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a b s t r a c t 

We report the synthesis and molecular structures of [FeFe]-ase biomimics [Fe 2 (CO) 4 {μ-S(CH 2 ) n S}{ κ2 - 

(Ph 2 PCH 2 ) 2 NR}] ( 1–4 ) ( n = 2, 3; R = Me, Bn) and a comparative study of their protonation and re- 

dox chemistry, with the aim of assessing their activity as catalysts for H 2 oxidation. They are prepared 

in good yields upon heating the hexacarbonyls and PCNCP ligands in toluene, a minor product of one 

reaction ( n = 3, R = Bn) being pentacarbonyl [Fe 2 (CO) 5 (μ-pdt){Ph 2 PCH 2 N(H)Bn}] ( 5 ). Crystal structures 

show short Fe-Fe bonds (ca. 2.54 Å) with the diphosphine occupying basal-apical sites. Each undergoes a 

quasi-reversible one-electron oxidation and IR-SEC shows that this results in formation of a semi-bridging 

carbonyl. As has previously been observed, protonation products are solvent dependent, nitrogen being 

the favoured site of protonation site upon addition of one equivalent of HBF 4 .Et 2 O in d 6 -acetone, while 

hydride formation is favoured in CD 2 Cl 2 . However, the rate of N to Fe 2 proton-transfer varies greatly 

with the nature of both the dithiolate-bridge and amine-substituent. Thus with NMe complexes ( 1–2 ) N- 

protonation is favoured in acetone affording a mixture of endo and exo isomers, while for NBn complexes 

( 3–4 ) proton-transfer to afford the corresponding μ-hydride occurs in part (for 3 edt) or exclusively (for 

4 pdt). In acetone, addition of a further equivalent of HBF 4 .Et 2 O generally does not lead to hydride for- 

mation, but in CD 2 Cl 2 dications [Fe 2 (CO) 4 {μ-S(CH 2 ) n S}( μ-H){ κ2 -(Ph 2 PCH 2 ) 2 NHR}] 2 + result, in which the 

diphosphine can adopt either dibasal or basal-apical positions. Proton-transfer from Fe 2 to N has been 

previously identified as a required transformation for H 2 oxidation, as has the accessibility of the all- 

terminal carbonyl isomer of cations [Fe 2 (CO) 4 {μ-S(CH 2 ) n S}{ κ2 -(Ph 2 PCH 2 ) 2 NR}] + . We have carried out a 

preliminary H 2 oxidation study of 3, oxidation by Fc[BF 4 ] in the presence of excess P(o-tolyl) 3 affording 

[HP(o-tol) 3 ][BF 4 ], with a turnover of ca. 2.3 ± 0.1 mol of H 2 consumed per mole of 3 

© 2023 The Authors. Published by Elsevier B.V. 
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. Introduction 

Hydrogenases are ancient enzymes that efficiently catalyse the 

eduction of protons and oxidation of hydrogen [1] . While there 

re three types, the most prevalent and widely studied are the 

o-called [FeFe]-ases, the active site of which feature a diiron cen- 

re spanned by a bridging dithiolate group and supported by car- 

onyl and cyanide ligands, being linked to a [4Fe-4S] cluster via 

ne of the thiolate groups ( Chart 1 a). Over the past 20 years there
∗ Corresponding author. 
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as been significant development of [FeFe]-ase biomimics [2] with 

iphosphine complexes of the type [Fe 2 (CO) 4 ( μ-dithiolate)( κ2 - 

iphosphine)] ( Chart 1 b) being widely targeted [3] as the asym- 

etric introduction of strong donor ligands provides good struc- 

ural and functional models [4] . 

A further feature of the active site of [FeFe]-ases ( Chart 1 a) 

s the presence of a central amine on the dithiolate ligand. This 

cts as a Lewis base, reversibly binding a proton, and transferring 

t to the electron-deficient Fe 2 centre. Consequently, the inclusion 

nto [FeFe]-ase biomimics of an amine functionality able to act as 

 proton-relay, is desirable feature. This can best be achieved us- 

ng an amino-dithiolate (adt) bridge [5] , but a number of alterna- 

ive ways have also been explored [6] . An attractive option is to 
under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Chart 1. Line drawings of (a) the active site of [FeFe]-ases, (b) [Fe 2 (CO) 4 ( μ-dithiolate)( κ2 -diphosphine)] in the dibasal form, (c) [Fe 2 (CO) 4 ( μ-dithiolate){ κ2 - 

Ph 2 PCH 2 N(R)CH 2 PPh 2 }] in the basal-apical form. 
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Table 1 

Fe-Fe bond lengths ( ̊A) and P-Fe-P bond angles ( o ) for 1–5 and related PCNCP com- 

plexes. 

Complex Fe-Fe PCNCP Ref 

1 2.5238(4) 91.3520(8) this work 

2 2.5687(7) 94.05(4) 8 

3 2.5395(4) 93.027(4) this work 

4 2.5424(4) 91.304(3) this work 

R = Pr, pdt 2.5564(7) 92.51(4) 9 

R = Ph, pdt 2.576(2) 94.39(12) 10 

R = Bu i , pdt 2.5556(11) 93.03(6) 11 

R = Pr, edt 2.5618(7) 92.99(3) 12 

R = Bu t , edt 2.5495(6) 93.21(3) 11 

R = Bu n , edt 2.5473(10) 93.44(5) 11 

Fe 2 (CO) 4 ( μ-pdt)( κ2 -dppp) 2.5614(3) 94.96(2) 9 

5 2.5122(3) - this work 
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nclude the Lewis base into the chelating diphosphine, as in so- 

alled PCNCP ligands, with generation of biomimics of the type 

Fe 2 (CO) 4 ( μ-dithiolate){ κ2 -Ph 2 PCH 2 N(R)CH 2 PPh 2 }] ( Chart 1 c) [7–

5] . A number of diiron PCNCP complexes have been prepared and 

rotonation and oxidation studies carried out [7–13] . A key find- 

ng of these studies is that they catalyse the oxidation of H 2 [13] ,

 challenging process for which only a small number of [FeFe]- 

se biomimics have been shown to be active [16–18] . Herein we 

eport three further examples of [FeFe]-ase biomimics containing 

CNCP ligands with the aim of exploring their structural, oxidation 

nd protonation chemistry, specifically to see if they are dependant 

pon the nature of the dithiolate backbone and substituent on ni- 

rogen and also report another example of an [FeFe]-ase biomimic 

cting as a H 2 oxidation catalyst. 

. Results and discussion 

.1. Synthesis of [Fe 2 (CO) 4 {μ-S(CH 2 ) n S}{ κ2 -(Ph 2 PCH 2 ) 2 NR}] (1–4) 

n = 2, 3; r = me, bn) and [Fe 2 (CO) 5 (μ-pdt){Ph 2 PCH 2 N(H)Bn}] (5) 

PCNCP ligands, (Ph 2 PCH 2 )NMe and (Ph 2 PCH 2 )NBn, were pre- 

ared following literature procedures [19] . Reaction of ei- 

her [Fe 2 (CO) 6 (μ-edt)] or [Fe 2 (CO) 6 (μ-pdt)] with one equiva- 

ent of diphosphine in refluxing toluene afforded [Fe 2 (CO) 4 {μ- 

(CH 2 ) n S}{ κ2 -(Ph 2 PCH 2 ) 2 NR}] ( 1–4 ) as brown microcrystalline 

olids following purification ( Scheme 1 ) Complex 2 has previously 

een reported and our preparation follows that in the literature 

8] . 

All were characterised by IR, 1 H and 

31 P{ 1 H} NMR spectroscopy, 

ass spectrometry and elemental analysis. Spectroscopic data (see 

xperimental section) are similar to those reported for other di- 

ron PCNCP complexes of this type and do not warrant detailed 

onsideration [8] . During the purification of 4 , a small amount 

f a red by-product was isolated being identified as [Fe 2 (CO) 5 (μ- 

dt){Ph 2 PCH 2 N(H)Bn}] ( 5 ). Similar faint red bands were observed 

pon purification of 1 and 3 , however, these faded on columns 

nd were not collected. Although the PCNCP ligands were not ex- 

ensively purified prior to use, 31 P{ 1 H} NMR spectroscopy revealed 

hat they contained only trace amounts of (Ph 2 PCH 2 )N(H)R, and 

hus 5 likely results from hydrolysis of the PCNCP ligand under the 

eaction conditions employed. 

.2. Molecular structures 

Molecular structures of 1, 3 and 4. CH 2 Cl 2 were obtained from 

rystals grown in CH Cl :hexane solutions at 5 °C ( Fig. 1 ). In 1, 3–4,
2 2 

Scheme 1. Synthesis of [Fe 2 (CO) 4 ( μ-dith

2 
he diphosphine occupies an apical-basal position as seen in other 

omplexes of this type [8–12] with bite angles of 91–94 o and Fe-Fe 

ond lengths of ca. 2.52–2.57 Å are also consistent with the short 

e-Fe distances seen in others ( Table 1 ). The PCNCP bite angles 

ange between 91–93 o being comparable to that in 2 and other 

elated complexes ( Table 1 ). 

The molecular structure of 5 is shown ( Fig. 2 ). It is gener-

lly unremarkable and has metric features similar to related com- 

lexes of the type [Fe 2 (CO) 5 (μ-pdt)(Ph 2 PR)] [20] and [Fe 2 (CO) 5 (μ- 

ithiolate)(Ph 2 PNR)] [21] . Thus, the phosphine adopts an apical po- 

ition, lying approximately trans to the Fe-Fe bond which is slightly 

but not substantially) shorter than those in the PCNCP complexes 

 Table 1 ). 

.3. Oxidation chemistry: cyclic voltammetry and 

R-spectroelectrochemistry 

Earlier work has shown that [Fe 2 (CO) 4 ( μ-dithiolate){ κ2 - 

Ph 2 PCH 2 ) 2 N(R)}] complexes undergo a reversible metal-based 

ne electron oxidation at low potentials resulting in formation 

f a cation [9–13] . As confirmed in the molecular structure of 

Fe 2 (CO) 4 ( μ-pdt){ κ2 -(Ph 2 PCH 2 ) 2 N(Pr)}][BAr F 4 ] [13] , there are 

wo significant structural changes upon oxidation, (i) one of 

he carbonyls moves from a terminal to semi-bridging posi- 

ion and (ii) the diphosphine rotates into a (pseudo) dibasal 

osition ( Scheme 2 ). This geometric change is important with 

espect to H 2 oxidation as DFT calculations have shown that 

he thermodynamically favoured semi-bridged isomer is unable 

o activate H [13–15] and thus changing the energy of this 
2 

iolate){ κ2 -(Ph 2 PCH 2 ) 2 N(R)}] ( 1–4 ). 
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Fig. 1. Molecular structures of (a) 1, (b) 3 and (c) 4 with thermal ellipsoids shown at 50% probability and hydrogen atoms omitted for clarity. 

Fig. 2. Crystal structure of 5 with thermal ellipsoids shown at 50% probability and 

hydrogen atoms omitted for clarity. 
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somerisation is important in H 2 activation. Sun, Ahlquist and 

o-workers have studied isomerisation of [Fe 2 (CO) 4 ( μ-pdt){ κ2 - 

h 2 PCH 2 N(Pr)CH 2 PPh 2 }] + by DFT, finding a free energy barrier of 

4.6 kcal mol −1 for CO rotation [13] . 

Complexes 1 ( Fig. S1 ) and 3–4 ( Fig. 3 ) each undergo a

ne electron oxidation at −0.14 V ( �E 1/ 2 = 190 mV), −0.16 V 

 �E 1/ 2 = 450 mV), and −0.16 V ( �E 1/ 2 = 130 mV) vs. Fc + /0 respec-

ively, whilst 2 has previously been reported to undergo oxidation 

t −0.05 V under similar conditions [8] . Oxidation of 3 is quasi- 

eversible and appears to be unaffected by scan rate over the range 

nvestigated, however, two return reduction waves are associated 

ith oxidation 4 , being accompanied by a significantly larger �E. 

wo reduction waves are also associated with oxidation of 1 , al- 

hough the secondary wave at more negative potentials is much 

ess pronounced than for 4 . Thus, while oxidation potentials of edt 
cheme 2. Oxidation of [Fe 2 (CO) 4 ( μ-dithiolate){ κ2 -(Ph 2 PCH 2 ) 2 N(R)}] to afford kinetically

emi-bridging carbonyl. 

3 
nd pdt analogues are generally similar, the significant difference 

n �E 1/2 suggests that associated geometric rearrangements occur 

t different rates. Sun and co-workers have previously compared 

dt [12] and pdt [13] derivatives of the n-propyl complex, not- 

ng quite different behaviour. Thus, oxidation of the edt complex 

 −0.11 V) is easier than the pdt ( −0.22 V) but their reversibility is

imilar. 

We next studied the oxidation of 3 by IR-SEC ( Fig. 4 a), the ca .

0 cm 

−1 hypsochromic shift in the ν(CO) bands being indicative 

f formation of a semi-bridging carbonyl absorption. We were un- 

ble to observe an all-terminal carbonyl isomer spectroscopically, 

ikely due to the slower timescale of IR-SEC as compared to CV and 

ecause the lowest frequency IR band for the all-terminal species 

ould be hidden under the central IR band for the neutral species. 

e suggest that the two reduction waves observed in the CV for 4 

re associated with reduction of an all-terminal and semi-bridging 

xidation products, the latter persisting in solution and detectable 

y IR-SEC. It is expected that both steric congestion and bridgehead 

exibility will both influence the rate of geometric rearrangement 

ecessary for formation of a semi-bridging carbonyl and (conse- 

uently) generation of a vacant coordination site. We were unable 

o obtain good quality IR-SEC data for 4 as oxidation results in pas- 

ivation of the Pt mini-grid OTTLE cell electrode. We thus chemi- 

ally oxidised it using Fc[BF 4 ] to give a near-identical IR spectrum 

 Fig. 4 b) to those obtained for the cations 1 + −2 + ( Fig. S2 ). These

esults show that generation of a vacant coordination site is de- 

endent on the relatively slow rearrangement of the cation to a 

earranged species with a semi-bridging CO and may be the rate- 

etermining step for catalytic H 2 oxidation. 

.4. Protonation studies with HBF 4 .Et 2 O 

As detailed earlier, the protonation-deprotonation chem- 

stry of [Fe 2 (CO) 4 ( μ-pdt){ κ2 -Ph 2 PCH 2 N(Me)CH 2 PPh 2 }] ( 2 ) has

een previously studied and is summarised in Scheme 3 [8] . 

ddition of one equivalent of HBF 4 .Et 2 O in acetone affords 

redominantly (ca. 84:16) the N-protonated product, [Fe 2 (CO) 4 ( μ- 
 favoured all terminal CO cation which isomerises to thermodynamically favoured 
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Fig. 3. CVs (1 mM solution in 0.1 M TBAFP/CH 2 Cl 2 ) of (i) 3 (normalised for scan rate), and (ii) 4 at varying scan rates. 

Fig. 4. (a) IR SEC of a 1 mM solution of 3 in 0.1 M TBAFP/ CH 2 Cl 2 (purple = 3 , green = 3 + ); (b) chemical oxidation of 4 in CH 2 Cl 2 (black = 4 , red = 4 + ) . In (a) grey lines 

represent scans at intermediate points where multiple species exist in the solution. 

Scheme 3. Protonation chemistry of 2 with HBF 4. Et 2 O in CH 2 Cl 2 and acetone [8] . 

4 
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dt){ κ2 -(Ph 2 PCH 2 ) 2 N(H)Me}] + [ 2N 

H ][BF 4 ] (as a mixture of exo and

ndo isomers), together with smaller amounts of bridging-hydride 

Fe 2 ( μ-H)(CO) 4 ( μ-pdt){ κ2 -(Ph 2 PCH 2 ) 2 NMe}][BF 4 ] [ 2( μ-H) ][BF 4 ].

urther, the former isomerises cleanly to the latter in CH 2 Cl 2 , 

nd can also be formed directly in this solvent [8] . Addition 

f excess HBF 4 .Et 2 O to [ 2N 

H ][BF 4 ] in acetone does not give

ny further protonation, but in CH 2 Cl 2 the doubly protonated 

pecies [Fe 2 ( μ-H)(CO) 4 ( μ-pdt){ κ2 -(Ph 2 PCH 2 ) 2 N(H)Me}][BF 4 ] 2 
 2(μ-H)N 

H ][BF 4 ] 2 is formed. Importantly, and in contrast to the 

elated 1,3-bis(diphenylphosphino)propane (dppp) complex [13] , 

ddition of aniline leads to regeneration of 2 , a process which is 

ital for catalytic H 2 oxidation [16] . To further establish whether 

his general scheme is ligand dependent, we have studied the 

rotonation behaviour of 1 and 3–4 in both CD 2 Cl 2 and d 6 -acetone 

y 1 H and 

31 P{ 1 H} NMR spectroscopy. 

We first considered 1 , expecting that as the basicity and 

broadly) steric nature of the diiron and nitrogen centres do not 

ignificantly differ from 2 , that it would behave in the same way. In

cetone this is the case, addition of one equivalent of HBF 4 .Et 2 O to

 affording [ 1N 

H ][BF 4 ], the presence of endo and exo isomers being

pparent via two singlets (ratio ca. 10:1) in the 31 P{ 1 H} NMR spec- 

rum ( Fig. S3 ) [8] . No further changes were noted upon addition of

ore HBF 4 .Et 2 O, which is also in-line with observations for 2 . In

D 2 Cl 2 , addition of one equivalent of HBF 4 .Et 2 O gave an immediate

olour change from green to red-brown and a shift in the 31 P{ 1 H} 

MR spectrum of the singlet for 1 (53.3 ppm) to 58.2 ppm, con- 

istent with amine protonation to form [ 1N 

H ][BF 4 ] ( Fig. S4 ) (being

ssumed to be the endo isomer). This is in marked contrast to 2 

and also 3 – see later) and no evidence of hydride formation was 

oted. Thus, the expected proton-transfer between N and Fe 2 cen- 

res is far slower for 1 than 2, something that has repercussions for 

 2 activation as the reverse Fe 2 to N transfer is a key requirement 

13–15] . However, addition of a further equivalent of HBF 4 .Et 2 O re- 

ulted in the concomitant appearance of a singlet at 45.5 ppm in 

he 31 P{ 1 H} NMR and a resonance at δ −16.0 in the 1 H NMR spec-

rum, being consistent with the formation of proton-hydride [ 1(μ- 

)N 

H ][BF 4 ] 2 . Given the slow N to Fe 2 proton-transfer noted above, 

his suggests that the second protonation of 1 i.e. protonation of 

 1N 

H ][BF 4 ] occurs directly at the Fe 2 centre. Thus, while gross fea-

ures of the protonation of NMe complexes 1 and 2 appear similar, 

here is a marked difference in the rate of N to Fe 2 proton-transfer, 

eing much faster for 2 (pdt) than 1 (edt). 

We then considered if this was a general effect by study- 

ng the protonation of edt-NBn derivative 3 . In acetone the be- 

aviour was similar to that of 1 , addition of one equivalent of 

BF 4 .Et 2 O affords endo and exo isomers of [Fe 2 (CO) 4 ( μ-edt){ κ2 -

Ph 2 PCH 2 ) 2 N(H)Bn}][BF 4 ] [ 3N 

H ][BF 4 ] as the major product ( Fig. S5 )

lthough now a small amount of Fe 2 protonated [ 3(μ-H) ][BF 4 ] was 

bserved, as evidenced by a low-intensity high field triplet at δ
15.6 (J PH = 18.5 Hz) in the 1 H NMR spectrum and a 31 P{ 1 H} NMR

ignal at 39.4 ppm. Unexpectedly, and different to the behaviour of 

oth 1 and 2 , addition of a second equivalent of HBF 4 .Et 2 O in ace-

one resulted in formation of a small amount of doubly-protonated 

 3(μ-H)N 

H ][BF 4 ] 2 . Unfortunately, we have been unable to ascertain 

hether this results from N to Fe 2 proton-transfer or direct pro- 

onation of the Fe 2 centre. In CD 2 Cl 2, addition of HBF 4 .Et 2 O to

 ( Fig. S6 ) results in the replacement of the 31 P NMR signal (at

3.8 ppm) with a singlet at 40.2 ppm and two small doublets at 

5.9 and 38.7 (J PP = 57.8 Hz) ppm. These new peaks are associated 

ith dibasal and basal-apical isomers respectively of the bridg- 

ng hydride [Fe 2 (CO) 4 ( μ- H)( μ-edt){ κ2 -(Ph 2 PCH 2 ) 2 NBn}][BF 4 ] [ 3(μ-

) ][BF 4 ] [7] and are associated with hydride resonances at δ −15.5 

t, J PH = 18.1 Hz, dibasal) and δ −16.8 (dd, J PH = 22.2, 5.2 Hz,

asal-apical) in the 1 H NMR spectrum. Thus, hydride formation 

s associated with movement of the diphosphine from an apical- 

asal to a dibasal site (kinetic product), the latter converting to 
5 
he thermodynamically favoured apical-basal isomer ( Scheme 4 ). 

his behaviour while akin to that seen for 2 [8] is quite differ- 

nt from that of 1 showing that the rate of N to Fe 2 transfer is

lso highly dependent upon the substituent at nitrogen. Addition 

f a second equivalent of HBF 4 .Et 2 O results in formation of dou- 

ly protonated [Fe 2 (CO) 4 ( μ- H)( μ-edt){ κ2 -(Ph 2 PCH 2 ) 2 N(H)Bn}][BF 4 ] 

 3(μ-H)N 

H ][BF 4 ] 2 , as evidenced by a new signal at 47.3 ppm in

he 31 P{ 1 H} NMR spectrum. In the 1 H NMR spectrum, the hydride 

egion was broad and complex, which could result from an equi- 

ibrium between mono- and di-protonated forms that lies towards 

he latter, although we have no direct evidence to confirm this. 

Unlike complexes 1–3 , protonation of 4 with one equivalent of 

BF 4 .Et 2 O in acetone ( Fig. S7 ) results in the unexpected forma- 

ion of bridging hydride [ 4(μ-H)][ BF 4 ] rather than [ 4N 

H ][BF 4 ], the

ydride appearing as a triplet at δ −13.1 (J PH 18.2 Hz) confirming 

 dibasal coordination of the diphosphine. Further, upon addition 

f a second equivalent of HBF 4 .Et 2 O only a small amount of [ 4(μ-

)N 

H ][BF 4 ] 2 is produced. It is not clear why such a marked differ-

nce in reactivity should occur between 1–3 and 4 but highlights 

he fine balance that exists in these systems. In CD 2 Cl 2 4 exhibits 

ery similar protonation behaviour to that in acetone, being akin 

o that found for 3 in this solvent: with one equivalent of HBF 4 ,

ydride [ 4(μ-H) ][BF 4 ] is formed, while addition of a second equiva- 

ent ( Fig. S8 ) gives [ 4(μ-H)N 

H ][BF 4 ] 2 . Spectra are broader in CD 2 Cl 2 
uggesting that a small excess of acid may have been inadvertently 

dded. Changes can be tracked by 31 P{ 1 H} NMR spectroscopy (es- 

ecially that in d 6 -acetone), the initial signal at 53.0 ppm being re- 

laced by a singlet at 38.0 ppm, which is then shifted to 46.4 ppm 

pon addition of the second equivalent, and in the 1 H NMR, broad 

ydride signals appear at δ −13.1 for the singly protonated species 

nd δ −13.9 for the doubly protonated species. Thus, unlike 3 only 

he dibasal isomer of [ 3(μ-H) ][BF 4 ] is produced and we did not 

bserve any rearrangement to the basal-apical isomer ( Scheme 4 ). 

his suggests that either the dibasal isomer is thermodynamically 

avoured or possibly as a result of the increased steric bulk at the 

ridgehead, the isomerisation energy is too high. We favour the 

atter but have not been able to unequivocally differentiate be- 

ween the two possible explanations. 

Thus, while the protonation behaviour of complexes of the type 

Fe 2 (CO) 4 ( μ-dithiolate){ κ2 -Ph 2 PCH 2 N(R)CH 2 PPh 2 }] is broadly rep- 

esented by that of 2 ( Scheme 4 ), there are small, and sometimes 

ignificant differences between 1–4 , notably in the formation of 

ibasal and basal-apical isomers of hydride-bridged mono-cations 

nd the relative amounts of N-protonation products generated in 

cetone. Most noteworthy is the clean formation of N-protonated 

 1N 

H ][BF 4 ] upon addition of one equivalent of HBF 4 .Et 2 O to 1 in

cetone, while under the same conditions 4 exclusively affords 

ydride-bridged [ 4(μ-H)][ BF 4 ]. This suggests that small differences 

n the pK b , the steric accessibility of diiron and amine centres, 

nd diphosphine rearrangement energies can be affected by mak- 

ng changes to both the dithiolate bridge and nitrogen-substituent, 

hich in turn can lead to different rates of protonation (and de- 

rotonation) relevant to their ability to act as H 2 oxidation and 

roton-reduction catalysts. 

.5. Hydrogen oxidation 

As detailed in the introduction, in 2013, Sun and co-workers re- 

orted that [Fe 2 (CO) 4 ( μ- H)( μ-pdt){ κ2 -(PPh 2 CH 2 ) 2 N(H)Pr}][BF 4 ] was

atalytically active for H 2 oxidation with a turnover of 6.2 ± 0.1 

ol of H 2 consumed per mole of catalyst [13] . Ahlquist and co- 

orkers [13–15] have investigated this process using DFT calcu- 

ations, a simplified version of which is shown in Scheme 5 . Key 

eatures are: (i) the conversion of the thermodynamically favoured 

ation with a semi-bridging carbonyl into one with a dibasal 

iphosphine and an all-terminal arrangement of the carbonyls, (ii) 



G.R.F. Orton, S. Belazregue, J.K. Cockcroft et al. Journal of Organometallic Chemistry 991 (2023) 122673 

Scheme 4. Formation of dibasal [ 3(μ-H) ] + and isomerisation to the thermodynamically favoured apical-basal isomer. 

Scheme 5. Simplified version of the H 2 oxidation mechanism (R = Pr) proposed by Ahlquist and co-workers [13–15] . 
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inding of H 2 and heterolytic cleavage to give a hydride and an 

-bound proton, (iii) removal of the latter by external base, (iv) 

ransfer of the hydride to the nitrogen, (v) subsequent deprotona- 

ion to regenerate the catalyst. 

The rate-limiting step is the conversion of the semi-bridging 

o all-carbonyl cation, being calculated to have an energy barrier 

f 14.6 kcal mol −1 ( R = Pr, pdt) [13] . This suggested to us that

ther diiron PCNCP complexes may have higher activity and we 

ested this by reproducing the conditions of Sun but using 3 as the 

re-catalyst. Thus, a sample of 3 was dissolved in CD 2 Cl 2 and de- 

assed with H 2 before addition of ca. 9 equivalents of Fc[BF 4 ], in 

rder to generate the active 3 + and 9 equivalents of P(o-tolyl) 3 as a 

roton-abstraction agent. The combined sample was transferred to 

n NMR tube, the headspace filled with H 2 (1 atm), and conversion 

f P(o-tolyl) 3 to [HP(o-tolyl) 3 ] 
+ monitored by 31 P{ 1 H} NMR spec- 

roscopy. A series of spectra were recorded ( Fig. S9 ) and after 3 h

howed ca. 50% conversion of P(o-tol) 3 to [HP(o-tol) 3 ][BF 4 ], indi- 

ating that 3 + can oxidise H 2 although the turnover of ca. 2.3 ± 0.1 

ol of H 2 consumed per mole of 3 is lower than that found for 

Fe 2 (CO) 4 ( μ- H)( μ-pdt){ κ2 -(PPh 2 CH 2 ) 2 NPr}] [13] . 

. Summary and conclusions 

In this contribution we have extended the number of di- 

ron PCNCP complexes of the type [Fe 2 (CO) 4 {μ-S(CH 2 ) n S}{ κ2 - 

Ph 2 PCH 2 ) 2 NR}] preparing and crystallographically characterising 

hree new examples. All have the same ground state features as 

hose previously prepared, containing a short Fe-Fe contact with 

he diphosphine occupying apical-basal sites. One electron oxida- 

ion, either chemically or by cyclic voltammetry, affords cations 

ith a semi-bridging carbonyl as can be clearly seen in their IR 

pectra. IR-SEC gives similar results and we have been unable to 

pectroscopically detect the all-terminal isomers, although some 

vidence for their existence comes from CV studies. We have 

tudied their protonation with HBF 4 .Et 2 O in both d 6 -acetone and 

D 2 Cl 2 . Initial proton addition occurs at the N-centre and in ace- 

one this is often the final product, existing as exo and endo iso- 

ers. Proton-transfer can also occur to afford the isomeric μ- 

ydride which tends to be much faster in CD 2 Cl 2 than acetone, 

ut rates also vary significantly are broadly similar but do vary de- 

ending upon both the nature of the amine-substituent and dithi- 

late backbone. This is important as the reverse proton-transfer, 
6 
rom Fe 2 to N is a key step in the catalytic H 2 oxidation cycle. On

he basis of CV and protonation measurements we chose to study 

 as a catalyst for H 2 oxidation using Fc[BF 4 ] as the oxidant and

(o-tolyl) 3 as the proton-acceptor. The system is catalytically active 

ut the estimated turnover of 2.3 ± 0.1 mol of H 2 consumed per 

ole of 3 is lower than that found for [Fe 2 (CO) 4 ( μ- H)( μ-pdt){ κ2 -

PPh 2 CH 2 ) 2 NPr}] by Sun and co-workers [13] . 

. Experimental section 

.1. General 

All reactions were carried out using standard Schlenk-line tech- 

iques under N 2 using anhydrous solvents. Work-up was done in 

ir using standard bench reagents. NMR spectra were recorded on 

 BrukerAvance 400 MHz Ultrashield NMR spectrometer and refer- 

nced internally to residual solvent peaks or to the accepted stan- 

ard (85% H 3 PO 4 ) using the external resonance of P(OMe) 3 . High 

esolution electron spray ionisation mass spectra were recorded on 

 Bruker Daltronics Esquire 30 0 0 spectrometer by Dr Lisa Haigh 

Imperial College). Fourier transform infrared (FTIR) spectra were 

ecorded with a IRAffinity-1S Shimadzu spectrophotometer in a 

olution cell fitted with calcium fluoride plates, subtraction of 

he solvent absorptions being achieved by computation. Elemental 

nalyses were carried out at London Metropolitan University. Di- 

ron complexes [Fe 2 (CO) 6 ( μ-edt)] and [Fe 2 (CO) 6 ( μ-pdt)] [22] and 

iphosphines (Ph 2 P 2 CH 2 ) 2 NBn and (Ph 2 PCH 2 ) 2 NMe [19] were syn-

hesised according to literature procedures and stored as 2 M so- 

utions in MeCN. 

.2. CV and IR-SEC 

Electrochemistry was carried out in anhydrous degassed ace- 

onitrile or dichloromethane solutions using 0.1 M TBAFP as the 

upporting electrolyte. Unless otherwise stated, the working elec- 

rode was a 3 mm diameter glassy carbon electrode that was pol- 

shed with diamond slurry. The counter electrode was a Pt wire 

nd the quasi-reference electrode was a silver wire or Pt elec- 

rode. All CVs were referenced to the Fc + /0 or Fc ∗+ /0 redox cou- 

les. An Autolab Interface.6 potentiostat was used for electrochem- 

cal measurements. Proton reduction studies were carried out by 

dding equivalents of HBF .Et O (Sigma-Aldrich) which was used 
4 2 
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s supplied. IR SEC was performed with a Bruker Vertex 70v FT-IR 

pectrometer equipped with a DTLaGS detector. The spectroelectro- 

hemical experiment was recorded using thin-layer cyclic voltam- 

etry (TL-CV) with an OTTLE cell, an EmStat3 + (PalmSens) poten- 

iostat and the PSTrace 4.2 software. The OTTLE cell was equipped 

ith a Pt minigrid-working electrode, a platinum minigrid counter 

lectrode, an Ag-wire pseudo-reference electrode and CaF2 win- 

ows. SEC samples contained 0.3 M supporting electrolyte and 

 mM analyte. 

.3. X-Ray diffraction 

X-ray diffraction data were collected at 150(1) K using an Agi- 

ent Oxford Diffraction SuperNova (equipped with a microfocus Cu 

 α X-ray source, a Cryojet5®, and an Atlas CCD detector) using 

he CrysAlisPro software at University College London. The crystal 

tructures of were solved using SHELXT [23,24] and refined using 

HELXL [23] both of which were operated from within either the 

scail [25] or 4 [26] software packages. Important crystallographic 

ata are given in Table S1 . Crystallographic data were deposited 

ith the Cambridge Data Centre with deposition numbers (see Ta- 

le S1 ). 

.4. Synthesis 

.4.1. [Fe 2 (CO) 4 (μ-edt){ κ2 -(Ph 2 PCH 2 ) 2 NMe)}] ( 1 ) 

To a solution of [Fe 2 (CO) 6 (μ-edt)] (250 mg, 0.67 mmol) in 

oluene (10 ml) was added (Ph 2 PCH 2 ) 2 NMe (0.30 g, 0.74 mmol, 

 M MeCN solution). The solution was refluxed for 2.5 d under 

 2 . The solvent was removed under reduced pressure and the 

ily residue subjected to a 20 cm long silica gel column. Un- 

eacted hexacarbonyl was eluted in hexane before obtaining the 

roduct as a dark green fraction from hexane- CH 2 Cl 2 (5:1). The 

ure product was extracted from a trace amount of an uniden- 

ified red oily residue by crystallisation from CH 2 Cl 2 -hexane to 

ive 1 (230 mg, 0.31 mmol, 46%) as a brown crystalline solid. 1 H 

MR (CD 2 Cl 2 ) δ 7.64 – 7.24 (20H, Ph), 3.66 (m, 2H, CH 2 P) 3.06

m, 2H, CH 2 P), 2.38 (s, 3H, Me), 1.82 (m, 2H, CH 2 ), 1.66 (m, 2H,

H 2 ). 
31 P{ 1 H} NMR (CD 2 Cl 2 ) 53.3 ppm. IR (CH 2 Cl 2 ) ν(CO): 2022 vs,

950s, 1894 br cm 

−1 . ESI( + )MS: m/z calcd for (C 33 H 31 Fe 2 NO 4 P 2 S 2 ) :

42.99; found 743.9957 [M + H 

+ ]. Elemental analysis calcd (found) 

or Fe 2 S 2 P 2 N 1 O 4 C 33 H 31 % C 53.30 (53.53), H 4.17 (4.19), N 1.88

1.82). 

.4.2. [Fe 2 (CO) 4 (μ-edt){ κ2 -(Ph 2 PCH 2 } 2 NBn)}]( 3 ) 

To a solution of [Fe 2 (CO) 6 (μ-edt)] (400 mg, 1.1 mmol) in toluene 

10 ml) was added (Ph 2 PCH 2 ) 2 NBn (0.60 g, 1.2 mmol) in MeCN.

he solution was refluxed for 2 d under N 2 . The solvent was re-

oved under reduced pressure and the oily residue subjected to a 

0 cm long silica gel column. The first fraction, a light orange band 

f the unreacted hexacarbonyl, was eluted in hexane before obtain- 

ng the product as a dark green fraction from hexane: CH 2 Cl 2 (5:1). 

he pure product was extracted from a trace amount of an uniden- 

ified red oily residue by crystallisation from CH 2 Cl 2 -hexane to give 

 (160 mg, 0.2 mmol, 18 %) as a brown crystalline solid. 1 H NMR

CD 2 Cl 2 ) δ 7.62–6.79 (m, 25H, Ph), 3.76 (m, 2H, NCH 2 P), 3.61 (s,

H, NCH 2 Ph), 3.12 (m, 2H, NCH 2 P), 1.80 (m, 2H, CH 2 ), 1.67 (m,

H, CH 2 ). 
31 P{ 1 H} NMR (CDCl 3 ) 53.8 ppm. ν(CO) 2023, 1950, 1895

m 

−1 . ESI( + )MS: m/z calcd for (C 39 H 35 Fe 2 NO 4 P 2 S 2 ): 819.02; found

19.0231. Elemental analysis calcd (found) for Fe 2 S 2 P 2 N 1 O 4 C 39 H 35 %

 57.14 (56.80), H 4.27 (4.16), N 1.71 (1.64). 

.4.3. [Fe 2 (CO) 4 (μ-pdt){ κ2 -(Ph 2 PCH 2 ) 2 NBn)}](4) 

To a solution of [Fe 2 (CO) 6 (μ-pdt)] (400 mg, 1.0 mmol) in 

oluene (10 ml) was added (Ph PCH ) NBn (0.60 g, 1.3 mmol) 
2 2 2 

7 
s a 2 M MeCN solution. The solution was refluxed for 1 d un- 

er N 2 . The solvent was removed under reduced pressure and 

he oily residue subjected to a 20 cm long silica gel column. 

he first fraction, a light orange band of the unreacted hexacar- 

onyl, was eluted in hexane before obtaining the product as a 

ide brown fraction from hexane: CH 2 Cl 2 (5:1). Crystallisation of 

he resulting brown solid from CH 2 Cl 2 -hexane gave 4 (145 mg, 

.17 mmol, 17%) as a brown crystalline solid. 1 H NMR (CD 2 Cl 2 ) 

7.70–6.81 (m, 25H, Ph), 3.82 (m, 2H, NCH 2 P), 3.60 (s, 2H, 

CH 2 Ph), 3.22 (m, 2H, NCH 2 P), 1.75 −1.39 (m, 6H, CH 2 ). 
31 P{ 1 H}

MR (CDCl 3 ) 53.0 ppm. IR (CH 2 Cl 2 ) ν(CO): 2020 (s), 1947 (br), 

893 cm 

−1 . ESI( + )MS: m/z calcd for (C 40 H 37 Fe 2 NO 4 P 2 S 2 ): 833.03;

ound: 833.0350 ( M 

+ ), 834.0415 ( M + H 

+ ). Elemental analysis 

alcd (found) for Fe 2 S 2 P 2 N 1 O 4 C 40 H 37 % C 57.62 (57.51), H 4.44

4.35), N 1.68 (1.63). 

.4.4. [Fe 2 (CO) 5 (μ-pdt){ κ1 -(Ph 2 PCH 2 )NH(Bn)}] ( 5 ) 

Following crystallisation of 4 , an oily red liquid remained in the 

ial. Storage in the freezer for 3 months resulted in the formation 

f dark red crystals of 5 (38 mg). 1 H NMR (CD 2 Cl 2 ) δ 7.78 (m, 4H,

h), 7.49 (m, 6H, Ph), 7.30 (m, 5H, Ph), 3.90 (s, 2H, CH 2 Ph), 3.75

d, J PH 3 Hz, CH 2 PPh 2 ), 1.84 – 1.54 (m, 6H, CH 2 ). 
31 P{ 1 H} NMR

CDCl 3 ) 56.7 ppm. ESI( + )MS: m/z calcd for (C 28 H 26 Fe 2 NO 5 PS 2 ):

 62.97; found 6 63.9733 [ M + H 

+ ]. IR (CH 2 Cl 2 ) ν(CO): 2048 (s),

987 (vs), 1967 (m) 1940 (w), 1929 (w) cm 

−1 . Elemental analy- 

is calcd (found) for Fe 2 S 2 P 1 N 1 O 5 C 28 H 26 % C 50.60 (50.37), H 3.88

4.16), N 2.11 (2.08). 

.5. Protonation reactions 

All protonation reactions were carried out in a standard NMR 

ube. Following dissolution of an appropriate amount of com- 

lex in the deuterated solvent, 1 H and 

31 P{ 1 H} NMR spectra were 

ecorded. Following this, 1–2 equivalent of the requisite acid was 

dded using a micro-syringe and following shaking and allowing 

ample to equilibrate for ca. 5 min, both spectra were re-recorded. 

o attempts were made to isolate products. Selected NMR data; 

 1N 

H ] + 31 P{ 1 H} NMR (d 6 -acetone) 58.2 & 57.9 ppm, 31 P{ 1 H} NMR

CD 2 Cl 2 ) 58.2 ppm 

[ 1( μ-H)N 

H ] 2 + 31 P{ 1 H} NMR (CD 2 Cl 2 ) 45.5 ppm, 1 H NMR

CD 2 Cl 2 ) δ – 16.0 (brs). 

[ 3N 

H ] + 31 P{ 1 H} NMR (d 6 -acetone) 58.2 & 57.9 ppm, 31 P{ 1 H}

MR (CD 2 Cl 2 ) δ 45.90 (d, J = 57.8 Hz), 40.20, 38.63 (d, 

 PP = 57.8 Hz) 

[ 3( μ-H) ] + 31 P{ 1 H} NMR (d 6 -acetone) 39.4 ppm, 1 H NMR (d 6 -

cetone) δ −15.6 (J PH = 18.5 Hz). 31 P{ 1 H} NMR (CD 2 Cl 2 ) 40.2 (s)

ibasal, 45.9 & 38.7 (J PP = 57.8 Hz) apical-basal ppm. 1 H NMR 

CD 2 Cl 2 ) δ −15.5 (t, J PH = 18.1 Hz, dibasal) and δ −16.8 (dd, 

 PH = 22.2, 5.2, basal-apical) 

[ 3( μ-H)N 

H ] 2 + 31 P{ 1 H} NMR (d 6 -acetone) 46.1 ppm, 1 H NMR 

d 6 -acetone) −16.45 (t, J = 21.2 Hz, 1H) . 31 P{ 1 H} NMR (CD 2 Cl 2 )

5.5 ppm. 

[ 4( μ-H) ] + 31 P{ 1 H} NMR (d 6 -acetone) 37.8 ppm, 1 H NMR (d 6 -

cetone) δ −13.1 (t, J PH = 18.2 Hz). 31 P{ 1 H} NMR (CD 2 Cl 2 ) 

8.0 ppm, 1 H NMR (CD 2 Cl 2 ) δ −13.1 (br). 

[ 4( μ-H)N 

H ] 2 + 31 P{ 1 H} NMR (d 6 -acetone) 47.0 (br) ppm, 1 H NMR

d 6 -acetone) δ −14.1 (t, J PH = 20.0 Hz). 31 P{ 1 H} NMR (CD 2 Cl 2 )

5.5 ppm. 1 H NMR (CD 2 Cl 2 ) δ −13.9 (br) . 

.6. Chemical oxidation 

Fc[BF 4 ] (10 mg, 0.036 mmol) was added to one equivalent of 1–

 in dry, degassed CH 2 Cl 2 (3 ml). After 5 min, an IR spectrum was

un to confirm the identity of the oxidised species. IR data for 1–4 

nd [ 1–4 ] + are summarised in Table S2 
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.7. H 2 oxidation 

To one equivalent of 3 (5 mg, 0.006 mmol) in degassed CD 2 Cl 2 
n an NMR tube was added 9 equivalents of Fc[BF 4 ] (15 mg, 

.055 mmol) and 9 equivalents of P(o-tol) 3 (16.7 mg, 0.055 mmol). 

he solution was sparged for 1 min with H 2 before the headspace 

f the NMR tube was filled with H 2 and sealed. A 

31 P{ 1 H} NMR

pectrum was recorded after 3 h. 
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