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Abstract

The reactivity of [Fe2(dcbdt)(CO)6] (1) confined in a UiO-66(Zr) metal-organic framework 

towards CO ligand substitutions with phosphines of different sizes was investigated. The reaction 

with smaller phosphines (PX3, X = Me, Et) is more selective compared to analogous reactions in 

homogenous solution phase, and two CO ligands at up to 80% of all [FeFe] sites in UiO-66-1 are 

replaced. The produced [Fe2(dcbdt)(CO)4(PX3)2] complexes in the UiO-66 matrix behave like 

typical [FeFe] hydrogenase active site model complexes, are reduced at more cathodic potentials 

than their hexacarbonyl analogues, and form bridging hydrides under acidic conditions.

Metal-organic frameworks (MOFs) possess well-defined porous structures with high internal 

surface areas, as well as great flexibility in design.1, 2 As such, they provide appealing 

platforms for the incorporation of molecular organometallic catalysts.3–5 Functionality can 

be introduced into the organic linker molecules either directly during solvothermal synthesis 

of the framework,6 while thermally unstable or reactive functional groups can be installed 

post-synthetically through post-synthetic modifications (PSM)7 or post-synthetic linker 

exchange (PSE).2, 8 The combination of organometallic catalysts and MOFs is motivated 

for mainly two reasons: catalyst immobilization often leads to improved structural stability 

of the catalyst and thus higher turnover numbers, while remaining organic linkers in the 

MOF may carry further functional groups that can interact favourably with the incorporated 

catalysts. Such higher coordination sphere effects would be reminiscent to the situation in 

enzymes,9, 10 and may include for example hydrogen-bonding or steric interactions that 

fine-tune the electronics of the incorporated catalysts.

We have recently reported the introduction of a dinuclear iron complex [Fe2(dcbdt)(CO)6] 

(1, dcbdt = 1,4-dicarboxylbenzene-2,3-dithiolate) with structural features of the [FeFe] 

hydrogenase (H2ase) active site11, 12 into a UiO-66(Zr) (UiO = University of Oslo)13 MOF 

under mild PSE conditions.14 Owing to the stabilizing effect of the UiO-66,15 the resulting 

UiO-66-1 is a superior proton reduction catalyst compared to the homogenous reference 

system.14, 16

The set of six CO ligands in UiO-66-1 is different to that in the H2ase active site where two 

electron donating cyanides are found in addition to the CO ligands.11 The purpose of these 
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ligands has been modelled in [FeFe] H2ase active site mimics where substitution of CO 

ligands by similarly stronger donor ligands like phosphines is a popular strategy to increase 

the basicity of the metal centres,17 and thus to enable the formation of hydrides without the 

need for prior electrochemical reductions.12, 18 With the favourable properties that are 

provided by the UiO-66 framework, we were intrigued whether CO ligands in UiO-66-1 
could be replaced by electron donating phosphines also within the pores of a MOF (Figure 

1).

In general, ligand exchange at organometallic linkers inside MOF cavities is challenging 

because the incoming ligand has to migrate over 100s of nanometers through the entire MOF 

crystal to reach complexes that are localized deeply inside the porous material. In addition, 

the incoming phosphine ligands that were used in this study (Figure 1) are all larger than the 

initially present CO ligands, thus potentially leading to steric congestions that may prevent 

high yielding CO→phosphine ligand exchanges.

Lastly, a specific complication in the case of 1 with its bdt-derived ligand is that its exposure 

to phosphines in homogenous solution leads to two major products: the desired twofold 

ligand-exchanged [Fe2(bdt)(CO)6(PX3)2] (bdt = benzene-1,2-dithiol, X = Me, Et or Ph) 

alongside the formation of a mononuclear Fe(II) complex of the general formula [Fe(bdt)

(CO)2(PX3)2]. The question thus arises whether the reactivity of 1 is altered by the 

surrounding MOF matrix, and whether a different product distribution can be obtained as a 

function of MOF incorporation.

UiO-66-1 with a loading of approx. 14% of 1 was prepared by PSE as reported earlier (see 

ESI, Fig. S1).14 Its average crystal dimension is circa 800 nm (ESI, Fig. S2) with octahedral 

and tetrahedral pores of an average window size of 6 Å.13 The FT-IR spectrum of UiO-66-1 
is characterized by νCO stretching frequencies at 2073, 2038 and 1997 cm-1 that arise from 

the [FeFe] complex (Figure 2). Three different phosphines PX3 (X = Me, Et, Ph) were used 

for the ligand exchange experiments, with PMe3 and PEt3 being smaller than the average 

UiO-66 pore window, while PPh3 is bigger (Figure 1).

Molecular references were obtained for bdt instead of dcbdt complexes due to the ready 

availability of the former and their generally good solubility. The impact of bdt vs. dcbdt 

ligand on the electronic properties of the Fe2 complexes is comparable as exemplified by 

almost identical FT-IR spectra (Table 1). [Fe2(bdt)(CO)4(PX3)2] were obtained from 

[Fe2(bdt)(CO)6] by a room temperature protocol using Me3NO as a decarbonylation agent.

19 The reaction of [Fe2(bdt)(CO)6] with the phosphines results in the formation of two 

products, roughly in a 2:1 ratio. As exemplified for PMe3, the major product is the 

dincuclear, disubstituted complex [Fe2(bdt)(CO)4(PMe3)2], while the minor one is the 

mononuclear [Fe(bdt)(CO)2(PMe3)2].20 Similar reactivity has also been observed for the 

reaction of [Fe2(bdt)(CO)6] with cyanide.16

Ligand exchange on UiO-66-1 was performed by stirring a suspension of the former with an 

excess of Me3NO and the phosphine at ambient temperature for up to 5 days. Importantly, 

the crystallinity of the UiO-66 under the ligand exchange conditions is preserved even on the 

timescales of days, as evidenced by PXRD and SEM (see ESI, Fig. S2 & S3). For UiO-66-1 
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treated with PMe3, the best results were obtained after stirring for 24 hours when 

approximately 80 % of the complexes have converted to a new species as demonstrated by 

FT-IR spectroscopy. This new species is characterized by νCO frequencies at 1980, 1942, 

1911 cm-1 (Fig. 2 and Table 1), and is assigned to UiO-66-incorporated [Fe2(dcbdt)

(CO)4(PMe3)2] on grounds of its IR spectrum that is very similar to that of the homogenous 

[Fe2(bdt)(CO)4(PMe3)2] reference (Table 1). The small average discrepancy of circa ΔνCO = 

9 cm-1 for all three bands is most likely due to the difference between bdt and deprotonated, 

Zr-coordinated dcbdt. After 24 hours, no further exchange was observed, even after 

prolonged reaction times to five days and the addition of further Me3NO and phosphine.

The incomplete transformation despite a large excess of reagents points towards a steric 

protection of some of the [Fe2(dcbdt)(CO)6] sites inside the UiO-66 framework. Phosphine 

exchanged complexes that are formed at early stages of the experiment are most likely 

responsible for blocking access to some of the remaining [Fe2(dcbdt)(CO)6] sites inside the 

UiO-66. It is noteworthy that the reaction of UiO-66-1 with PMe3 produces only one 

product, the UiO-66-incorporated [Fe2(dcbdt)(CO)4(PMe3)2]. This reactivity is different to 

that in homogenous phase where in addition to the PMe3-substituted [FeFe] complex also 

the mononuclear [Fe(bdt)(CO)2(PMe3)2] is observed. It thus seems that MOF incorporation 

of the organometallic complex alters its reactivity. In the reported mechanism for the 

formation of the mononuclear species,16 the cleavage of one of the Fe-S bonds in an early 

intermediate is the junction point from which the two product species arise. As the thiolate is 

part of the dcbdt ligand that is integral to the UiO-66 framework, it may be that this Fe-S 

cleavage is sterically disfavored, thus preventing the formation of the mononuclear product. 

Also, an intermediate with two bdt ligands that is postulated at a later stage of [Fe(bdt)

(CO)2(PMe3)2] formation would not be attainable for the UiO-66 confined [FeFe] complex.

The reaction of UiO-66-1 with PEt3 shows a similar ligand exchange behavior as that of 

PMe3, and UiO-66-incorporated [Fe2(dcbdt)(CO)4(PEt3)2] is observed by its νCO bands at 

1983, 1945 and 1918 cm-1 after 24 hours (Figure 2 and Table 1) as the only product. The 

ligand exchange yield for the PEt3 substitution reaction is circa 50%, and thus lower than 

that in the PMe3 case. This difference is most likely an effect of the larger size of the PEt3 

ligands that, when coordinated to the Fe2 complex, more efficiently block the UiO-66 pores. 

For the largest ligand PPh3, no significant ligand exchange is observed, even after 5 days 

reaction of UiO-66-1 with excess amounts of both Me3NO and ligand (see ESI). The lack of 

reactivity in case of PPh3 demonstrates that the ligand exchange reactions are true PSMs, 

and do not proceed through metallolinkers that transiently have leached into solution phase.

Introduction of phosphine ligands leads to an increased electron density at the iron centers, 

as indicated by a shift to lower νCO stretching frequencies. Such a higher electron density 

will push the reduction potential of the complexes cathodically; an effect that was probed by 

cyclic voltammetry (CV, see ESI for details). As UiO-type MOFs are intrinsically non-

conducting,21, 22 only redox active species that reside at the periphery of the MOF crystals 

are electrochemically accessible. CVs with acceptable current responses can be obtained by 

contacting the crystals to the glassy carbon working electrode through carbon black (see ESI 

for details).23 As illustrated in Figure 3a, the CV of UiO-66-1 displays a partially reversible 

redox process at a formal E1/2 = –1.05 V (Ep,c = –1.18 V and Ep,a = –0.91 V). This wave is 
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assigned to [Fe2(dcbdt)(CO)6] inside the UiO-66-1 on grounds of its similarity to reported 

solution values.24 The CV of the framework after treatment with PMe3 (Fig. 3b) features an 

irreversible reduction at –2.05 V in addition to the process at –1.05 V. This wave can be 

attributed to the disubstituted [FeFe](dcbdt)(CO)4(PMe3)2 based on an earlier report of 

analogous complexes.20 As expected, the feature at –2.05 V is gradually lost over 

consecutive scans, an observation which is consistent with the irreversible nature of this 

redox process. As only Fe2 complexes at the periphery of the MOF crystal can be addressed 

electrochemically, the detection of unsubstituted [Fe2(dcbdt)(CO)6] in the CV in Figure 3b 

is somewhat surprising, and suggests that not only Fe2 sites deeply buried in the MOF 

crystal are protected from ligand substitution, but also some that are near the crystal surface.

As mentioned above, the introduction of phosphine ligands increases the electron density at 

the Fe2 sites and potentially allows the formation of hydride species which are prominent 

intermediates in the catalytic proton reduction cycle. Thus, the reactivity of UiO-66-

incorporated [Fe2(dcbdt)(CO)4(PMe3)2] towards triflic acid was investigated. While the 800 

nm sized UiO-66 samples gave inconclusive results, protonation of [Fe2(dcbdt)

(CO)4(PMe3)2] in smaller crystals of 300 nm could unambiguously be observed by FT-IR 

spectroscopy (see Fig. 4 and ESI). Starting from a UiO-66 sample with circa 80% of the Fe2 

sites being [Fe2(dcbdt)(CO)4(PMe3)2], conversion to a new species that is characterized by 

two strong absorptions at νCO = 2054 and 2016 cm-1 can be detected. These absorptions are 

very similar to those of related [Fe2(adt)(CO)4(μ-H)(PMe3)2]25 (adt = azadithiolate) and 

[Fe2(pdt)(CO)4(μ-H)(PMe3)2]26 (pdt = propyldithiolate) that carry bridging hydride ligands, 

and the species that is produced within the UiO-66 framework is thus assigned to the 

UiO-66-[Fe2(dcbdt)(CO)4(μ-H)(PMe3)2]. Notably, the crystallinity of the framework 

remains unchanged after treatment with triflic acid as indicated by PXRD (ESI, Fig. S6). 

Quantitative formation of the hydride species occurs on the timescale of minutes, pointing 

towards cumbersome access into the material.27 As the hydride species are intermediates in 

catalytic proton reduction schemes, their slow formation is a critical aspect that needs to be 

taken into account, for example when devising future electrocatalytic materials.

In conclusion, we have shown that CO→phosphine ligand substitutions are possible inside 

MOFs as long as the introduced ligands can enter the pore windows. Using an excess of 

phosphine ligand and Me3NO allowed 50-80% conversion of [Fe2(dcbdt)(CO)6] into the 

dinuclear disubstituted complexes as the only products. The reactivity of [Fe2(dcbdt)(CO)6] 

is thus altered by its confinement in the UiO-66, and mononuclear side products that are 

observed in homogenous phase are absent in the MOF. UiO-66-[Fe2(dcbdt)(CO)4(PMe3)2] 

can be protonated to form the hydride species UiO-66-[Fe2(dcbdt)(CO)4(μ-H)(PMe3)2] 

which is a prominent intermediate during catalytic proton reduction cycles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One sentence summary

CO→phosphine ligand exchange reactions on [FeFe(dcbdt)(CO)6] incorporated in 

UiO-66(Zr) afford selectively the disubstituted UiO-66-[FeFe(dcbdt)(CO)4(PX3)2] which 

can be protonated quantitatively to afford the bridging hydride UiO-66-[FeFe(dcbdt)(μ-

H)(CO)4(PX3)2].
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Figure 1. 
Schematic presentation of CO→phosphine ligand exchange reactions in UiO-66-[Fe2(dcbdt)

(CO)6] using PMe3, PEt3 and PPh3.

Pullen et al. Page 7

Chem Commun (Camb). Author manuscript; available in PMC 2018 August 16.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 2. 
IR spectra of ligand exchange reactions in UiO-66-1 before (black) and after (red) addition 

of PMe3 a) and PEt3 b). Reference complexes [FeFe](bdt)(CO)4(PX3)2 (X = Me or Et) in 

blue and [Fe](bdt)(CO)2(PMe3)2 in gold. All spectra were recorded in CH3CN solutions/

suspensions.
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Figure 3. 
Protonation of UiO-66-2. Yellow to blue: 1 mg UiO-66-2 was added to a solution of triflic 

acid (11.3 mM in CH3CN); IR spectra of the suspension were recorded in a liquid IR cell. In 

red: reference spectrum of UiO-66-2 in pure CH3CN.
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Figure 4. 
Progressive cyclic voltammograms of a) UiO-66-1 and b) UiO-66-2 modified glassy carbon 

electrodes. Voltammograms were recorded in acetonitrile containing 0.1 M NBu4PF6 at 100 

mV s-1; first five scans are presented in each case.
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Table 1

IR frequencies for all reference complexes and MOFs.

Material IR frequencies (νCO in cm-1)

UiO-66-1 2073, 2038, 1997

[Fe2(dcbdt)(CO)6 (1) 2082, 2046, 2007

[Fe2(bdt)(CO)6] 2078, 2042, 2002

UiO-66-[Fe2(dcbdt)(CO)4(PMe3)2] 1980, 1942, 1911 1)

difference spectrum (see Fig S4a) 1985, 1946, 1916

[FeFe](bdt)(CO)4(PMe3)2 1991, 1948, 1924

[Fe](bdt)(CO)2(PMe3)2 2009, 1954

UiO-66-[Fe2(dcbdt)(CO)4(PEt3)2] 1983, 1945, 1918 1)

difference spectrum (see Fig S4b) 1982, 1944, 1917

[FeFe](bdt)(CO)4(PEt3)2 1992, 1947, 1929

[FeFe](bdt)(CO)4(PPh3)2 2001, 1957, 1941

1
Given are the prominent absorptions associated with the ligand-substituted [FeFe](dcbdt)(CO)4(PX3)2 in the UiO-66. All FT-IR spectra were 

recorded in CH3CN solution/suspension.
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