the reaction here could
proceed via reaction of Fe(CO)x fragments with ECl3 and decided to examine the reaction of
PCl3 and Fe2(CO)9 in the presence of [PPN]Cl in THF, a solvent in which the cluster is known to
undergo fragmentation.33 Fe2(CO)9 has been shown to react with PCl3 in two different ways
previously; when Fe2(CO)9 is stirred with eight times molar excess of PCl3 at 50°C for two
hours, Fe(CO)4PCl3, which can be fractionally distilled at 40°C, is produced along with
Fe(CO)5.34 Oxidation was not observed although unaccounted for decomposition products were
noted. Huttner et al. showed Fe2(CO)9 reacts in a ~2.2:1 ratio with PCl3 at 40°C in toluene to
form [{Fe2(CO)8}(µ4-P){Fe2(CO)6(µ-Cl)}] implying some degree of P-Cl bond reduction took

place.35 It can be speculated that Fe(CO)4PCl3 itself is stable but can react with Fe2(CO)9 (or
fragments thereof) to form higher nuclearity cluster species.
For this study, a suspension of Fe2(CO)9 in THF was reacted with one equivalent of PCl3 in THF
in the presence of one equivalent of [PPN]Cl in parallel with the work reported by von Seyerl et
al. (Scheme 1). After one hour, the suspension had darkened to deep black-brown and the FTIRspectrum showed stretches matching those determined for [Ia]- along with the characteristic
pattern of Fe(CO)5 and Fe(CO)4PCl3. The solution was allowed to stir for another two hours,
filtered through celite, and then the solvent and Fe(CO)5 were pumped away. Diethyl ether was
added and the solids allowed to stand under an inert atmosphere overnight. Even though the
presence of the [Ia]- was obvious by FTIR after three hours of reaction, after filtration and
evaporation of the solvent in vacuo, only crystals of the what proved to be the novel
[Et4N][Fe(CO)4PCl2O] ([Et4N][II]) were obtained. The IR spectrum was no longer consistent
with [1a]-, and no [1a]- was observed by ESI-MS of the crude product. The structure of the anion
is shown in Figure 2 and crystallographic data collection and refinement parameters are
summarized in Table 1S.

Scheme 1. Possible inidene route to [Ia]-.

Figure 2. The structure of the anion in [PPN][II].

The anion [II]- consists of an Fe(CO)4 group coordinated by a [PCl2O]- anion and is electron
precise. The Fe-P bond is 2.1942(6) Å, shorter than the corresponding distance of 2.2479(10) Å
in [Ia]-, and short for an Fe-P bond in general,16,21–23 probably due to the ionic character of the PO bond. The P-Cl bonds 2.090(13) Å (ave) are of similar distance to those in [Ia]- and longer
than 2.056(7) Å found in trans-[Ir(CO)Cl2(PEt3)2{PCl2O}], which is the only other known
example of a [PCl2O]- unit bound to a metal. That compound was reported to form very slowly
by direct action of O2 on trans-[Ir(CO)Cl2(PEt3)2{PCl3)}]36 and steric crowding at the [PCl2O]moiety should be less severe given the larger size of Ir as compared to Fe. The P=O double bond
distance of length 1.466(4) Å is similar to that of PCl3O (1.45 Å) and shorter than the
corresponding distance in trans-[Ir(CO)Cl2(PEt3)2{PCl2O}] of 1.50 Å.
In considering the structure, a question arises about the route by which this compound is formed
and the nature of the phosphorus atom’s final oxidation state. There are two extremes in the way
the PCl2O- ligand can be viewed: (1) [Cl2P-O]- with P in a 3+ oxidation state arising from simple
hydrolysis of Fe-bound PCl3 to give Fe(CO)4PCl2OH, which would then undergo deprotonation,
or (2) a P(V) derivative created by oxidation of PCl3 to Cl3P=O followed by reaction with
Fe2(CO)9 to produce an inidene-like Fe(CO)4=PClO that could back-add a halide ion (Scheme
2). This suggests that there are two likely Lewis structures for the [II]- as shown as structure A
and B in Equation 1. Although PCl3 is known to rapidly give HCl on contact with water, the
intermediate production of PCl2OH followed by elimination to give PClO + HCl under ambient
conditions is not known. Direct formation of PClO is quite difficult. Literature reports give the
synthesis as either the high temperature reaction of PCl3O with silver wire or of water vapor with
PCl3 heated to 900 K,37,38 but the process could be promoted by binding to the transition metal
center. In order to examine which Lewis picture of [II]- is more reasonable, simple density
functional theory (DFT) calculations were performed (See Experimental). The Wiberg bond
indices calculated for the Fe and P atoms in a series of relevant molecules are given in Table 1.
From this data, it can be seen that both the Fe and P of [II]- have bond indices similar to those of

the other Fe(CO)4PX3 species with somewhat higher Wiberg bond indices at P than the simple
PX3 molecules examined and a lower Wiberg bond index at P than in PCl3O. The similarity of
the bond indices of [II]- to both Fe(CO)4PH3 and Fe(CO)4PCl3 is consistent with the phosphorus
remaining in a primarily 3+ oxidation state.

Fe2(CO)9 +

PCl3

Fe(CO)5 + Fe(CO)4PCl3
H2O

Cl3PO
Fe(CO)4PCl2OH + HCl
Fe(CO)4PClO + FeCl2 + 5 CO
-H+
Cl-

[Fe(CO) 4PCl2O]-

Scheme 2. Possible routes for the formation of the [Fe(CO)4PCl2O]- ion.

(1)

A

B

Table 1. Wiberg bond indices for PX3 and Fe(CO)4PX3
Molecule
Wiberg bond indices at Fe
PCl3
_
PCl2OH
_
[PCl2O]_
PCl3O
_
Fe(CO)4PCl3
4.5616
Fe(CO)4PH3
4.5538
[II]
4.6412

Wiberg bond indices at P
2.8769
2.5267
2.6161
4.0415
3.7026
3.6584
3.5497

Reexamination of the reaction in the absence of [PPN]Cl was undertaken; in this case,
Fe(CO)4PCl3 and Fe(CO)5 appeared to be the majority species in the THF reaction medium as

found previously;34 after removal of the Fe(CO)5 and Fe(CO)4PCl3 at 40 °C under vacuum, a
toluene extract of the solids contained Huttner’s [{Fe2(CO)8}(µ4-P){Fe2(CO)6(µ-Cl)}] and
residual Fe(CO)4PCl3. Thus, it is possible that the phosphinidene complex which gives rise to
[Ia]- can convert to [{Fe2(CO)8}(µ4-P){Fe2(CO)6(µ-Cl)}] if it is not trapped as [PPN][Ia]. In any
case, [PPN][Ia] appears to be inherently unstable.
2.3 Low Temperature Reaction of PCl3 with [Et4N][HFe(CO)4]
When [Et4N][HFe(CO)4] was treated with PCl3 in a 4:3 ratio of reactants at -78 oC, [Et4N][III]
formed as the majority product. At -78 oC, the solution acquired a light yellow-orange coloration
which deepened over three hours. The solution then warmed to room temperature and the solvent
removed in vacuo. Certain side reactions necessitate the use of low temperature conditions.
Among these, the reaction of HCl and [HFe(CO)4]- which produces H2Fe(CO)4 is problematic.
H2Fe(CO)4 can undergo substitution reactions at low temperature to yield Fe(CO)4L species and
H2. At temperatures above -20 oC, decomposition to “Fe(CO)4” appears to occur.39 The presence
of either Fe(CO)4 or Fe(CO)4L could complicate the formation of [Et4N][III].
The 31P-NMR spectrum of crystalline [Et4N][III] shows two sets of phosphorus environments: a
doublet of J=99.79 Hz at 69.65 ppm and a triplet of J=99.95 Hz at 197.43 ppm integrating to a
2.01:1 ratio, consistent with the P2/P3 and P1 environments respectively. Further confirmation of
the composition of [Et4N][III] is its ESI/MS mass spectrum where a peak series beginning with
principal peak of m/z = 806.5 and its subsequent CO loss peaks is observed, consistent with the
[Fe4P3Cl2C15O15]- formulation of the anion. Isolation of crystalline [Et4N][III] in sufficient
quantities for elemental analysis was not undertaken.
The structure of the anion of [Et4N][III] is shown in Figure 3. Selected bond distances and
angles are found in Table 2. It consists of an Fe2P3 core with non Fe-Fe bond. Other molecules
are known with bridging carbonyl groups between phosphorus atoms: Fe2(CO)6{(PtBu)2(µ-CO)}
(IV) and Fe2(CO)6{(PNR2)2(µ-CO)} (R = iPr (Va), NMe2 (Vb), NCy2 (Vc)) formed by the
action of RPCl2 on Na2Fe(CO)4 in Et2O.40 These molecules possess an Fe-Fe bond. The CObridged P-P distance in [III]- is much longer. While not true bonds, the P-P distances in
[(iPr2NP)2{Fe2(CO)6(µ-CO)}] and [(tBuP)2{Fe2(CO)6(µ-CO)}] are notably shorter at and
2.539(3) Å 2.524(5) Å, respectively.41,42 The corresponding distance in [III]- is 2.6425(7) Å,
likely due to the effect of the µ-PCl2 in [III]- and the lack of an Fe-Fe bond. Additionally, the
longer P-P distances leads to a shorter P-µ-CO distances: 1.884(5) Å and 1.877(4) Å in
[(iPr2NP)2{Fe2(CO)6(µ-CO)}] and [(tBuP)2{Fe2(CO)6(µ-CO)}], respectively, versus 1.855(14) Å
in [III]-. The bonds to the central iron atoms from the µ3-P atoms are also shorter in IV and Va at
mean distances of 2.230(3) Å and 2.226(4) Å, respectively, than those in [III]- which average
2.379(6) Å.

Figure 3. The anion of [Et4N][III].
Table 2. Bond lengths [Å] and angles [°] for [Et4N][III]
_____________________________________________________
bond distances
Fe(1)-P(1)
2.2029(7)
Cl(1)-P(1)
Fe(2)-P(1)
2.1960(7)
Cl(2)-P(1)
Fe(1)-P(2)
2.3792(9)
P(3)-P(2)
Fe(1)-P(3)
2.3699(7)
P(3)-C(230)
Fe(2)-P(2)
Fe(2)-P(3)
Fe(3)-P(2)
Fe(4)-P(3)

2.3800(9)
2.3851(9)
2.2422(6)
2.2389(7)

P(2)-C(230)
C(230)-O(230)

2.0536(7)
2.0631(9)
2.6425(7)
1.8540(14)
1.8564(15)
1.2048(17)

The anion in [III]- can also be compared to [Ia]- as both contain similar [{Fe(CO)x}2(µ-PCl2 )]
fragments. The average Fe-P(Cl) distance in the [III]- unit is 2.199(5) Å, somewhat shorter than
the of the corresponding distance in [Ia]- (2.2479(10) Å). In spite of the shorter distance and
more expected crowding, the P-Cl bonds in [III]- are shorter with a mean distance of 2.058(7) Å
compared to either [Ia]- or [Ib]- (2.1051(17) Å and 2.090(13) Å, respectively). [Et4N][III] is far
more stable than salts of either [Ia]- or [Ib]-; crystals were stable for months in their
crystallization solutions. It could be speculated that the less accessible, short P-Cl bonds are
much less reactive than the longer P-Cl bonds of [I]-; additionally, there is no easy route for the
central iron atoms in [III]- to form a bond between themselves, whereas [Ia]- can close with
concomitant CO loss.

Alternatively, anion [III]- can be viewed as an arachno pentagonal bipyramid with the Fe(CO)3
groups in the axial positions and the three phosphorus atoms occupying three of the five
equatorial positions. This would predict a skeletal electron pair count of 8 as observed (one pair
from each Fe(CO)3 group, three electrons from each PFe(CO)4 unit, one pair from the bridging
CO and two pair from the PCl2- moiety). This analysis, however, would presuppose some
bonding between P2 and P3, which seems unlikely given the long distance (2.6425(7) Å).
Alternatively, one could use an electron precise model in which each Fe(CO)3 group receives
two electrons from P1 and one electron each from P2 and P3 to achieve an 18-electron metal
center. P2 and P3 each receive one electron from each Fe and one from the bridging CO to
complete their octets.
It is conceptually interesting to consider that the cluster can be further divided into two units: an
[{Fe(CO)3}2(µ-PCl2)]- unit, derived from [Ia]- by removal of a CO from each iron, attached to an
(OC)4FePPFe(CO)4 unit, a dimetalladiphosphaalkyne (Scheme 3). This is consistent with the
formation of [1a]- followed by subsequent addition across the multiple bond. The addition of CO
across a P-P bond in Fe2(CO)6(PR)2 clusters also has precedent.41 On the other hand, compounds
IV and V have been proposed to arise from dimerization of unstable [Fe(CO)4=PR] upon
warming -70ºC to -30 ºC.40

Such intermediates could also be possible here (Scheme 3).4043 Treating [HFe(CO)4]- as a source
of [Fe(CO)4]2-, one can envision the first product to form in the reaction of [HFe(CO)4]- with
PCl3 as Fe(CO)4=PCl (Scheme 3) with loss of [Et4N]Cl and HCl. This could then follow the
route Fe(CO)4=PR forms to form an [(ClP)2{Fe2(CO)6(µ-CO)}] unit which could react with a
further two units of [HFe(CO)4]- to give [{Fe(CO)4P}2{Fe2(CO)6(µ-CO)}] with the remaining
step being nucleophilic displacement of the chloride of an additional molecule of PCl3, opening
the Fe-Fe bond and leaving the cluster a monoanion. The Fe(CO)4=PCl unit could also react with
[HFe(CO)4]- to give [Fe(CO)4=PFe(CO)4]- which could react with itself or Fe(CO)4=PCl to form
the core. In the end, consumption of all of the P-Cl bonds in the growing core structure is
achieved.

Scheme 3. Possible routes for the formation of [III]-.
3. Experimental
3.1 General Considerations
All reactions were performed under dry, oxygen-free argon according to standard Schlenk
techniques. Tetrahydrofuran, diethyl ether, dichloromethane, and toluene were dried using a Pure
Process Technology solvent purification system and degassed prior to use. The compounds
[PPN]Cl, [PPN][HFe(CO)4], and [Et4N][HFe(CO)4] were prepared according to literature
methods.44,45 Fe2(CO)9 was purchased from Strem Chemicals and used as received. PCl3 and
AsCl3 were purchased from Sigma Aldrich. The PCl3 was distilled prior to use; the AsCl3 was
used without further purification. 31P NMR data were recorded on a 500 MHz Bruker
spectrometer (202 MHz for 31P). ESI-MS data were collected on a Bruker Daltonics microTOF
ESI/MS coupled with an Agilent 1200 HPLC instrument.

3.2 Synthesis of Compounds
[PPN][P{Fe(CO)4}2Cl2] ([PPN][Ia]). To a flask containing 0.8 g of [PPN][HFe(CO)4] (1.2
mmol) was added 30 mL of Et2O. To the resulting mixture was added 0.1 mL of PCl3 (1.2
mmol). The reaction was stirred for six hours, filtered, and the solvent removed in vacuo leaving
a brown, oily film on the walls of flask. Argon was reintroduced, and the flask was closed and
placed in the dark at room temperature. After three months, small orange crystals of [PPN][I]
suitable for diffraction were found growing in the brown film.
[PPN][{Fe(CO)4}PCl2O] ([PPN][II]): To a flask containing 1.0 g of Fe2(CO)9 (2.8 mmol) and
1.6 g of [PPN]Cl (2.8 mmol) was added a solution of 240 µL PCl3 (2.75 mmol) in 40 mL THF.
Of this reaction at 1 h showed the stretches for Fe(CO)5, Fe(CO)4PCl3, and [PPN][Ia]; at 3 h,
only Fe(CO)5 and [PPN][I] were present. The solids were allowed to react for three hours,
whereafter the resulting orange-brown solution was filtered through 5 cm of Celite and taken to
dryness in vacuo. 50 mL of diethyl ether were then added to the solids and allowed to stand
without stirring for 15 hours. Crystalline, prismatic blocks of [PPN][II] were observed in
abundance along with some orange matter. [PPN][II] was observed to be soluble in DCM,
although it was not isolated.
[Et4N][As{Fe(CO)4}Cl2] ([Et4N][Ib]). 1.6 g of [Et4N][HFe(CO)4] (5.4 mmol) was dissolved in
20 mL THF and chilled to -78 ºC in a dry ice/acetone bath. Arsenic trichloride (338 µL, 4.0
mmol) was dissolved in 10 mL THF, also chilled to 0 ºC, and transferred to the previous solution
via cannula. The solution was allowed to warm to room temperature following the addition.
After one hour of stirring at room temperature, the THF was removed. 40 mL of diethyl ether
was then added, the mixture stirred for two hours, filtered, and stored in the refrigerator at -10
ºC. After three days, large square blocks of [Et4N][Ib] suitable for single crystal X-ray
diffraction were found among a light brown polycrystalline precipitate. The IR spectrum was
collected for crystals mechanically isolated from the polycrystalline precipitate. νCO (THF): 2052
(w), 2047 (vwsh), 2031(s), 2024 (msh), 1955 (vs, br) 1940, (ssh, br), 1928 (wsh) cm-1.
[Et4N][Fe2(CO)6{(μ4-PFe(CO)4)2(μ-CO)}{μ-PCl2}] ([Et4N][III]): 1.2 g of [Et4N][HFe(CO)4]
(3.68 mmol) was dissolved in 20 mL dichloromethane chilled to ~-70 °C in a dry ice/acetone
bath. 240 µL of PCl3 (2.8 mmol) in 20 mL of dichloromethane was cooled to -78 ºC and
transferred to the first flask rapidly. The mixture was then allowed to stir for three hours before
warming to room temperature. After one hour at room temperature, the dichloromethane was
removed in vacuo without the assistance of a warm water bath leaving a dark red solid. Ether
was introduced and allowed to stand over the solid. High-quality crystals of [Et4N][III] appeared
after two days of standing. Mechanical separation from a polycrystalline red solid allowed
enough material to be isolated for ESI/MS and 31P-NMR. νCO (dichloromethane): 2063 (s), 2035
(vs), 1964 (vw), 1934, (m), 1605 (w) cm-1. ESI/MS of crystalline material: m/z (%) 806.5 (46)
[III]-, 778.5(35) [III]- -CO, 750.5 (4) [III]- - 2 CO, 722.5 (2) [III]- - 3 CO, 694.5 (2) [III]- - 4
CO, 666.5 (1) [III]- - 5 CO, 638.5 (1) [III]- - 6 CO, 610.5 (1) [III]- - 7 CO, 582.5 (tr) [III]- -8

CO. 31P NMR data( d3-acetonitrile, ppm, shifts relative to H3PO4, SR -70.47: 69.65 (d, 2P, J=
99.79 Hz), 197.43 (t, 1P, J = 99.95 Hz).
Density Functional Theory Calculations for [II] - and related molecules. Density functional
theory calculations were carried out using the GAUSSIAN09 program46 to optimize the
geometrical parameters for PCl3, PCl2OH, [PCl2O]-, PCl3O, Fe(CO)4PCl3, Fe(CO)4PH3, and [II]at the B3LYP level of theory with 6-311G** basis sets.47–49 Full natural bond orbital (NBO)
analyses50–57 were then performed with the optimized geometries, and the calculations produced
Wiberg bond indices for the respective clusters.
4. Conclusions
A series of iron carbonyl clusters containing rare μ-ECl2 units were synthesized. The generation
of [Ia]- suggests to a phosphinidene intermediate that can be captured or stabilized as [Ia]-. While
compound [Ib]- results from a different reaction, this As-containing compound is isostructural to
[Ia]- but is more stable than its phosphorus relative. Attempts to prepare [Ia]- by a rational,
stoichiometric route led to [II]- instead. Exploration of the effect of temperature on the original
reaction that produced [Ia]- led to the isolation of [III]- that also possesses a μ-PCl2 group that
bridges two iron carbonyl fragments similarly to [Ia]-.
5. Acknowledgements
This material is based upon work supported by the National Science Foundation Graduate
Research Fellowship under Grant No. 1450681 and the National Science Foundation under Grant
No. CHE-1411495. Professor Jean-Yves Saillard of the Université de Rennes I is acknowledged
for helpful discussions.
6. Supporting Information
Table 1S summarizing the crystallographic data collection and refinement parameters. 31P
spectrum and ESI-Mass Spectrum for [Et4N][III]. Crystallographic data have been deposited
with the Cambridge Crytallographic Data Centre with the following reference numbers:
[PPN][Ia], 1522800; [Et4N][Ib], 1522799; [Et4N][II], 1522801; [Et4N][III], 1522797.
7. References
(1) Hall, J. W.; Membreno, N.; Wu, J.; Celio, H.; Jones, R. A.; Stevenson, K. J. J. Am. Chem.
Soc. 2012, 134 (12), 5532–5535.
(2) Silva, D. C. C.; Crosnier, O.; Ouvrard, G.; Greedan, J.; Safa-Sefat, A.; Nazar, L. F.
Electrochem. Solid-State Lett. 2003, 6 (8), A162.
(3) Boyanov, S.; Bernardi, J.; Gillot, F.; Dupont, L.; Womes, M.; Tarascon, J.-M.; Monconduit,
L.; Doublet, M.-L. ChemInform 2006, 37 (42), no-no.
(4) Jiang, P.; Liu, Q.; Liang, Y.; Tian, J.; Asiri, A. M.; Sun, X. Angew. Chem. Int. Ed. 2014, 53
(47), 12855–12859.

(5) Zhang, Z.; Lu, B.; Hao, J.; Yang, W.; Tang, J. Chem. Commun. 2014, 50 (78), 11554–
11557.
(6) Callejas, J. F.; McEnaney, J. M.; Read, C. G.; Crompton, J. C.; Biacchi, A. J.; Popczun, E.
J.; Gordon, T. R.; Lewis, N. S.; Schaak, R. E. ACS Nano 2014, 8 (11), 11101–11107.
(7) Yang, X.; Lu, A.-Y.; Zhu, Y.; Min, S.; Hedhili, M. N.; Han, Y.; Huang, K.-W.; Li, L.-J.
Nanoscale 2015, 7 (25), 10974–10981.
(8) Oyama, S. T. J. Catal. 2003, 216 (1–2), 343–352.
(9) Huang, X.; Dong, Q.; Huang, H.; Yue, L.; Zhu, Z.; Dai, J. J. Nanoparticle Res. 2014, 16
(12), 1–6.
(10) Cruz-Silva, E.; Cullen, D. A.; Gu, L.; Romo-Herrera, J. M.; Muñoz-Sandoval, E.; LópezUrías, F.; Sumpter, B. G.; Meunier, V.; Charlier, J.-C.; Smith, D. J.; Terrones, H.; Terrones,
M. ACS Nano 2008, 2 (3), 441–448.
(11) Broddefalk, A.; James, P.; Liu, H.-P.; Kalska, B.; Andersson, Y.; Granberg, P.; Nordblad,
P.; Häggström, L.; Eriksson, O. Phys. Rev. B 2000, 61 (1), 413–421.
(12) Colson, A. C.; Chen, C.-W.; Morosan, E.; Whitmire, K. H. Adv. Funct. Mater. 2012, 22 (9),
1850–1855.
(13) Kelly, A. T.; Rusakova, I.; Ould-Ely, T.; Hofmann, C.; Lüttge, A.; Whitmire, K. H. Nano
Lett. 2007, 7 (9), 2920–2925.
(14) Colson, A. C.; Whitmire, K. H. Chem. Mater. 2011, 23 (16), 3731–3739.
(15) Leitner, A. P.; Chen, J.-H.; Schipper, D. E.; Whitmire, K. H. Chem. Mater. 2016, 28 (19),
7066–7071.
(16) Schipper, D. E.; Young, B. E.; Whitmire, K. H. Organometallics 2016, 35 (4), 471–483.
(17) Schipper, D. E.; Ikhlef, D.; Khalal, S.; Saillard, J.-Y.; Whitmire, K. H. Inorg. Chem. 2016,
55 (13), 6679–6684.
(18) Canè, M.; Iapalucci, M. C.; Longoni, G.; Demartin, F.; Grossi, L. Mater. Chem. Phys.
1991, 29 (1–4), 395–404.
(19) Scheer, M.; Dargatz, M.; Schenzel, K.; Jones, P. G. J. Organomet. Chem. 1992, 435 (1),
123–132.
(20) Gourdon, A.; Jeannin, Y. J. Organomet. Chem. 1986, 304 (1–2), C1–C3.
(21) Hunger, C.; Ojo, W.-S.; Bauer, S.; Xu, S.; Zabel, M.; Chaudret, B.; Lacroix, L.-M.; Scheer,
M.; Nayral, C.; Delpech, F. Chem. Commun. 2013, 49 (100), 11788–11790.
(22) Riley, P. E.; Davis, R. E. Inorg. Chem. 1980, 19 (1), 159–165.
(23) Pickardt, J.; Rösch, L.; Schumann, H. J. Organomet. Chem. 1976, 107 (2), 241–248.
(24) Gröer, T.; Scheer, M. Z. Für Anorg. Allg. Chem. 2000, 626 (5), 1211–1216.
(25) Davies, M. S.; Aroney, M. J.; Buys, I. E.; Hambley, T. W.; Calvert, J. L. Inorg. Chem.
1995, 34 (1), 330–336.
(26) Hellwege, K. H.; Hellwege, A. M. Structure of Free Polyatomic Molecules, 1st ed.;
Kuchitsu, K., Ed.; Springer-Verlag Berlin Heidelberg, 1998; Vol. 7.
(27) von Seyerl, J.; Sigwarth, B.; Huttner, G. Chem. Ber. 1981, 114 (2), 727–732.
(28) Vickaryous, W. J.; Healey, E. R.; Berryman, O. B.; Johnson, D. W. Inorg. Chem. 2005, 44
(25), 9247–9252.
(29) Schmidbaur, H.; Nowak, R.; Steigelmann, O.; Müller, G. Chem. Ber. 1990, 123 (6), 1221–
1226.
(30) Probst, T.; Steigelmann, O.; Riede, J.; Schmidbaur, H. Chem. Ber. 1991, 124 (5), 1089–
1093.

(31) Mathieu, R.; Caminade, A. M.; Majoral, J. P.; Attali, S.; Sanchez, M. Organometallics
1986, 5 (9), 1914–1916.
(32) Caminade, A. M.; Majoral, J. P.; Sanchez, M.; Mathieu, R.; Attali, S.; Grand, A.
Organometallics 1987, 6 (7), 1459–1465.
(33) Cotton, F. A.; Troup, J. M. J. Am. Chem. Soc. 1974, 96 (11), 3438–3443.
(34) Tripathi, J. B. P.; Bigorgne, M. J. Organomet. Chem. 1967, 9 (2), 307–323.
(35) Huttner, G.; Mohr, G.; Pritzlaff, B.; Seyerl, J. V.; Zsolnai, L. Chem. Ber. 1982, 115 (6),
2044–2049.
(36) Ebsworth, E. a. V.; Gould, R. O.; McManus, N. T.; Pilkington, N. J.; Rankin, D. W. H. J.
Chem. Soc. Dalton Trans. 1984, No. 11, 2561–2567.
(37) Schnöckel, H.; Schunck, S. Z. Für Anorg. Allg. Chem. 1987, 548 (5), 161–164.
(38) Binnewies, M.; Lakenbrink, M.; Schnöckel, H. Z. Für Anorg. Allg. Chem. 1983, 497 (2), 7–
12.
(39) Vancea, L.; Graham, W. A. G. J. Organomet. Chem. 1977, 134, 219–227.
(40) King, R. B. Russ. Chem. Bull. 1993, 42 (11), 1772–1781.
(41) De, R. L.; Wolters, D.; Vahrenkamp, H. Z. Für Naturforschung Teil B 1986, 41b, 283–291.
(42) King, R. B.; Wu, F. J.; Sadanani, N. D.; Holt, E. M. Inorg. Chem. 1985, 24 (26), 4449–
4450.
(43) Wit, J. B. M.; van Eijkel, G. T.; de Kanter, F. J. J.; Schakel, M.; Ehlers, A. W.; Lutz, M.;
Spek, A. L.; Lammertsma, K. Angew. Chem. Int. Ed. 1999, 38 (17), 2596–2599.
(44) Kruck, T. Angew. Chem. 1966, 78 (9), 500–500.
(45) Ruff, J. K.; Schlientz, W. J.; Dessy, R. E.; Malm, J. M.; Dobson, G. R.; Memering, M. N. In
Inorganic Syntheses; Parshall, G. W., Ed.; John Wiley & Sons, Inc., 1974; pp 84–90.
(46) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman,
G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li,
H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M.
Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H.
Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd,
E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K.
Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M.
Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R.
Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W.
Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J.
Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J.
Cioslowski, and D. J. Fox, Gaussian, Inc., Wallingford CT, 2013.
(47) Becke, A. D. J. Chem. Phys. 1993, 98 (7), 5648–5652.
(48) Lee, C.; Yang, W.; Parr, R. G. Phys Rev B 1988, 37 (2), 785–789.
(49) Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Chem. Phys. Lett. 1989, 157 (3), 200–206.
(50) Foster, J. P.; Weinhold, F. J. Am. Chem. Soc. 1980, 102 (24), 7211–7218.
(51) Reed, A. E.; Weinhold, F. J. Chem. Phys. 1983, 78 (6), 4066–4073.
(52) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1985, 83 (2), 735–746.
(53) Reed, A. E.; Weinhold, F. J. Chem. Phys. 1985, 83 (4), 1736–1740.
(54) Carpenter, J. E. Extension of Lewis Structure Concepts to Open-shell and Excited- State
Molecular Species, University of Wisconsin–Madison, 1987.
(55) Carpenter, J. E.; Weinhold, F. J. Mol. Struct. THEOCHEM 1988, 169, 41–62.
(56) Reed, A. E.; Curtiss, L. A.; Weinhold, F. Chem. Rev. 1988, 88 (6), 899–926.

(57) Weinhold, F.; Carpenter, J. E. The Structure of Small Molecules and Ions; Naaman, R.,
Vager, Z., Eds.; Plenum, 1988.

