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Synthesis, characterization, and H/D exchange of 

µ-hydride-containing [FeFe]-hydrogenase subsite models formed 

by protonation reactions of (µ-TDT)Fe2(CO)4(PMe3)2 (TDT = 

SCH2SCH2S) with protic acids
† 

 

Li-Cheng Song,* 1,2
 An-Guo Zhu,1,2 and Yuan-Qiang Guo1,2 

 

As [FeFe]-hydrogenase models, the first thiodithiolate (TDT) ligand-containing 

µ-hydride complexes [(µ-TDT)Fe2(CO)4(PMe3)2(µ-H)]+Y− (2−−−−7, Y = Cl, ClO4, PF6, 

BF4, CF3CO2, CF3SO3) have been prepared by protonation reactions of 

(µ-TDT)Fe2(CO)4(PMe3)2 (1) with the corresponding HY acids. While the protonation 

reactions are monitored by in situ 1H and 31P{1H} NMR spectroscopy to show the 

isomer type and stability of 2−−−−7, the structures of the isolated 2−−−−7 are characterized 

by elemental analysis, spectroscopy and for some of them by X-ray crystallography. 

Although the H/D exchange of µ-hydride complex 7 (Y = CF3SO3) with D2 or D2O 

has been proved not to occur under the studied conditions, the H/D exchange of 7 

with DCl gives the µ-deuterium complex [(µ-TDT)Fe2(CO)4(PMe3)2(µ-D)]+[CF3SO3]
− 

(8) in a nearly quantitative yield. To our knowledge, 8 is the first crystallographically 
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1H NMR of µ-H in 2-7 and in situ 31P {1H} NMR of 2-7 taken after the 5 min protonation reactions of complex 1 
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characterized µ-deuterium-containing butterfly [2Fe2S] complex produced by H/D 

exchange reaction. 

 

Introduction 

[FeFe]-hydrogenases ([FeFe]Hases) have received great attention in recent years, 

largely due to their unique structure and particularly the extremely high catalytic 

efficiency for proton reduction and hydrogen oxidation in a variety of 

microorganisms.1-4 The X-ray crystallographic study on [FeFe]Hases revealed that the 

active site of [FeFe]Hases contains a butterfly [2Fe2S] catalytic subsite and a cubic 

[4Fe4S] electron-transfer unit, which are linked together via a cysteine S atom. In 

addition, the two Fe atoms in the [2Fe2S] subsite are bridged by a dithiolate cofactor 

and coordinated by the biologically unusual CO and CN− ligands (Fig. 1).5-7 Recently, 

the debate about nature of bridging dithiolate cofactor has been settled by the 

presented evidences of 14N HYSCORE and controlled metalloenzyme activation in 

favor of azadithiolate.8,9
 

 

Fig. 1 The active site structure of [FeFe]-hydrogenases.  
 

Inspired by the well-elucidated active site structure shown in Figure 1, synthetic 

chemists have prepared a wide variety of biomimetic models for the active site of 
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[FeFe]Hases.10-29 However, it is worth noting that among the prepared models the 

µ-hydride-containing PMe3-disubstituted diiron complexes are of particular interest 

since they can act as the structural and functional models for the protonated diiron 

subsite generated during the course of proton reduction or H2 oxidation catalyzed by 

[FeFe]Hases.30-37 To date, although some PMe3-disubstituted diiron complexes such as 

(µ-PDT)Fe2(CO)4(PMe3)2, (µ-ODT)Fe2(CO)4(PMe3)2,
 and (µ-ADT)Fe2(CO)4(PMe3)2, 

as well as their µ-hydride complexes have been prepared,30-37 no their TDT analogue 

(µ-TDT)Fe2(CO)4(PMe3)2 (1, TDT = SCH2SCH2S) and the corresponding protonated 

products are reported, so far. To further develop the biomimetic chemistry of 

[FeFe]Hases and to examine the isomer structures and properties of the µ-hydride 

complexes generated by protonation reactions of complex 1 with some protic acids, 

we launched this study. Herein we report the interesting results obtained by this study. 

  

Results and discussion 

Synthesis and characterization of PMe3-disubstituted complex 

(µµµµ-TDT)Fe2(CO)4(PMe3)2 (1) 

Although the parent TDT-type complex (µ-TDT)Fe2(CO)6 (A) and some of its CO 

substitution derivatives were previously reported,38,39 the PMe3-disubstituted 

derivative of A, namely complex 1 has not yet appeared in literature, to date. Similar 

to preparation of its PDT and ODT analogues,33,35,36 complex 1 could be prepared by 

reaction of parent complex A with excess PMe3 in refluxing hexane in 80% yield 

(Scheme 1). 

Page 3 of 30 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 4 

 

Scheme 1  Synthesis of complex 1 

Complex 1 is a slightly air-sensitive red solid and has been characterized by 

elemental analysis and spectroscopy. For example, the IR spectrum of 1 showed three 

absorption bands in the range 1979−1898 cm−1 for its terminal carbonyls. These 

bands are considerably shifted towards lower energy relative to those (2075−1990 

cm−1) of its parent complex A. This is apparently due to the increased electron 

density at the Fe centers by CO substitution with the stronger electron donor PMe3. 

The 1H NMR spectrum of 1 displayed a singlet at 3.22 ppm for its methylene protons 

and a doublet at 1.56 ppm for its PMe3 protons. In addition, the 31P{1H} NMR 

spectrum of 1 exhibited a singlet at 22.2 ppm for P atoms in its PMe3 ligands. In 

general, complexes of this type may exist as four isomers: ap/ap, ap/ba, cis-ba/ba, and 

trans-ba/ba isomers (Scheme 2).40,41   

 

Scheme 2  Four possible isomers of complex 1 

To confirm the isomer structure of 1, an X-ray crystallographic study was 

undertaken. While Fig. 2 shows its ORTEP plot, Table S1 lists its selected bond 

lengths and angles. Interestingly, Fig. 2 shows that complex 1 exists only as one 
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isomer, namely the trans-ba/ba isomer, in which its two PMe3 ligands lie in two basal 

positions of the two square-pyramidal Fe centers with a trans coordination mode. It 

follows that our complex 1 adopts the same type of solid-state structure as that for its 

PDT analogue reported by Darensbourg and co-workers,40 but different from its ODT 

analogue that adopts the ap/ba type of solid-state structure reported by Pickett and 

co-workers.35 The Fe−Fe bond length of 1 (2.5710 Å) is close to that of its PDT 

analogue (2.555 Å), but significantly longer than those of its parent complex A 

(2.5159 Å) and its ODT analogue (2.5235 Å).35,40  

 

Fig. 2  Molecular structure of 1. Hydrogen atoms are omitted for clarity. Ellipsoids 
are plotted at the 15% probability level.  

 

Synthesis and characterization of µµµµ-hydride-containing complexes 

[(µµµµ-TDT)Fe2(CO)4(PMe3)2(µµµµ-H)]
+
Y
−−−− (2−−−−7) 

Although some diiron µ-hydride complexes have been prepared by protonation 

reactions of the PMe3-disubstituted diiron complexes,30-37 no protonation reaction of 

diiron complex (µ-TDT)Fe2(CO)4(PMe3)2 (1) and its product µ-hydride complex are 
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reported, up to now. Interestingly, we found that when complex 1 was treated with 

excess protic acids HY (Y = Cl, ClO4, PF6, BF4, CF3CO2, CF3SO3) in MeCN at room 

temperature, the corresponding µ-hydride-containing cationic complex salts 2−−−−7 were 

produced in 80−90% yields (Scheme 3).  

 

Scheme 3  Synthesis of complexes 2-7 

All the µ-hydride complexes 2−−−−7 are air-stable red solids and have been 

characterized by elemental analysis and various spectroscopic techniques. The IR 

spectra of 2−−−−7 each displayed only two strong absorption bands in the range 

2041−1984 cm−1 for their terminal carbonyls. These bands are shifted towards much 

higher energy as compared to those of their precursor complex 1, obviously owing to 

the decreased electron density at their Fe centers by protonation reactions with protic 

acids HY. The 1H NMR spectra of 2−−−−7 showed a doublet in the region 1.58−1.60 ppm 

for their CH3 groups attached to P atoms and a triplet from −14.98 to −15.00 ppm for 

their bridging µ-H atoms.34,35,42 The 31P{1H} NMR spectra of 2−−−−7 exhibited a singlet 

in the region 21.04−21.14 ppm for P atoms in their PMe3 ligands,34,35,42 whereas 4 

displayed an additional heptet at −144.61 ppm for the P atom in its [PF6]
− anion. In 

19F{1H} NMR spectra, while 4 displayed a doublet at −72.93 ppm for F atoms in its 

[PF6]
− anion, 5 displayed two singlets at −151.78 and −151.73 with a 4:1 ratio 
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integrated intensity for its F atoms respectively bound to 11B and 10B atoms in its 

[BF4]
− anion.43 In addition, 6 and 7 showed a singlet at −74.61 and −79.20 ppm for 

their F atoms in anions [CF3CO2]
− and [CF3SO3]

−, respectively. It follows that, similar 

to their precursor complex 1, all the spectroscopic data have proved that the isolated 

protonated products 2−−−−7 each have only one type of isomer, namely the trans-ba/ba 

isomer, although they can exist as the ap/ba, cis-ba/ba, and trans-ba/ba isomers during 

the course of the protonation reactions (see below).  

Fortunately, the molecular structures of 3−−−−5 were confirmed unequivocally by 

X-ray crystallography. While their ORTEP plots are depicted in Figs. 3−5, Table S2 

presents the selected bond lengths and angles. As can be seen in Figs. 3−5, the 

molecular structures of 3−−−−5 are composed of one protonated complex cation 

[(µ-TDT)Fe2(CO)4(PMe3)2(µ-H)]+ and the one corresponding anion. In the complex 

cation there is a µ-H atom bridged between its two iron centers, whereas its two PMe3 

ligands are located in basal positions of the two square-pyramidal metal centers with a 

trans coordination mode. In addition, both 3 and 5 contain a tetrahedral [ClO4]
− or 

[BF4]
− anion, whereas 4 has an octahedral anion [PF6]

−. The metal-metal bond lengths 

of 3−−−−5 are in the range 2.5721−2.5799 Å, which are very close to those of their 

precursor complex 1 (2.5710 Å) and their PDT analogue 

[(µ-PDT)Fe2(CO)4(PMe3)2(µ-H)]+[PF6]
− (2.578 Å)33, but obviously longer than the 

corresponding Fe−Fe bond length (2.55 Å) in the reduced state of [FeFe]Hases.44 
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Fig. 3  Molecular structure of 3. Except µ-H, the other hydrogen atoms are omitted 
for clarity. Ellipsoids are plotted at the 65% probability level.  
 
 

 

Fig. 4  Molecular structure of 4. Except µ-H, the other hydrogen atoms are omitted 
for clarity. Ellipsoids are plotted at the 15% probability level. 
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Fig. 5  Molecular structure of 5. Except µ-H, the other hydrogen atoms are omitted 
for clarity. Ellipsoids are plotted at the 35% probability level. 

 

Isomer type and stability of µµµµ-hydride complexes 2-7 formed in situ by 

protonation reactions 

As described above, through protonation reactions of complex 1 with the proton acids 

HY, a series of the cationic µ-hydride complexes 2−−−−7 has been isolated and 

characterized as only the trans-ba/ba type isomers. Now, the questions are (i) whether 

or not the other three isomers (ap/ap, ap/ba, and cis-ba/ba) were formed during the 

course of the protonation reactions; (ii) if they were formed, how about their stability; 

and (iii) whether or not the less stable isomers could be converted to the more stable 

isomers. In order to answer these questions, we first determined the in situ 1H and 

31P{1H} NMR spectra of complexes 2−−−−7 after the 5 min protonation reactions of 

complex 1 with HY acids in CD3CN (see Fig. S1/Table S3 and Fig. S2/Table S4 for 

the NMR spectra and NMR data for their µ-H and trimethylphosphine's P atoms, 

respectively). As can be seen in Figs. S1/S2 and Tables S3/S4, (i) the 5 min 
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protonation reactions of complex 1 with HY acids did not give the ap/ap isomers of 

2−−−−7 since no µ-H and trimethylphosphine′s P signals appeared for this type of isomer 

(note that for the ap/ap isomer of their ODT analogue, the δµ-H = −14.55 ppm and 

δPMe3 = 24.48 ppm);34,35,42 (ii) for 2 only the trans-ba/ba isomer was formed; (iii) for 6 

the trans-ba/ba and ap/ba isomers were formed with a molar ratio trans-ba/ba > ap/ba 

(see Tables S3/S4 for the specific values); and (iv) for 3−−−−5 and 7 the trans-ba/ba, 

ap/ba, and cis-ba/ba isomers were formed with a molar ratio of trans-ba/ba > ap/ba > 

cis-ba/ba (see Tables S3/S4 for the specific values,). It follows that among the four 

possible isomers of 2−−−−7, the ap/ap isomer is the most unstable one and even could not 

be detected by in situ 1H and 31P {1H} NMR spectroscopy (note that the highest 

instability of ap/ap isomer is due to the strong steric repulsions between its TDT 

ligand and the two apical PMe3 ligands).40 In addition, according to the molar ratio of 

the other three isomers, the trans-ba/ba isomer is most stable since it does not have the 

steric repulsion between its TDT ligand and the two basal PMe3 ligands located with a 

trans arrangement.  

To answer the third question mentioned above, we further determined the in situ 

1H and 31P{1H} NMR spectra of complex 5 at different time of the protonation 

reaction of 1 with HBF4⋅Et2O from 5 min to 85 min (see Fig. S3/Table S5 and Fig. 

4/Table S6 for the NMR spectra and NMR data of µ-H and trimethylphosphine's P 

atoms of 5, respectively). As can be seen in Figs. S3/S4 and Tables S5/S6, (i) the 

reaction mixtures generated by protonation reactions of 1 with HBF4⋅Et2O from 5 to 

45 min all contained the ap/ba, cis-ba/ba, and trans-ba/ba isomers of 5; (ii) while the 

Page 10 of 30Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 11 

ap/ba and cis-ba/ba isomers of 5 were gradually decreased from 5 to 45 min, the 

trans-ba/ba isomer of 5 was gradually increased from 5 to 45 min; and (iii) after the 

85 min protonation reaction, the former two less stable isomers were disappeared and 

completely converted to the most stable trans-ba/ba isomer with a triplet at −14.99 

ppm for its µ-H and a singlet at 21.10 ppm for its trimethylphosphine's P atoms. 

Apparently, such observations are in good agreement with the fact that only the 

trans-ba/ba isomers of 2−−−−7 were isolated from the reaction mixtures formed by 

protonation reactions of complex 1 with the corresponding HY acids. 

Finally, it should be noted that anions Y− in 3−−−−7 play an important role for 

stabilization of the less stable isomers, but anion Cl− in 2 does not have such a kind of 

stabilization effect. Thus, (i) when Y− = Cl− in 2, only the most stable isomer 

trans-ba/ba was observed; (ii) when Y− = CF3CO2
− in 6, the less stable isomer ap/ba 

was also observed; and (iii) when Y− = ClO4
−, PF6

−, BF4
−, and CF3SO3

− in 3−−−−5 and 7, 

the less stable ap/ba and cis-ba/ba isomers were all observed (see Figs S1/S2 and 

Tables S3 and S4). This implies that the stabilization intensity of anions Y− is in the 

order: the four anions in 3−−−−5 and 7 > anion CF3CO2
− in 6 > anion Cl− in 2. However, 

according to the protonated isomer ratios we cannot arrange an exact stabilization 

intensity order for the four anions in 3−−−−5 and 7, since the isomer ratios are not 

derectly related to their stabilization intensity. 

 

H/D exchange reactions between µµµµ-hydride complex 7 and deuterium reagents 

Up to now, the H/D exchange reactions of the [FeII(µ-H)FeII]-type µ-hydride 
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complexes with some deuterium reagents such as D2 and D2O have been used to test 

whether or not such complexes can act as the functional models of [FeFe]Hases for 

H2-binding and activation.33,40,41 Therefore in order to test whether or not our model 

complexes 2−−−−7 of this type have the H2 activation ability, we chose 7 as a 

representative complex (due to its higher photostability and better solubility in 

common organic solvents) to study the H/D exchange reactions with deuterium 

reagents D2, D2O, and DCl according to eqs 1−3, where 8 represents 

[(µ-TDT)Fe2(CO)4(PMe3)2(µ-D)]+[CF3SO3]
−−−−.40,41,45-47  

7  +  D2  →  8  +  HD          (1) 

7  +  D2O  →  8  +  HOD       (2) 

7  +  DCl  →  8  +  HCl        (3) 

   As a result, we found that the H/D exchange between 7 and D2 or D2O cannot 

occur (see SI for discussion of the unsuccessful H/D exchange results), while the H/D 

exchange of 7 with DCl has been proved to take place immediately and almost 

quantitatively (see below) to give the expected H/D exchange product 8. This implies 

that the H/D exchange of 7 with DCl does not require an activation step of DCl by 

complex 7 (in contrast to this, the H/D exchange reactions of some protonated diiron 

complexes with D2 are known via an activation step of D2).
40,41 This H/D exchange 

experiment was carried out in an NMR tube containing an acetone or acetone-d6 

solution of 7 and an equimolar DCl in the dark for 5 min or under irradiation of 

ambient laboratory light for 5 min. The in situ 2H and 31P{1H} NMR spectra of the 

resulting mixture showed the µ-D signal (δµ-D: a triplet at −14.33 ppm with JD-P = 3.23 

Hz) and 31P{1H} NMR signal (δP: a triplet at 21.61 ppm with J P-D = 3.23 Hz for P in 

Page 12 of 30Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 13 

PMe3) (see Figs. 6 and 7). In addition, Fig. 6 also shows the 2H NMR signals for 

solvent D2O (δD: a singlet at 2.63 ppm), unreacted DCl (δD: a singlet at 4.83 ppm), 

and some HOD (δD: a singlet at 1.99 ppm) formed presumably by reaction of the in 

situ generated HCl with solvent D2O. 

 

 

Fig. 6  In situ 2H NMR spectrum of 8 taken after the 5 min H/D exchange reaction of 
7 with DCl.  
 

 

 

Fig. 7  In situ 31P{1H} NMR spectrum of 8 taken after the 5 min H/D exchange 
reaction of 7 with DCl. 

 

Isolation and characterization of µµµµ-deuterium-containing complex 8 

To further confirm the structure of complex 8, we have isolated 8 from the H/D 

exchange reaction of complex 7 with 1 equiv of DCl in an acetone-d6 followed by 

treatment with CF3SO3Ag (note that adding CF3SO3Ag is to obtain the pure 8 
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containing only the CF3SO3
− anion by removing anion Cl− derived from DCl as a 

precipitate AgCl) at room temperature in 90% yield. Complex 8 is an air-stable red 

solid and has been fully characterized by elemental analysis, spectroscopy, and X-ray 

diffraction analysis. The IR spectrum of 8 showed two strong absorption bands at 

1991 and 2032 cm−1 for its terminal carbonyls, which is very similar to those of its 

precursor 7 and the previously reported µ-hydride analogues.33,40 The 1H NMR 

spectrum of 8 displayed a doublet at 1.72 ppm with JP-H = 10.4 Hz for Me groups in 

its PMe3 ligands. Similar to the in situ 2H NMR determination indicated above, the 

2H NMR spectrum of isolated 8 showed a triplet at −14.52 ppm in the high field 

resulting from the coupling between its P atom and µ-D (JP-D = 3.23 Hz). In addition, 

the 31P {1H} NMR spectrum of isolated 8 also exhibited a triplet at 21.59 ppm 

resulting from the coupling between its P atom and µ-D with the same coupling 

constant (JD-P = 3.23 Hz).  

The molecular structure of 8 determined by X-ray crystallography is shown in 

Fig. 8. Table S7 lists its selected bond lengths and angles. As can be seen in Figure 8, 

the µ-deuterium complex 8 is structurally very similar to its µ-hydride analogues 3−−−−5 

and the previously reported µ-hydride analogues.33 Complex 8 indeed contains one 

[CF3SO3]
− anion and one [(µ-TDT)Fe2(CO)4(PMe3)2(µ-D)]+ complex cation in which 

there is a deuterium atom bridged between the two square-pyramidal Fe centers and 

there are two PMe3 ligands lying in the basal positions of the two Fe centers with a 

trans coordination mode. In addition, the Fe−Fe bond length of complex 8 (2.5866 Å) 

is very close to those of its µ-hydride analogues 3−−−−5 (2.5721−2.5799 Å), but 
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obviously shorter than those of the oxidized state of [FeFe]Hases (2.60−2.62 Å).5,6 To 

our knowledge, complex 8 is the first crystallographically characterized 

µ-deuterium-containing butterfly [2Fe2S] cluster complex, although a few of such a 

type of complexes were previously characterized spectroscopically.33,40,48 

 

Fig. 8  Molecular structure of 8. Hydrogen atoms are omitted for clarity. Ellipsoids 
are plotted at the 15% probability level. 

 

Summary and conclussion 

We have synthesized the first thiodithiolate (TDT) ligand-containing µ-hydride 

complexes 2−−−−7 by protonation reactions of the PMe3-disubstituted complex 1 with the 

corresponding acids. The prepared µ-hydride complexes 2−−−−7 might be able to serve as 

good models for the protonated diiron subsite of [FeFe]Hases. This is because (i) the 

central S atom-containing dithiolate TDT-bridged butterfly [2Fe2S] cluster in 2−−−−7 is 

very similar to the heteroatom N-containing ADT-bridged diiron subsite in 

[FeFe]Hases; (ii) the two electron-donating PMe3 ligands with a trans-ba/ba 

arrangement in 2−−−−7 much resemble the two CN− ligands located with a trans 
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coordination mode in the diiron subsite of the natural enzymes; and (iii) the 

protonated diiron subsite of [FeFe]Hases is reported to be an intermediate during the 

catalytic H2 production. Particularly interesting is that while the isolated µ-hydride 

complexes 2−−−−7 have been proved to contain only the trans-ba/ba isomers, the in situ 

1H and 31P{1H} NMR measurements of the mixtures produced by the 5 min 

protonation reactions of complex 1 with the corresponding acids reveal that (i) 

products 2−−−−7 do not have the ap/ap isomers; (ii) product 2 contains only the 

trans-ba/ba isomer; (iii) product 6 contains two isomers with a molar ratio of 

trans-ba/ba > ap/ba; (iv) products 3−−−−5 and 7 contain three isomers with a molar ratio 

trans-ba/ba > ap/ba > cis-ba/ba. In addition, the in situ 1H and 31P{1H} NMR 

determinations of the mixtures generated by the 5−85 min protonation reactions of 

complex 1 with HBF4⋅Et2O indicate that the less stable ap/ba and cis-ba/ba isomers 

can be converted to the most stable trans-ba/ba isomer. Apparently, such observations 

can provide not only an explanation why only the trans-ba/ba isomers of 2−−−−7 can be 

isolated from the protonation reaction mixtures, but also provide a better 

understanding of the formation of the protonated intermediates and their possible 

isomerization during the course of H2 production catalyzed by [FeFe]Hases. It should 

be noted that although the H/D exchange of 7 with D2 or D2O has been proved not to 

occur under the studied conditions, the H/D exchange between 7 and DCl proceeds 

immediately to give the expected µ-deuterium complex 

[(µ-TDT)Fe2(CO)4(PMe3)2(µ-D)]+[CF3SO3]
− (8) in an almost quantitative yield. All 

the new complexes 1−−−−8 have been fully characterized by elemental analysis and 
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various spectroscopic methods, and particularly for some of them by X-ray diffraction 

analysis. 

 

Experimental section  

General comments 

All manipulations were performed using standard Schlenk and vacuum-line 

techniques under N2 or in a N2-filled glovebox. MeCN was distilled under N2 once 

from P2O5 and then from CaH2, whereas Et2O and hexane were distilled under N2 

from sodium/benzophenone ketyl. While (µ-TDT)Fe2(CO)6 (A) was prepared 

according to the published procedure,38 PMe3 (1 M in THF), 37% HCl, 70% HClO4, 

60% HPF6, 50% HBF4⋅Et2O, CF3CO2H, CF3SO3H, DCl (20% wt in D2O) and the 

other materials were commercially available and used as received. IR spectra were 

recorded on a Bruker Tensor 27 FT-IR infrared spectrophotometer. 1H, 31P{1H}, 

19F{1H}, 11B{1H} NMR spectra were taken on a Bruker Avance 400 NMR 

spectrometer. 2H NMR spectra were taken on a Bruker Avance 600 NMR 

spectrometer operating at 92.2 MHz. Elemental analyses were performed with an 

Elementar Vario EL analyzer. Melting points were determined on a SGW X-4 

microscopic melting point apparatus and were uncorrected.                                                                                                                             

Preparation of (µµµµ-TDT)Fe2(CO)4(PMe3)2 (1) 

A 50 mL, three-necked flask equipped with a stir-bar, a serum cap, and a reflux 

condenser topped with an N2 inlet tube was charged with (µ-TDT)Fe2(CO)6 (A) 

(0.202 g, 0.5 mmol), PMe3 (2.5 mL, 2.5 mmol), and hexane (15 mL). The stirred 
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mixture was refluxed for 2 h and then cooled to room temperature. The resulting 

dark-red solution was subjected to column chromatography (silica gel) under 

anaerobic conditions. Elution with CH2Cl2/hexane (1:2, v/v) developed a major red 

band, from which 1 (0.200 g, 80%) was obtained as a red solid, mp 114−115 °C. Anal. 

Calcd for C12H22Fe2O4P2S3: C, 28.82; H, 4.43. Found: C, 28.90; H, 4.38. IR (KBr 

disk): νC≡O 1979 (m), 1944 (vs), 1898 (vs) cm−1. 1H NMR (400 MHz, CD3CN): 1.56 

(d, 2
JP-H = 9.2 Hz, 18H, 2(CH3)3), 3.22 (s, 4H, 2SCH2S) ppm. 31P{1H} NMR (162 

MHz, CD3CN, 85% H3PO4): 22.2 (s, 2PMe3) ppm. 

Preparation of [(µµµµ-TDT)Fe2(CO)4(PMe3)2(µµµµ-H)]
+
Cl

−−−− 
(2) 

A 50 mL, three-necked flask fitted with a stir-bar, two serum caps, and an N2 inlet 

tube was charged with 1 (0.250 g, 0.5 mmol) and MeCN (20 mL). To the resulting 

dark-red solution was added 37% concentrated HCl (0.42 mL, 5.0 mmol) by syringe, 

causing an immediate color change from dark-red to orange-red. After the orange-red 

solution was stirred at room temperature for additional 15 min, it was evaporated to 

dryness under vacuum. The residue was washed with ether (10 mL×5) and finally 

dried under vacuum to give 2 (0.220 g, 82%) as a red solid, mp 75 °C (dec). Anal. 

Calcd for C12H23ClFe2O4P2S3: C, 26.86; H, 4.32. Found: C, 26.83; H, 4.42. IR (KBr 

disk): νC≡O 2041 (vs), 1988 (vs) cm−1. 1H NMR (400 MHz, CD3CN): −15.00 (t, 2
JP-H 

= 21.6 Hz, 1H, Fe−H−Fe), 1.60 (d, 2JP-H =10.8 Hz, 18H, 2P(CH3)3), 3.67−3.76 (m, 4H, 

2SCH2S) ppm. 31P{1H} NMR (162 MHz, CD3CN, 85% H3PO4): 21.1 (s, 2PMe3) ppm. 

Preparation of [(µµµµ-TDT)Fe2(CO)4(PMe3)2(µµµµ-H)]
+
[ClO4]

−−−− 
(3) 
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The same equipped flask as for 2 was charged with 1 (0.250 g, 0.5 mmol) and MeCN 

(20 mL). To the resulting dark-red solution was added HClO4 (0.41 mL, 5.0 mmol) by 

syringe, causing an immediate color change from dark-red to orange-red. The 

orange-red solution was stirred at room temperature for additional 1.5 h. After the 

same workup as for 2, complex 3 (0.270 g, 90%) was obtained as a red solid, mp 146 

°C (dec). Anal. Calcd for C12H23ClFe2O8P2S3: C, 24.00; H, 3.86. Found: C, 23.89; H, 

3.96. IR (KBr disk): νC≡O 2028 (s), 1984 (s) cm−1. 1H NMR (400 MHz, CD3CN): 

−14.99 (t, 2
JP-H = 21.2 Hz, 1H, Fe−H−Fe), 1.60 (d, 2

JP-H = 10.0 Hz, 18H, 2P(CH3)3), 

3.68−3.76 (m, 4H, 2SCH2S) ppm. 31P{1H} NMR (162 MHz, CD3CN, 85% H3PO4): 

21.1 (s, 2PMe3) ppm. 

Preparation of [(µµµµ-TDT)Fe2(CO)4(PMe3)2(µµµµ-H)]
+
[PF6]

−−−− 
(4) 

The same equipped flask as for 2 was charged with 1 (0.250 g, 0.5 mmol) and MeCN 

(20 mL). To the resulting dark-red solution was added 60% HPF6 (0.70 mL, 5.0 mmol) 

to cause an immediate color change from dark-red to orange-red. The orange-red 

solution was stirred at room temperature for additional 1.5 h. The same workup as for 

2 afforded complex 4 (0.290 g，90% ) as a red solid, mp 195 °C (dec). Anal. Calcd for 

C12H23F6Fe2O4P3S3: C, 22.31; H, 3.59. Found: C, 22.33; H, 3.44. IR (KBr disk): νC≡O 

2035 (vs), 1991 (vs) cm−1. 1H NMR (400 MHz, CD3CN): −15.00 (t, 2
JP-H = 21.6 Hz, 

1H, Fe−H−Fe), 1.60 (d, 2
JP-H = 10.4 Hz, 18H, 2(CH3)3), 3.67−3.76 (m, 4H, 2SCH2S) 

ppm. 31P{1H} NMR (162 MHz, CD3CN, 85% H3PO4): 21.0 (s, 2PMe3), −144.6 

(heptet, JF-P = 706 Hz, PF6) ppm. 19F{1H} NMR (376 MHz, CD3CN, CFCl3): −72.9 (d, 

JP-F = 706 Hz, PF6) ppm. 
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Preparation of [(µµµµ-TDT)Fe2(CO)4(PMe3)2(µµµµ-H)]
+
[BF4]

−−−− 
(5) 

The same equipped flask as for 2 was charged with 1 (0.250 g, 0.5 mmol) and MeCN 

(20 mL). To the resulting dark-red solution was added HBF4·Et2O (0.60 mL, 5.0 

mmol) by a syringe,  causing an immediate color change from dark-red to orange-red. 

The orange-red solution was stirred at room temperature for additional 1.5 h. After the 

same workup as for 2, complex 5 (0.255 g, 87%) was obtained as a red solid, mp173 

°C (dec). Anal. Calcd for C12H23BF4Fe2O4P2S3: C, 24.51; H, 3.94. Found: C, 24.63; H, 

4.06. IR (KBr disk): νC≡O 2031 (vs), 1990 (vs) cm−1. 1H NMR (400 MHz, CD3CN): 

−14.98 (t, 2
JP-H = 21.6 Hz, 1H, Fe−H−Fe), 1.60 (d, 2

JP-H = 10.0 Hz, 18H, 2(CH3)3), 

3.67−3.75 (m, 4H, 2SCH2S) ppm. 31P{1H} NMR (162 MHz, CD3CN, 85% H3PO4): 

21.1 (s, 2PMe3) ppm. 11B{1H} NMR (128 MHz, CD3CN, BF3·Et2O): −1.19 (s) ppm. 

19F{1H} NMR (376 MHz, CD3CN, CFCl3): −151.78 (s, 11BF4), −151.73 (s, 10BF4 ) 

ppm. 

Preparation of [(µµµµ-TDT)Fe2(CO)4(PMe3)2(µµµµ-H)]
+
[CF3CO2]

−−−− 
(6) 

The same equipped flask as for 2 was charged with 1 (0.250 g, 0.5 mmol), MeCN (20 

mL) and MeOH (10 mL) to produce a dark-red solution. To the stirred dark-red 

solution was added CF3CO2H ( 3.70 mL, 50.0 mmol) via a syringe, resulting in a 

gradual color change from dark-red to orange-red. After the orange-red solution was 

stirred at room temperature for additional 2 h, it was evaporated to dryness under 

vacuum. The residue was washed with ether (5 mL×5) and finally dried under vacuum 

to give 6 (0.245 g, 80% ) as a red solid, mp 69 °C (dec). Anal. Calcd for 

C14H23F3Fe2O6P2S3: C, 27.38; H, 3.77. Found: C, 27.52; H, 3.61. IR (KBr disk): νC≡O 
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2025 (vs), 1986 (vs) cm−1. 1H NMR (400 MHz, CD3CN): −14.98 (t, 2
JP-H = 21.6 Hz, 

1H, Fe−H−Fe), 1.58 (d, 2
JP-H =10.8 Hz, 18H, 2P(CH3)3), 3.66−3.75 (m, 4H, 2SCH2S) 

ppm. 31P{1H} NMR (162 MHz, CD3CN, 85% H3PO4): 21.1 (s, 2PMe3) ppm. 19F{1H} 

NMR (376 MHz, CD3CN, CFCl3): −74.6 (s, CF3CO2) ppm. 

Preparation of [(µµµµ-TDT)Fe2(CO)4(PMe3)2(µµµµ-H)]
+
[CF3SO3]

−−−− 
(7) 

The same equipped flask as for 2 was charged with 1 (0.250 g, 0.5 mmol) and MeCN 

(20 mL). To the stirred dark-red solution was added CF3SO3H (0.44 mL, 5.0 mmol) 

by syringe, causing an immediate color change from dark-red to orange red. The 

orange-red solution was stirred at room temperature for additional 1.5 h. The same 

workup as for 2 produced complex 7 (0.293 g, 90%) as a red solid, mp 162 °C (dec). 

Anal. Calcd for C13H23F3Fe2O7P2S4: C, 24.01; H, 3.57. Found: C, 24.22; H, 3.79. IR 

(KBr disk): νC≡O 2035 (vs), 1990 (vs) cm−1. 1H NMR (400 MHz, CD3CN): −14.99 (t, 

2
JP,H = 21.4 Hz, 1H, Fe−H−Fe), 1.60 (d, 2JP-H = 9.6 Hz, 18H, 2P(CH3)3), 3.68−3.76 (m, 

4H, 2SCH2S) ppm. 31P{1H} NMR (162 MHz, CD3CN, 85% H3PO4): 21.1 (s, 2PMe3) 

ppm. 19F{1H} NMR (376 MHz, CD3CN, CFCl3): −79.2 (s, CF3SO3) ppm. 

In situ monitor of isomer type and stability of µµµµ-hydride complexes 2−−−−7 in 

CD3CN 

To a CD3CN (0.5 mL) solution of complex 1 ( 5.0 mg, 0.01 mmol) in an NMR tube 

was added a CD3CN (0.2 mL) solution of 10 equiv of 37% HCl, 70% HClO4, 60% 

HPF6, 50% HBF4⋅Et2O, or CF3SO3H, or a CD3CN (0.2 mL) solution of 100 equiv of 

CF3CO2H (due to its weak acidity). After the 5 min protonation reactions, the 1H and 

31P{1H} NMR spectra of the prepared samples were immediately recorded (see Figs. 
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S1/S2 and Tables S3/S4). Similarly, the 1H and 31P{1H} NMR spectra of the sample 

prepared by protonation reaction of complex 1 with 10 equiv of 50% HBF4⋅Et2O in 

CD3CN were determinated during the course of 5−85 min (see Figs. S3/S4 and Tables 

S5/S6). 

In situ monitor of H/D exchange reaction between 7 and D2 

A CD2Cl2 (0.5 mL) or CH2Cl2 (0.5 mL) solution of 7 (40 mg, 0.06 mmol) was added 

to a J-Young NMR tube. The tube was frozen, evacuated, and back-filled with 2 bar 

D2. After the frozen sample was warmed to room temperature, the sample solution 

was left in the dark or irradiated with ambient laboratory light. The 1H and 2H NMR 

spectra of the prepared samples were taken at the specified time and proved that the 

H/D exchange reaction between 7 and D2 did not occur under such conditions (see SI 

for discussion of this unsuccessful H/D exchange results). 

In situ monitor of H/D exchange reaction between 7 and D2O 

To an acetone-d6 (0.5 mL) or acetone (0.5 mL) solution of 7 (40 mg, 0.06 mmol) in an 

NMR tube was added D2O (20 µL, 1.10 mmol). The sample solution was left in the 

dark or irradiated by exposure to ambient laboratory light. The 1H and 2H NMR 

spectra of the prepared samples were determined at the specified time, which proved 

that the H/D exchange reaction between 7 and D2O did not take place under such 

conditions (see SI for discussion of this unsuccessful H/D exchange results). 

In situ monitor of H/D exchange reaction between 7 and DCl 

To an acetone-d6 (0.5 mL)or acetone (0.5 mL) solution of 7 (40 mg, 0.06 mmol) in an 
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NMR tube was added DCl (10 µL) solution (20% wt in D2O, 0.06 mmol) and then the 

tube was kept in the dark or exposed to ambient laboratory light for 5 min. The 1H, 2H, 

and 31P{1H} NMR spectra of the prepared samples proved the formation of the 

expected H/D exchange product [(µ-TDT)Fe2(CO)4(PMe3)2(µ-D)]+[CF3SO3]
− (8) 

during the course of the H/D exchange reactions under such conditions. 

Isolation and characterization of [(µµµµ-TDT)Fe2(CO)4(PMe3)2(µµµµ-D)]
+
[CF3SO3]

−−−− 
(8) 

A 25 mL, Schlenk flask was charged with an acetone-d6 (1 mL) solution of 7 (0.080 g, 

0.12 mmol) and 20 µL of DCl solution (20% wt DCl in D2O, 0.12 mmol). After the 

mixed solution was stirred at room temperature for 15 min, CF3SO3Ag (0.031 g, 0.12 

mmol) was added to give a white precipitate, immediately. The mixture was stirred at 

room temperature for additional 15 min and then it was centrifuged to remove the 

white precipitate AgCl. The collected orange-red solution was evaporated to dryness 

under vacuum. The residue was washed with 10 mL of ether and 2 × 20 mL of 

CH2Cl2/hexane (1:3, v/v) and finally dried under vacuum to give 8 (0.072 g, 90%) as 

a red solid, mp 146 °C (dec). Anal. Calcd for C13H22DF3Fe2O7P2S4: C, 23.98; H, 3.71. 

Found: C, 23.74; H, 3.59. IR (KBr disk): νC≡O 2032 (vs), 1991 (vs) cm−1. 1H NMR 

(400 MHz, CD3COCD3): 1.72 (d, 2JP-H = 10.4 Hz, 18H, 2P(CH3)3), 3.83−3.92 (m, 4H, 

2SCH2S) ppm. 31P{1H} NMR (162 MHz, CD3COCD3, 85% H3PO4): 21.6 (t, 2
JP-D = 

3.23 Hz, 2PMe3) ppm. 19F{1H} NMR (376 MHz, CD3COCD3, CFCl3): −78.0 (s, 

CF3SO3) ppm. 2H NMR (92.2 MHz, CH3COCH3): −14.52 (t, 2JP-D = 3.23 Hz) ppm.  

X-ray structure determinations of 1, 3−−−−5, and 8 

Single crystals suitable for X-ray diffraction analyses were grown by slow 
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evaporation of a hexane solution of 1 at −20 °C, slow diffusion of hexane into a 

CH2Cl2 solution of 3, 5 or 8 at room temperature, and slow diffusion of ether into an 

acetone solution of 4 in the dark at room temperature. All the single crystals were 

mounted on a Bruker APEX II or a Bruker P4 diffractometer. Data were collected at 

room temperature using a confocal monochromator with Mo-Kα radiation (λ = 

0.71073 Ǻ) in the ω-2θ scanning mode. Data collection, reduction, and absorption 

correction were performed by CRYSTALCLEAR program.49 The structures were 

solved by direct methods using the SHELXS-97 program50 and refined by full-matrix 

least-squares techniques (SHELXL-97)51 on F2. Hydrogen and deuterium atoms were 

located by using the geometric method. Details of crystal data, data collections and 

structure refinements are summarized in Tables S8 and S9.  
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The Graphical Contents Entry  

 

 

Synthesis, characterization, and H/D exchange of 

µ-hydride-containing [FeFe]-hydrogenase subsite models formed 

by protonation reactions of (µ-TDT)Fe2(CO)4(PMe3)2 (TDT = 

SCH2SCH2S) with protic acids 

 

Li-Cheng Song,* An-Guo Zhu, and Yuan-Qiang Guo 

 

 

The first TDT ligand-containing µ-hydride models for [FeFe]-hydrogenases (2−−−−7) 

have been prepared and the H/D exchange reactions of 7 with deuterium reagents 

such as D2, D2O, and DCl are studied, for example:  
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