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Synthesis and Reactivity of Taddol-Based Chiral Fe(II) PNP Pincer Complexes -

Solution Equilibria between κκκκ
2
P,N- and κκκκ

3
P,N,P-Bound PNP Pincer Ligands 

 

Christian Holzhacker,a Berthold Stöger,b Maria Deus Carvalho,c Liliana P. Ferreira,d,e Ernst 

Pittenauer,b Günter Allmaier,b Luis F. Veiros,f Sara Realista,c Adrià Gil,c Maria José Calhorda,c Danny 

Müller,a and Karl Kirchner*, a 

 

Abstract 

Treatment of anhydrous FeX2 (X = Cl, Br) with 1 equiv of the asymmetric chiral PNP pincer 

ligands PNP-R,TAD (R = iPr, tBu) with an R,R-TADDOL (TAD) moiety afforded complexes of the 

general formula [Fe(PNP)X2]. In the solid state these complexes adopt a tetrahedral geometry 

with the PNP ligand coordinated in κ
2
P,N-fashion, as shown by X-ray crystallography and 

Mössbauer spectroscopy. Magnetization studies led to a magnetic moment very close to 4.9 µB 

reflecting the expected four unpaired d-electrons (quintet ground state). In solution there are 

equilibria between [Fe(κ3
P,N,P-PNP-R,TAD)X2] and [Fe(κ2

P,N-PNP-R,TAD)X2] complexes, i.e., 

the PNP-R,TAD ligand is hemilabile. At -50oC these equilibria are slow and signals of the non-

coordinated P-TAD arm of the κ
2
P,N-PNP-R,TAD ligand can be detected by 31P{1H} NMR 

spectroscopy. Addition of BH3 to a solution of [Fe(PNP-iPr,TAD)Cl2] leads to selective boronation 

of the pendant P-TAD arm shifting the equilibrium towards the four-coordinate complex 

[Fe(κ2
P,N-PNP-iPr,TADBH3)Cl2]. DFT calculations corroborate the existence of equilibria between 

four- and five-coordinated complexes. Addition of CO to [Fe(PNP-iPr,TAD)X2] in solution yields 

the diamagnetic octahedral complexes trans-[Fe(κ3
P,N,P-PNP-iPr,TAD)(CO)X2], which react 

further with Ag+ salts in the presence of CO to give the cationic complexes trans-[Fe(κ3
P,N,P-

PNP-iPr,TAD)(CO)2X]+. CO addition most likely takes place at the five coordinate complex 

[Fe(κ3
P,N,P-PNP-iPr,TAD)X2]. The mechanism for the CO addition was also investigated by DFT 

and the most favorable path obtained corresponds to the rearrangement of the pincer ligand first 

from a κ2
P,N- to a κ3

P,N,P-coordination mode followed by CO coordination to [Fe(κ3
P,N,P-PNP-

iPr,TAD)X2]. Complexes bearing tBu substituents do not react with CO. Moreover, in the solid 

state none of the tetrahedral complexes are able to bind CO.  
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Introduction 

 

Neutral pyridine-based PNP pincer ligands are widely utilized in transition metal chemistry due to their 

combination of stability, activity and variability.1 They typically enforce a meridional κ
3
P,N,P 

coordination mode, provided that three coordination sites are accessible at the metal center. As iron 

PNP complexes are concerned, an important class of compounds are coordinatively unsaturated 16e 

high-spin complexes of the type [Fe(κ3
P,N,P-PNP)X2] (X = Cl, Br) obtained from the reaction of Fe(II) 

halides with stoichiometric amounts of PNP ligands.2,3,4 

We are currently focusing on the synthesis and reactivity of iron complexes containing PNP 

pincer ligands based on the 2,6-diaminopyridine scaffold.5 In these ligands the aromatic pyridine ring 

and the phosphine moieties are linked via NH, N-alkyl, or N-aryl linkers. In the course of our studies 

we discovered that Fe(II) halides react with bulky PNP ligands such as N,N'-bis(di-iso-

propylphosphino)-2,6-diaminopyridine (PNP-iPr) and N,N'-bis(di-tert-butylphosphino)-2,6-diamino-

pyridine (PNP-tBu) to give the expected mono-chelated high-spin complexes [Fe(κ3
P,N,P-PNP-R)X2] 

(A). In contrast, with smaller PNP ligands such as N,N'-bis(diphenylphosphino)-2,6-diaminopyridine 

(PNP-Ph) or N,N'-bis(diethylphosphino)-2,6-diaminopyridine (PNP-Et), bis-chelated octahedral Fe(II) 

complexes [Fe(κ3
P,N,P-R)(κ2

P,N-PNP-R)X]+ (B)6 were formed where the PNP pincer ligands are 

coordinated in κ3
P,N,P- and κ2

P,N-fashion (Scheme 1). 

 

 

 

Scheme 1 Reactions of FeX2 with PNP ligands yielding three types of complexes with κ3
P,N,P- and/or 

 κ
2
P,N-bound PNP ligands. 

 

In continuation of our studies on iron PNP complexes, we report here on the synthesis and reactivity of 

chiral Fe(II) PNP pincer complexes based on R,R-TADDOL in combination with bulky iPr and tBu 

substituents to prevent the formation of B.6 In the solid state these reactions afford complexes of the 

type [Fe(κ2
P,N-PNP-R,TAD)X2] (R = iPr, tBu) (C) where the PNP ligand is coordinated in κ

2
P,N-

fashion (Scheme 1). In solution, complexes with κ
3
P,N,P- and κ

2
P,N-bound PNP ligands are in 

equilibrium with one another undergoing reversible dechelation and rechelation of the aminophosphine 

arm bearing the TAD moiety. 
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Results and Discussion 

 

Ligand and Complex Synthesis. The synthesis of the new chiral PNP ligands PNP-iPr,TAD 

(2a) and PNP-tBu,TAD (2b) was achieved via a two-step procedure. First, addition of 1 equiv of PR2Cl 

(R = iPr, tBu) to 2,6-diaminopyridine in the presence of base (NEt3 or nBuLi) afforded the mono-

phosphinated compounds 1a and 1b, respectively. Subsequent addition of 1 equiv of TAD-PCl in the 

presence of NEt3 afforded then the desired PNP ligands 2a and 2b in 55 and 42% isolated overall 

yield (Scheme 2). The optically pure ligands were isolated as air stable solids and were characterized 

by 1H, 13C{1H}, and 31P{1H} NMR spectroscopy and HRMS. 

 

 

Scheme 2 Synthesis of chiral TADDOL-based PNP ligands 

 

Treatment of anhydrous FeCl2 with 1 equiv of the PNP ligands PNP-iPr,TAD (2a) and PNP-

tBu,TAD (2b) in THF at room temperature afforded coordinatively unsaturated complexes of the 

general formula [Fe(PNP-iPr,TAD)Cl2] (3a) and [Fe(PNP-tBu,TAD)Cl2] (4a) in 79% isolated yields 

(Scheme 3). The analogous bromide complexes 3b and 4b were obtained in similar fashion by  

 

 

Scheme 3 Synthesis of [Fe(PNP-R,TAD)X2] (3, 4) – solution vs solid-state behavior  
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 4

straightforward complexation of the respective free PNP ligands with anhydrous ferrous dibromide (89 

and 89% yield). All complexes are thermally robust pale yellow solids that are air sensitive in the solid 

state and particularly in solution. 

Solid State Studies. In the solid state, they were characterized by elemental analysis, SQUID 

and Mössbauer spectroscopy. In addition, the molecular structures of 3b and 4a were determined by 

X-ray crystallography. Structural views of 3b and 4a are depicted in Figures 1 and 2 with selected 

bond distances and angles given in the captions. Surprisingly, these complexes adopt a distorted 

tetrahedral geometry with the PNP ligands coordinated in κ
2
P,N-fashion rather than in the typical 

meridional κ
3
P,N,P-coordination mode. Such a coordination mode is unexpected and unusual for 

pyridine-based PNP pincer ligands in particular when taking into account that these complexes are 

coordinatively unsaturated 14e species. 

 

Figures 1 and 2 

 

The magnetic properties of 3a, 3b, 4a, and 4b were investigated by means of SQUID 

magnetometry and Mössbauer spectroscopy. Magnetic moments of µeff = 4.95(1), 4.98(1), 4.97(1), 

and 5.00(1)µB for 3a, 3b, 4a, and 4b, respectively, were derived from the temperature dependence of 

the inverse molar magnetic susceptibility, which was well described by a Curie law above 10 K (four 

unpaired electrons). These values are in good agreement with the effective magnetic moment of HS 

Fe(II) in the spin only approximation (4.9µB). The thermal variation of the inverse molar magnetic 

susceptibility and of χmT for all complexes is shown in Figure 3. Mössbauer spectroscopy of these 

complexes at 78 K showed isomer shifts (IS) of 0.76-0.79 mm/s and large quadrupole splittings (QS) 

in the range 2.93-3.22 mm/s (Table 1, Figure 4). All spectra confirm the exclusive presence of HS 

Fe(II), with higher isomer shifts and lower quadrupole splittings for the Cl complexes in comparison 

with the Br ones as was also previously observed and discussed for related Fe(II) complexes.7 As can 

be seen from Table 1, the isomer shift and quadrupole splitting values are different from those 

observed for high-spin Fe(II) complexes with similar ligands but different geometries. When compared 

to compounds with square pyramidal coordination, it can be noticed that all tetrahedral complexes 

exhibit lower IS and higher QS values.5c  

 

Figures 3 and 4 

 

Solution Studies. While the solid state structures of complexes 3a, 3b, 4a, and 4b could be 

unequivocally established (3b and 4a by X-ray crystallography), the situation in solution turned out to 

be more difficult due to the paramagnetic and complex nature of these compounds. It is not obvious 

whether these complexes are four- or five coordinate containing κ
2
P,N- or κ

3
P,N,P-bound PNP 

ligands, respectively, or whether both species are present and, if this is the case, whether these are in 

equilibrium with one another. Accordingly, several experiments were performed to provide information 

on the solution structure and behavior of 3a, 3b, 4a, and 4b. 
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 5

ESI-MS studies (in the positive ion mode) of complexes 3a, 3b, 4a, and 4b in CH3CN/CH3OH 

(9:1) solutions revealed that these complexes remain largely intact and fragments of the sodiated 

complexes of [Fe(PNP-R,TAD)X2] ([M+Na]+) were observed at m/z 868.2, 886.1, 896.2, and 984.1, 

respectively. Further abundant fragments are [M-X]+ (for 3a, 4a, 4b), [M-X+CH3OH]+ (for 3a, 4a), and 

[M-X-HX+CH3OH]+ (for 4a) revealing the high affinity of CH3OH towards these Fe(II) complexes. A 

representative positive ion ESI full scan mass spectra of 3b is depicted in Figure 5. In the inset, the 

isotopic pattern of the [M+Na]+ ion is compared with the theoretical pattern, which turned out to 

correlate quite well. 

 

Figure 5 

 

All complexes display large paramagnetic shifted 1H and 13C{1H} NMR solution spectra with 

broad and featureless signals which, due to the complexity of the PNP ligands, were not assignable 

and thus not informative. Interestingly, while at room temperature no 31P{1H} NMR signals could be 

detected, at -50oC complexes 3 and 4 exhibit a broad signal at about 126 ppm, assignable to the non-

coordinated TAD arm of the κ2
P,N-bound PNP-R,TAD ligands based on the fact that the free ligands 

2a and 2b give rise to signals at 134.6 and 132.4 ppm. This observation clearly points to an 

equilibrium between κ
2
P,N- and κ

3
P,N,P-bound species, i.e., the PNP-R,TAD ligand is hemilabile, 

which is also supported by DFT calculations (vide infra). Related solution equilibria were proposed for 

the pincer complex [Fe(PONOP-tBu)Cl2] bearing the bulky bis-phosphinte PONOP-tBu ligand.8 

Moreover, addition of BH3�THF to a solution of 3a in CD2Cl2 leads to boronation of the pendant TAD 

arm shifting the equilibrium towards the four-coordinate complex [Fe(κ2
P,N-PNP-iPr,TADBH3)Cl2] (5) 

(Scheme 4). 31P{1H} NMR spectra of these studies are shown in Figure 6. An ESI-MS study of 5 in 

CH3CN/CH2Cl2 gave rise to largely intact fragments of the sodiated species [5+Na]+ and [5-Cl]+ 

observed at m/z 882.1 and 824.1.  
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Scheme 4 Solution equilibria and boronation of [Fe(κ2
P,N-PNP-iPr,TAD)Cl2] (3a) and [Fe(κ3

P,N,P-

PNP-iPr,TAD)Cl2] (3a’) with BH3�THF in CD2Cl2. 
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 6

 

Figure 6 

 

Reactivity towards CO. When CO was bubbled into acetone solutions of 3a and 3b for a few 

minutes, an immediate color change from pale yellow to violet and blue, respectively, was observed 

due the formation of trans-[Fe(κ3
P,N,P-PNP-iPr/TAD)(CO)Cl2] (6a) and trans-[Fe(κ3

P,N,P-PNP-

iPr/TAD)(CO)Br2] (6b). (Scheme 5). Pure crystalline materials had to be obtained by diffusion of n-

pentane into a THF solution of 6a and 6b, respectively, since evaporation of the solvent resulted in 

rapid CO loss and reformation of 3a and 3b. In the case of the bulkier tBu complexes 4a and 4b, no 

CO addition was observed. The same behavior was found for [Fe(κ3
P,N,P-PNP-tBu)X2]. Noteworthy, 

in the solid state none of the tetrahedral complexes underwent CO addition, in contrast to the 

reactions of the five coordinate complexes [Fe(κ3
P,N,P-PNP-iPr)X2] reported previously.9 Complexes 

6a and 6b were fully characterized by 1H, 13C{1H}, and 31P{1H} NMR and IR spectroscopy. The 31P{1H} 

NMR spectra give rise to two doublets centered at 154.0/125.0 and 161.6/125.2 ppm, respectively, 

with large JPP coupling constants of 278 and 261 Hz which are consistent with a trans-P,P 

configuration (Figure 6, spectrum d). In the 13C{1H} NMR spectra the CO ligands exhibit a single low-

intensity doublet of doublet resonance at 220.3 and 222.5 ppm. Complexes 6a and 6b give rise to one 

band at 1986 and 1980 cm-1 in the IR spectrum (cf 2143 cm-1 in free CO). For comparison, in trans-

[Fe(κ3
P,N,P-PNP-iPr)(CO)Cl2] and trans-[Fe(κ3

P,N,P-PNP-iPr)(CO)Br2] the CO stretching frequency is 

observed at 1956 cm-1, indicating that PNP-iPr,TAD is a weaker donor than PNP-iPr.5c 

The solid state structure of 6b could be determined by single-crystal X-ray diffraction. Crystals 

were grown under a CO atmosphere from a THF solution by diffusion of pentane. An ORTEP diagram 

is depicted in Figure 7 with selected bond distances given in the captions. This complex adopts a 

distorted octahedral geometry around the metal center with the bromide ligands being in trans position 

to one another. The PNP ligand is now coordinated to the iron center in the typical tridentate 

meridional κ3
P,N,P mode. 

 

Figure 7 

 

Heating solid samples of 6a and 6b leads to regeneration of complexes [Fe(κ2
P,N-PNP-

iPr,TAD)Cl2] (3a) and [Fe(κ2
P,N-PNP-iPr,TAD)Br2] (3b). However, loss of CO is slow with about 80% 

conversion after 2h. The Mössbauer spectra of the complex 6b before and after being partially 

decarbonylated (by heating at 100oC for 1h and 2h under vacuum) are shown in Figure 8. The 

spectrum of 6b is well fitted to a quadrupole doublet with IS = 0.23(1) mm/s and QS = 1.19(1) mm/s 

assignable to a typical low spin Fe(II) complex in a symmetric octahedral environment. The isomer 

shift decrease observed from 3b to 6b is explained by the HS-LS change induced by the reaction with 

CO. Accordingly, the decrease in the quadrupole splitting values is explained by the much less 

asymmetric environment of Fe(II) in six coordination (6b) than in four coordination (3b).  

 

Figure 8 
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 7

 

 

 

Scheme 5 Reaction of [Fe(PNP-iPr,TAD)X2] (3a,b) with CO in solution forming trans-[Fe(κ3
P,N,P-

PNP-iPr,TAD)(CO)X2] (6a,b). 

 

When compared with the hyperfine parameters of 6b spectrum (Table 1), it can be deduced that 

60% and 21% of this contribution remains unreacted in the 1h and 2h annealed samples, respectively. 

A second doublet appears in these partially decarbonylated samples, displaying hyperfine parameters 

of IS = 0.78(1) mm/s, QS = 3.07(2) mm/s and IS = 0.79(1) mm/s, QS = 3.15(1) mm/s, for the 1h and 

2h annealed samples, respectively. As can be seen from Table 1, the isomer shift and quadrupole 

splitting values of [Fe(κ2
P,N-PNP-iPr,TAD)X2] complexes are different from those observed for high-

spin Fe(II) complexes with similar ligands but different geometries. In particular, when compared to 

compounds with square pyramidal geometry, it can be noticed that all tetrahedral complexes exhibit 

lower IS and higher QS values.5c Therefore, the second doublet detected in the decarbonylated 

samples can be assigned to [Fe(κ2
P,N-PNP-iPr,TAD)Br2] (3b), indicating that at higher temperatures 

the CO release in the solid state does not induce the formation of the penta-coordinated [Fe(κ3
P,N-

PNP-iPr,TAD)Br2] (3b’) complex. 

The isomer shift and quadrupole splitting of complexes 3b, 3b’and 6b were calculated using a 

DFT approach, as 0.873 (3b), 0.972 (3b’), and 0.478 (6b) mm/s and 2.694 (3b), 2.652 (3b’), and 

0.675 (6b) mm/s, respectively. Despite the small deviation, the trends are well reproduced. The isomer 

shift of 3b is much higher than that of 6b, as observed experimentally. The pentacoordinate 

complexes often display isomer shifts ~0.1 higher than the tetrahedral ones (see examples in Table 1), 

and our calculations also predict a similar difference (0.873 and 0.972 mm/s for 3b and 3b’, 
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 8

respectively). These values suggest that the signal of a pentacoordinate species should have been 

detected if such a species were present in the solid state, supporting the experimental results 

described above. 

Treatment of 6a and 6b with 1 equiv of AgSbF6 in THF in the presence of CO at room 

temperature afforded selectively the cationic complexes trans-[Fe(κ3
P,N,P-PNP-iPr,TAD)(CO)2X]+ 

(7a,b) in 80 and 81% isolated yields (Scheme 6). These complexes are thermally robust red solids that 

are air stable both in the solid state and in solution for several days. In the 13C{1H} NMR spectrum the 

two CO ligands are chemically and magnetically not equivalent thus giving rise to two low-intensity  

 

 

 

Scheme 6 Reaction of [Fe(κ3
P,N,P-PNP-iPr,TAD)(CO)X2] (6a,b) with CO in the presence of Ag+ 

forming trans-[Fe(κ3
P,N,P-PNP-iPr,TAD)(CO)2X]+ (7a,b) and attempted reaction with Na[HBEt3]. 

 

doublet of doublet resonances centered at about 207 ppm. In the IR spectrum the CO ligands exhibit 

only one band at 2026 and 2021 cm-1 for the mutually trans CO ligands which can be assigned to the 

asymmetric CO stretching frequency. The symmetric CO stretching band is IR inactive and thus not 

observed. 

Finally, since the hydride complex [Fe(κ3
P,N,P-PNP-iPr)(CO)(H)Br] turned out to be an 

efficient hydrogenation catalyst for both ketones and aldehydes,10 we have attempted to prepare chiral 

hydride complexes of the type [Fe(κ3
P,N,P-PNP-iPr,TAD)(CO)(H)X] following an established 

procedure. However, treatment of 6a or 6b with Na[HBEt3] lead to decomposition and the only 

tractable products which could be isolated were the free PNP ligands. 

Computational Studies. The change in coordination of the PNP ligand from a κ
2
P,N to a 

κ
3
P,N,P mode was investigated by means of DFT calculations11 (see Computational Details) using a 

model of complex 3b (R = iPr, X = Br) with a simplified TADDOL moiety (TAD’). In the model the 

phenyl groups were replaced by H-atoms for computational expediency. The energy profile for the 

rearrangement between the four-coordinated complex with a κ
2
P,N-PNP ligand (A) and the penta-

coordinated species with a κ3
P,N,P-PNP ligand (C) is shown in Scheme 7. 

The mechanism for the coordination of the second P-atom in [Fe(PNP-iPr,TAD’)Br2] 

comprises two steps. The first is re-orientation of the pendant arm of the PNP ligand in the reactant, 

with rotation along the Cpy-NNH bond. In the second step, the P-atom coordinates the metal. The 

overall process has an energy barrier of 9.8 kcal/mol (corresponding to TSBC) and indicates a facile 

process that should occur easily at room temperature. This is in agreement with 31P NMR studies 
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 9

(Figure 6). Since the five-coordinated isomer C is only 3.6 kcal/mol less stable than the initial complex 

A, the profile in Scheme 7 suggests that an equilibrium between the two forms may occur in solution. 

Importantly, the performance of the model used in the calculations was tested through the comparison 

of the stability difference obtained for the two isomers calculated with the real species, that is, with full 

   

 

Scheme 7. Energy profile (kcal/mol) for the rearrangement between κ
2
P,N and κ3

P,N,P in [Fe(PNP-

iPr,TAD’)Br2] and comparison with [Fe(PNP-iPr)Br2]. 

 

TADDOL fragments in the PNP ligands. The results indicate that the four-coordinated species is more 

stable than its five-coordinated counterpart by 2.8 kcal/mol, a value that is only 0.8 kcal/mol smaller 

than the one obtained with the simplified model and validates the use of that model in the calculations. 

For comparison, the equilibrium between [Fe(κ3
P,N,P-PNP-iPr)Br2] and [Fe(κ2

P,N-PNP-iPr)Br2] was 

also investigated (Scheme 7). This process proceeds via a single step but with a considerably higher 

barrier of 17.2 kcal/mol and agrees with the fact experimentally no [Fe(κ2
P,N-PNP-iPr)Br2] complex 

was detected as the was no BH3 adduct formed. These results may also suggest that the hemilability 

of the PNP-R,TAD ligand is not due to steric but electronic reasons. 

 

 

 

Scheme 8. Energy profile (kcal/mol) for the reaction of CO addition to [Fe(κ3
P,N,P-PNP-iPr,TAD’)Br2]. 

The energy values are referred to A, and the Fe-CCO distances (Å) are indicated. The full curve 
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 10

corresponds to the S = 2 potential energy surface (PES), and the dashed curve corresponds to the S 

= 0 PES. 

The energy profile calculated for CO addition to the five-coordinated complex [Fe(κ3
P,N,P-PNP-

iPr,TAD’)Br2] is represented in Scheme 8. The first step of the mechanism occurs in the spin quintet (S 

= 2) potential energy surface (PES). Starting point is the pair of reactants D, i.e., the five-coordinated 

complex and one CO molecule. From D CO addition occurs in a single step going through a rather 

early transition state (TSDE) with a long Fe-CCO bond distance (3.01 Å) indicating that CO coordination 

is only starting once that transition state is reached. In the resulting intermediate E CO coordination is 

established with a Fe-CCO distance of 2.16 Å. This step is thermodynamically favorable (∆E = -3.1 

kcal/mol) and has a negligible barrier of 0.7 kcal/mol. Since the product of the reaction is the low spin 

(S = 0) CO adduct F, there must be a spin change from the quintet to the singlet spin PES in the last 

step of the mechanism. In other words, this is a “spin forbidden” or “non-adiabatic” reaction and, thus, 

the change between PES occurs through a minimum-energy crossing point (MECP). In the MECP 

both the geometry and the energy of the molecules are the same in the two PES. Once that point is 

reached along the reaction coordinate there is a given probability for the system to change spin state 

and hop from one spin state to the other, completing the “spin-forbidden” reaction. Accordingly, in the 

last step of the mechanism depicted in Scheme 7, the high spin CO complex, E (S = 2), changes to its 

low spin isomer, F (S = 0), through a crossing point (CP) that has an intermediate geometry between 

the two CO species. The moderate energy barrier associated with the spin exchange (6.7 kcal/mol) 

reflects the small geometry modifications associated with this step. The final product F is 2.4 kcal/mol 

more stable than the initial reagent, the four-coordinated species [Fe(κ2
P,N-PNP-iPr,TAD’)Br2] (A). 

 From the two profiles it becomes clear that the most difficult process along the path is 

coordination of the second P-atom of the PNP ligand, rather than CO addition or spin change. In fact, 

the highest barrier along the entire mechanism is associated with TSBC, i.e., the step corresponding to 

the coordination of the dangling P-atom, from B to C (see Scheme 6). 

 An alternative mechanism is CO addition to the four-coordinated complex [Fe(κ2
P,N-PNP-

iPr,TAD’)Br2] followed by a subsequent change in the coordination mode of the PNP ligand from κ2
P,N 

to κ
3
P,N,P with coordination of the free P-atom. The energy profile for this process is depicted in 

Scheme 9. 
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 11

Scheme 9. Energy profile (kcal/mol) for the reaction of CO addition to [Fe(κ2
P,N-PNP-iPr,TAD’)Br2] 

followed by exchange of the coordination of the pincer ligand from κ
2
P,N to κ

3
P,N,P. The energy 

values are referred to A, and the Fe-CCO distances (Å) are indicated. 

 The mechanism starts with a pair of non-interacting reactants G, the CO molecule and the 

[Fe(κ2
P,N-PNP-iPr,TAD’)Br2] complex. In the first step there is CO addition and formation of a five-

coordinated CO complex H that maintains the PNP dangling arm existing in the initial complex. A 

rather long Fe-CCO distance of 2.80 Å in the corresponding transition state (TSGH) indicates that CO 

coordination is just beginning when TSGH is reached along the reaction coordinate. This step occurs 

with a very small barrier of 0.8 kcal/mol and the intermediate H formed is only 0.3 kcal/mol more stable 

than the initial reagents. In the second step of the mechanism, from H to E, there is coordination of the 

P-atom of the PNP ligand, originating the high spin six-coordinated CO complex. Coordination of the 

P-atom in the CO species occurs in a single step, from H to E, through the transition state TSHE. In 

TSHE, formation of the new Fe–P bond is still far from complete, as indicated by a distance of 3.64 Å, 

which is 1.08 Å longer than the coordination distance in E. This step is practically thermoneutral (∆E = 

0.6 kcal/mol) and the corresponding barrier (12.9 kcal/mol) is the highest of that path. 

 In the first mechanism, coordination of the loose P-atom of the pincer ligand, with the 

corresponding change from κ2
P,N to κ3

P,N,P occurs first and it is followed by CO addition. This path 

corresponds to the profiles represented in Schemes 7 and 8, and its highest barrier is 9.8 kcal/mol. In 

the second path, the order of the processes is reversed. First there is addition of CO to the four-

coordinated complex with κ
2
P,N-PNP, and only then occurs coordination of the free P-atom. The 

highest barrier obtained for this case, associated with the P-coordination step (TSHE in Scheme 9), is 

12.9 kcal/mol and slightly higher by 3.1 kcal/mol than the barrier associated with the first mechanism. 

Therefore, the first mechanism should be slightly favored. 

This trend is supported by the fact that, despite their relatively low formal electron count, the 

related four coordinate complexes [Fe(κ2
P,N-PN-iPr)X2] (PN-iPr = N-diisopropylphosphino-2-

aminopyridine) did not react with CO at ambient temperature,12 while pentacoordinate complexes 

[Fe(κ3
P,N,P-PNP-iPr)X2] readily added CO to give octahedral complexes of the type [Fe(κ3

P,N,P-

PNP-iPr)(CO)X2]. In general, the outcome of a CO addition to high spin iron(II) complexes depends on 

the geometry and coordination number, the key factor being the overall ligand field of the ensemble of 

ligands in the reactant. Accordingly, the lower the coordination number the less likely CO addition will 

take place and reactions will be disfavored.13 

 

Conclusions 

 

We have prepared several Fe(II) complexes of the general formula [Fe(PNP-R,TAD)X2] (R = iPr, tBu; 

X = Cl, Br) bearing asymmetric chiral pincer ligands based on R,R-TADDOL (TAD). In the solid state, 

as shown by X-ray crystallography, Mössbauer and IR spectroscopy, these complexes adopt a 

tetrahedral geometry with the PNP ligand coordinated in κ
2
P,N-fashion with the TAD arm being not 

coordinated. All complexes are paramagnetic with a quintet ground state. In solution there are 

equilibria between [Fe(κ3
P,N,P-PNP-R,TAD)X2] and [Fe(κ2

P,N-PNP-R,TAD)X2] complexes and the 
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 12

PNP-R,TAD ligand is hemilabile. DFT calculations indicate that the rearrangement of the pincer 

ligands is an accessible process and, thus, equilibria between the four-coordinated species and their 

five-coordinated counterparts is expected to occur. Addition of CO to [Fe(PNP-iPr,TAD)X2] in solution 

yields the diamagnetic octahedral complexes trans-[Fe(κ3
P,N,P-PNP-iPr,TAD)(CO)X2], which react 

further with Ag+ salts in the presence of CO to give the cationic complexes trans-[Fe(κ3
P,N,P-PNP-

iPr,TAD)(CO)2X]+. Complexes bearing tBu substituents do not react with CO. Moreover, in the solid 

state none of the tetrahedral complexes are able to bind CO. Addition of CO most likely takes place at 

the five coordinate complex [Fe(κ3
P,N,P-PNP-iPr,TAD)X2]. The mechanism for this process was 

investigated by DFT and the most favorable path obtained corresponds to the rearrangement of the 

pincer ligand first from a κ
2
P,N- to a κ

3
P,N,P-coordination mode followed by CO coordination to 

[Fe(κ3
P,N,P-PNP-iPr,TAD)X2]. The alternative path with a reversed order of the two processes is 

competitive and the possible occurrence of both at the same time may not be discarded. Heating solid 

samples of trans-[Fe(κ3
P,N,P-PNP-iPr,TAD)(CO)2X]+ at 100oC under vacuum leads to regeneration of 

complex [Fe(κ2
P,N-PNP-iPr,TAD)X2]. Loss of CO is slow with about 80% conversion after 2h. 

Mössbauer measurements show no evidence for the formation of [Fe(κ3
P,N,P-PNP-iPr,TAD)X2] 

suggesting that at higher temperatures the PNP ligands are flexible enough to change their 

coordination modes also in the solid state. 

 

Experimental Section 

General. All manipulations were performed under an inert atmosphere of argon by using 

Schlenk techniques or in a MBraun inert-gas glovebox. The solvents were purified according to 

standard procedures.14 The deuterated solvents were purchased from Aldrich and dried over 4 Å 

molecular sieves. TAD-PCl was prepared according to the literature.15 1H, 13C{1H}, and 31P{1H} NMR 

spectra were recorded on Bruker AVANCE-250, AVANCE-300 DPX, and AVANCE-400 

spectrometers. 1H and 13C{1H} NMR spectra were referenced internally to residual protio-solvent, and 

solvent resonances, respectively, and are reported relative to tetramethylsilane (δ = 0 ppm). 31P{1H} 

NMR spectra were referenced externally to H3PO4 (85%) (δ = 0 ppm).  11B NMR spectra were 

referenced externally to BF3�Et2O. 

Magnetization measurements as a function of temperature were performed on powder samples 

using a SQUID magnetometer (Quantum Design MPMS). The curves were obtained under 0.1 T, for 

temperatures ranging from 10 to 300 K. The molar susceptibility values (χm) were corrected for 

diamagnetism of the constituent atoms using Pascal constants.  

The 57Fe Mössbauer spectra were recorded in transmission mode at 78 K using a 

conventional constant-acceleration spectrometer and a 50 mCi 57Co source in a Rh matrix. The 

measurements were performed using a liquid nitrogen flow cryostat with a temperature stability of ±0.5 

K. The velocity scale was calibrated using an α-Fe foil. The spectra were fitted to Lorentzian lines 

using the WinNormos software program, and the isomer shifts reported are relative to metallic α-Fe at 

room temperature. 
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Mass spectrometric measurements were performed on an Esquire 3000plus 3D-quadrupole ion 

trap mass spectrometer (Bruker Daltonics, Bremen, Germany) in positive-ion mode by means of 

electrospray ionization (ESI). Mass calibration was done with a commercial mixture of perfluorinated 

trialkyltriazines (ES Tuning Mix, Agilent Technologies, Santa Clara, CA, USA). All analytes were 

dissolved in a mixture of CH3CN and CH3OH “hypergrade for LC-MS Lichrosolv” quality (Merck, 

Darmstadt, Germany) to form a concentration of roughly 1 mg/mL. Direct infusion experiments were 

carried out using a Cole Parmer model 74900 syringe pump (Cole Parmer Instruments, Vernon Hills, 

IL, USA) at a flow rate of 2 µL/min. Full scans were measured in the range m/z 100-1100 with the 

target mass set to m/z 1000. All mass calculations are based on the lowest mass (i.e. most abundant) 

iron isotope (56Fe-isotope). Mass spectra were averaged during data acquisition time of 1 to 2 min and 

one analytical scan consisted of five successive micro scans resulting in 50 and 100 analytical scans, 

respectively, for the final full scan mass spectrum. 

Synthesis. [PN/NH2-iPr] (1a). 2,6-Diaminopyridine (6.87 g, 62.95 mmol) was suspended with 

NEt3 (8.7 mL, 62.95 mmol) in 1:1 mixture of THF/toluol (150 mL) and cooled to 0°C. PiPr2Cl (4.80 g, 

31.47 mmol) was added slowly via syringe. The resulting mixture was allowed to reach room 

temperature and was stirred overnight at 80°C. The solution was extracted at room temperature with 

50 mL of a saturated NaHCO3 solution, followed by extraction with 50 mL of brine. The combined 

organic phases were dried over Na2SO4, filtered and the solvent was removed under vacuum. The 

product was purified via flash chromatography (ethyl acetate/petrol ether 2:1 → ethyl acetate) and 

isolated as white crystals. Yield: 4.32 g (61%). 1H NMR (δ, CDCl3, 20°C): 7.25 (t, 3
JHH = 7.9 Hz, 1H, 

py4), 6.46 (d, 3JHH = 7.9 Hz, 1H, py3), 5.90 (d, 3JHH = 7.7 Hz, 1H, py5), 4.40 (d, 2JPH = 10.7 Hz, 1H, NH), 

4.18 (s, 2H, NH2), 1.77 (m, 2H, CH(CH3)2), 1.07 (m, 12H, CH(CH3)2). 
13C{1H} NMR (δ, CDCl3, 20°C): 

159.86 (d, 2
JCP = 20.3 Hz, py2), 157.28 (py6), 139.42 (d, 4

JCP = 2.1 Hz, py4), 97.99 (d, 3
JCP = 18.3 Hz, 

py3), 97.99 (py5), 26.37 (d, 1
JCP = 11.2 Hz, CH(CH3)2), 18.66 (d, 2

JCP = 19.7 Hz, CH(CH3)2), 17.05 (d, 
2
JCP = 7.8 Hz, CH(CH3)2). 

31P{1H} NMR (δ, CDCl3, 20°C): 47.4. MS (ESI-HRMS, CH3CN) (m/z): [M+H]+ 

(C11H21N3P) calcd 226.1468. Found 226.1453. 

[PN/NH2-tBu] (1b). 2,6-Diaminopyridine (5.17 g, 47.37 mmol) was dissolved in THF (120 mL) 

and cooled to -10°C. nBuLi (9.6 mL, 24.16 mmol, 2.5 M) was added slowly via syringe, whereupon the 

solution turned dark red and a precipitate was formed. The mixture was allowed to warm up to room 

temperature and was stirred for 3 h. After cooling to -10°C PtBu2Cl (4.28 g, 23.69 mmol) was added 

and the solution was then warmed to 80°C and stirred overnight. Workup was performed in the same 

way as for compound 1a. The product was isolated as a pale yellow powder. Yield: 2.70 g (45%). 1H 

NMR (δ, CDCl3, 20°C): 7.25 (t, 3
JHH = 7.9 Hz, 1H, py4), 6.52 (dd, 3

JHH = 8.0 Hz, 4JPH = 2.4 Hz, 1H, py3), 

5.89 (d, 3
JHH = 7.7 Hz, 1H, py5), 4.67 (d, 2

JPH = 11.0 Hz, 1H, NH), 4.19 (s, 2H, NH2), 1.15 (d, 3
JPH = 

12.0 Hz, 18H, C(CH3)3). 
13C{1H} NMR (δ, CDCl3, 20°C): 160.25 (d, 2

JCP = 21.4 Hz, py2), 157.29 (d, 4JCP 

= 1.5 Hz, py6), 139.39 (d, 4JCP = 2.1 Hz, py4), 98.36 (d, 3
JCP = 18.8 Hz, py3), 97.96 (py5), 33.98 (d, 1

JCP 

= 19.2 Hz, C(CH3)3), 28.08 (d, 2JCP = 15.2 Hz, C(CH3)3). 
31P{1H} NMR (δ, CDCl3, 20°C): 58.2. MS (ESI-

HRMS, CH3CN) (m/z): [M+H]+ (C13H25N3P) calcd 254.1786. Found 254.1788. 

[PNP-iPr,TAD] (2a). To a solution of 1a (2.00 g, 8.84 mmol) in toluene (100 mL) NEt3 (1.9 mL, 

13.26 mmol) was added. After cooling to 0°C, a solution of TAD-PCl (5.16 g, 9.72 mmol) in toluene 
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(30mL) was added and the reaction mixture was stirred overnight at 80°C. The suspension was 

filtered over a small pad of Celite® and the solvent was removed under reduced pressure. The product 

was obtained as white powder in sufficient purity for subsequent reactions. If necessary, it can be 

purified via flash chromatography (ethyl acetate/petrol ether/CH2Cl2 1:1:1). Yield: 5.75 g (90%). 1H 

NMR (δ, CDCl3, 20°C): 7.74 – 7.63 (m, 4H, ph), 7.47 – 7.19 (m, 17H, ph, py4), 6.61 (dd, 3
JHH = 8.1 Hz, 

4
JPH = 2.2 Hz, 1H, py3), 6.06 (d, 3

JHH = 7.7 Hz, 1H, py5), 5.67 (d, 2
JPH = 4.3 Hz, 1H, NH

TAD), 5.32 (dd, 
3
JHH = 8.5 Hz, 4

JPH = 2.8 Hz, 1H, CH
TAD), 4.94 (d, 3

JHH = 8.5 Hz, 1H, CH
TAD), 4.43 (d, 2

JPH = 11.2 Hz, 

1H, NH
iPr), 1.80 (m, 2H, CH(CH3)2

iPr), 1.39 (s, 3H, CH3
TAD), 1.12 – 1.01 (m, 12H, CH(CH3)2

iPr), 0.34 (s, 

3H, CH3
TAD). 13C{1H} NMR (δ, CDCl3, 20°C): 159.96 (d, 2

JCP = 20.4 Hz, py2), 154.19 (d, 2JCP = 16.2 Hz, 

py6), 146.42 (Ph1), 145.58 (Ph1), 141.62 (Ph1), 140.95 (Ph1), 139.12 (py4), 128.96 (Ph), 128.52 (Ph), 

128.49 (Ph), 128.15 (Ph), 127.71 (Ph), 127.67 (Ph), 127.61 (Ph), 127.37 (Ph), 127.28 (Ph), 127.16 

(Ph), 112.12 (C(CH3)2
TAD), 99.85 (d, 3

JCP = 18.8 Hz, py3), 99.03 (d, 3
JCP = 9.3 Hz, py5), 82.87 (CHTAD), 

82.68 (CPh2), 82.46 (CHTAD, CPh2), 27.22 (CH3
TAD), 26.37 (d, 1

JCP = 10.8 Hz, CH(CH3)2
iPr), 26.27 (d, 

1
JCP = 9.9 Hz, CH(CH3)2

TAD), 24.89 (CH3
TAD), 18.53 (d, 2

JCP = 3.6 Hz, CH(CH3)2
iPr), 18.33 (d, 2JCP = 3.8 

Hz, CH(CH3)2
iPr), 16.99 (d, 2

JCP = 8.3 Hz, CH(CH3)2
iPr), 16.90 (d, 2

JCP = 7.7 Hz, CH(CH3)2
iPr). 31P{1H} 

NMR (δ, CDCl3, 20°C): 134.6 (TAD), 47.9 (iPr). MS (ESI-HRMS, CH3CN/CH3OH) (m/z): [M+H]+ 

(C42H48N3O4P2) calcd 720.3115. Found 720.3113. 

[PNP-tBu,TAD] (2b). This compound was prepared analogously to 2a with 1b (0.86.g, 8.84 

mmol), NEt3 (0.7 mL, 5.08 mmol), and TAD-PCl (1.80 g, 3.38 mmol) as starting materials. Yield: 2.39 g 

(94%). 1H NMR (δ, CDCl3, 20°C): 7.73 (m, 2H, Ph), 7.64 (m, 2H, Ph), 7.50 – 7.16 (m, 17H, Ph, py4), 

6.63 (dd, 3
JHH = 8.0 Hz, 4JPH = 2.2 Hz, 1H, py3), 6.10 (d, 3JHH = 7.8 Hz, 1H, py5), 5.55 (d, 2JPH = 2.4 Hz, 

1H, NH
TAD), 5.32 (dd, 3

JHH = 8.4 Hz, 4
JPH = 2.4 Hz, 1H, CH

TAD), 4.99 (d, 3
JHH = 8.4 Hz, 1H, CH

TAD), 

4.67 (d, 2
JPH = 11.2 Hz, 1H, NH

iPr), 1.22 (s, 3H, CH3
TAD), 1.17 (d, 3

JPH = 4.7 Hz, 9H, C(CH3)3
tBu), 1.12 

(d, 3
JPH = 4.7 Hz, 9H, C(CH3)3

tBu), 0.35 (s, 3H, CH3
TAD). 13C{1H} NMR (δ, CDCl3, 20°C): 160.19 (d, 2

JCP 

= 21.8 Hz, py2), 153.90 (d, 2
JCP = 19.0 Hz, py6), 145.99 (Ph1), 145.52 (Ph1), 141.74 (Ph1), 140.95 (s, 

Ph1), 139.26 (py4), 128.93 (Ph), 128.54 (Ph), 128.19 (Ph), 127.71 (Ph), 127.47 (Ph), 127.36 (Ph), 

127.15 (Ph), 127.06 (Ph), 126.65 (Ph), 112.36 (C(CH3)2
TAD), 100.36 (d, 3

JCP = 19.2 Hz, py3), 99.07 (d, 
3
JCP = 15.2 Hz, py5), 83.34 (CPh2), 82.66 (d, 3

JCP = 7.6 Hz, CHTAD), 82.27 (d, 3
JCP = 7.8 Hz, CHTAD), 

82.12 (CPh2, 33.96 (d, 1
JCP = 19.1 Hz, C(CH3)3

tBu), 28.19 (C(CH3)3
tBu), 27.95 (C(CH3)3

tBu), 27.33 

(CH3
TAD), 25.39 (CH3

TAD). 31P{1H} NMR (δ, CDCl3, 20°C): 132.4 (TAD), 58.6 (tBu). MS (ESI-HRMS, 

CH3CN/CH3OH) (m/z): [M+H]+ (C44H52N3O4P2) calcd 748.3428. Found 748.3427. 

[Fe(κκκκ
2
P,N-PNP-iPr,TAD)Cl2] (3a). A suspension of anhydrous FeCl2 (86 mg, 0.68 mmol) and 

2a (500 mg, 0.69 mmol) was stirred in THF (15 mL) at room temperature for 12 h. The solvent was 

then removed under vacuum and the remaining solid redissolved in CH2Cl2 (15mL). Insoluble 

materials were removed by filtration. The volume of the solution was reduced to about 1 mL and the 

product was precipitated by addition of n-pentane (40 mL). After filtration the yellow product was 

washed twice with n-pentane (10 mL) and dried under vacuum. Yield: 458 mg (79%). Anal. Calcd. for 

C42H47Cl2N3O4P2Fe (846.55): C, 59.59; H, 5.60; N, 4.96%. Found: C, 58.99; H, 5.49; N, 5.10%. ESI-

MS (m/z, CH3CN/CH3OH) positive ion: 868.2 [M+Na]+, 842.3 [M−Cl+CH3OH]+, 810.2 [M−Cl]+. µeff = 

4.95(1)µB.  
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[Fe(κκκκ
2
P,N-PNP-iPr,TAD)Br2] (3b). This complex was prepared analogously to 3a with 

anhydrous FeBr2 (176 mg, 0.82 mmol) and 2a (600 mg, 0.83 mmol) as starting materials. Yield: 678 

mg (89%). Anal. Calcd. for C42H47Br2N3O4P2Fe (935.46): C, 53.93; H, 5.06; N, 4.49%. Found: C, 

54.09; H, 5.19; N, 4.52%. ESI-MS (m/z, CH3CN/CH3OH) positive ion: 956.1 [M+Na]+, 886.2 [M-Br-

CH3OH]+, 854.2 [M-Br]+, 806.3 [M−Br-HBr+CH3OH]+. µeff = 4.97(1)µB.  

[Fe(κκκκ
2
P,N-PNP-tBu,TAD)Cl2] (4a). This complex was prepared analogously to 3a with 

anhydrous FeCl2 (48 mg, 0.38 mmol) and 2b (300 mg, 0.40 mmol) as starting materials. Yield: 263 mg 

(79%). Anal. Calcd. for C44H51Cl2N3O4P2Fe (874.60): C, 60.43; H, 5.88; N, 4.80%. Found: C, 60.22; H, 

5.92; N, 4.95%. ESI-MS (m/z, CH3CN/CH3OH) positive ion: 896.2 [M+Na]+. µeff = 4.98(1)µB.  

[Fe(κκκκ
2
P,N-PNP-tBu,TAD)Br2] (4b). This complex was prepared analogously to 3a with 

anhydrous FeBr2 (82 mg, 0.38 mmol) and 2b (300 mg, 0.40 mmol) as starting materials. Yield: 305 mg 

(83%). Anal. Calcd. for C44H51Br2N3O4P2Fe (963.51): C, 54.85; H, 5.34; N, 4.36%. Found: C, 54.92; H, 

5.39; N, 4.22%. ESI-MS (m/z, CH3CN/CH3OH) positive ion: 984.1 [M+Na]+, 882.2 [M−Br]+. µeff = 

5.00(1)µB. 

Boronation of [Fe(κκκκ
2
P,N-PNP-iPr,TAD)Cl2] (3a) in CD2Cl2. BH3�THF (26.0 µL, 26.0 µmol, 1.0 

M in THF) was transferred to a NMR-tube containing 3a (20 mg, 23.6 µmol) in CD2Cl2 (0.5 mL). A 
31P{1H} and 11B NMR spectra were immediately measured giving rise to signals at 60.0 and -46.8 ppm, 

respectively. 

trans-[Fe(κκκκ
3
P,N,P-PNP-iPr,TAD)(CO)Cl2] (6a). A solution of 3a (200 mg, 0.24 mmol) in THF (5 

mL) was purged with CO for 3 min, whereupon the colour changed immediately from yellow to violet. 

The product was crystallized by slow diffusion of n-pentane into a THF solution of 6a. The solvent was 

decanted and the remaining solid was dried under vacuum for 30 min. Yield: 152 mg (74%). Anal. 

Calcd. for C43H47Cl2N3O5P2Fe�C4H8O (946.66): C, 59.63; H, 5.86; N, 4.44%. Found: C, 59.52; H, 5.99; 

N, 4.65%. 1H NMR (δ, acetone-d6, 20°C): 8.09 (d, 2
JPH = 8.1 Hz, 1H, NH

iPr), 7.97 (m, 2H, Ph), 7.82 (m, 

2H, Ph), 7.74 (d, 2
JPH = 3.1 Hz, 1H, NH

TAD), 7.56-7.47 (m, 4H, Ph), 7.42-7.35 (m, 4H, Ph), 7.29-7.19 

(m, 9H, py4, Ph), 6.56 (d, 3
JHH = 7.9 Hz, 1H, py3), 5.91 (d, 3

JHH = 8.0 Hz, 1H, CH
TAD), 5.87 (d, 3

JHH = 

7.8 Hz, 1H, py5), 5.71 (d, 3
JHH = 8.0 Hz, 1H, CH

TAD), 3.14 (m, 1H, CH(CH3)2
iPr), 2.98 (m, 1H, 

CH(CH3)2
iPr), 1.55 (dd, 3

JHH = 7.0 Hz, 3
JPH = 13.7 Hz, 3H, CH(CH3)2

iPr), 1.54 (dd, 3
JHH = 7.0 Hz, 3

JPH = 

13.9 Hz, 3H, CH(CH3)2
iPr), 1.45 (dd, 3

JHH = 7.3 Hz, 3
JPH = 16.0 Hz, 3H, CH(CH3)2

iPr), 1.36 (dd, 3
JHH = 

7.3 Hz, 3
JPH = 15.9 Hz, 3H, CH(CH3)2

iPr), 0.75 (s, 3H, CH3
TAD), 0.66 (s, 3H, CH3

TAD). 13C{1H} NMR (δ, 

acetone-d6, 20°C): 220.32 (dd, 2
JCP = 22.3 Hz, 2

JCP = 35.1 Hz, CO), 162.58 (dd, 2
JCP = 8.0 Hz, 4

JCP = 

12.9 Hz, py2), 157.81 (dd, 2
JCP = 3.3 Hz, 4

JCP = 23.5 Hz, py6), 144.07 (Ph1), 143.35 (Ph1), 141.75 (d, 
3
JCP = 5.5 Hz, Ph1), 140.29 (d, 3

JCP = 8.2 Hz, Ph1), 139.46 (py4), 129.02 (Ph), 128.84 (Ph), 128.43 

(Ph), 128.36 (Ph), 127.98 (Ph), 127.68 (Ph), 127.61 (Ph), 127.34 (Ph), 127.13 (Ph), 127.05 (Ph), 

126.79 (Ph), 126.66 (Ph), 114.62 (C(CH3)2), 99.97 (d, 3
JCP = 7.3 Hz, py3), 98.65 (d, 3

JCP = 10.4 Hz, 

py5), 88.91 (d, 2
JCP = 8.3 Hz, CPh2), 88.56 (d, 2

JCP = 19.9 Hz, CPh2), 80.97 (d, 3
JCP = 2.5 Hz, CHTAD), 

79.98 (d, 3JCP = 2.9 Hz, CHTAD), 26.44 (CH3
TAD), 26.01 (CH3

TAD), 25.86 (d, 1JCP = 22.0 Hz, CH(CH3)2
iPr), 

24.94 (d, 1
JCP = 25.5 Hz, CH(CH3)2

iPr), 18.69 (d, 2
JCP = 4.3 Hz, CH(CH3)2

iPr), 18.61 (d, 2
JCP = 3.9 Hz, 

CH(CH3)2
iPr), 17.74 (CH(CH3)2

iPr), 17.28 (CH(CH3)2
iPr). 31P{1H} NMR (δ, CDCl3, 20°C): 154.0 (d, 2

JPP = 
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278.8 Hz, TAD), 125.1 (d, 2
JPP = 278.9 Hz, iPr). IR (ATR, cm-1): 1976 (νC=O). IR (CH2Cl2, cm-1): 1986 

(νC=O). 

trans-[Fe(κκκκ
3
P,N,P-PNP-iPr,TAD)(CO)Br2] (6b). This compound was prepared analogously to 

6a with 3b (200 mg, 0.21 mmol) as starting material. Yield: 164 mg (80%). Anal. Calcd. for 

C43H47Br2N3O5P2Fe�2C4H8O (1107.68): C, 55.30; H, 5.73; N, 3.79%. Found: C, 55.52; H, 5.81; N, 

3.44%. 1H-NMR (δ, acetone-d6, 20°C): 8.07 (d, 2
JPH = 8.1 Hz, 1H, NH

iPr), 8.02 (m, 2H, ph), 7.89 (m, 

2H, ph), 7.76 (dd, 2
JPH = 6.5 Hz, 4

JPH = 3.0 Hz, 1H, NH
TAD), 7.54 (m, 2H, Ph), 7.48 (m, 2H, Ph), 7.39 

(m, 4H, Ph), 7.34 (t, 3
JHH = 7.9 Hz, 1H, py4), 7.29 – 7.18 (m, 8H, Ph), 6.56 (d, 3

JHH = 7.9 Hz, 1H, py3), 

5.88 (d, 3JHH = 8.0 Hz, 1H, CH
TAD), 5.82 (d, 3

JHH = 7.8 Hz, 1H, py5), 5.72 (d, 3JHH = 8.0 Hz, 1H, CH
TAD), 

3.37 (m, 1H, CH(CH3)2
iPr), 3.19 (m, 1H, CH(CH3)2

iPr), 1.59 (dd, 3
JHH = 7.2 Hz, 3

JPH = 13.6 Hz, 3H, 

CH(CH3)2
iPr), 1.53 (dd, 3

JHH = 7.2 Hz, 3
JPH = 13.1 Hz, 3H, CH(CH3)2

iPr), 1.47 (dd, 3
JHH = 7.4 Hz, 3

JPH = 

16.0 Hz, 3H, CH(CH3)2
iPr), 1.37 (dd, 3

JHH = 7.3 Hz, 3
JPH = 16.2 Hz, 3H, CH(CH3)2

iPr), 0.72 (s, 3H, 

CH3
TAD), 0.65 (s, 3H, CH3

TAD). 13C{1H} NMR (δ, acetone-d6, 20°C): 222.53 (dd, 2
JCP = 22.2 Hz, 2

JCP = 

34.9 Hz, CO), 162.58 (dd, 2
JCP = 12.5 Hz, 4

JCP = 7.3 Hz, py2), 157.81 (dd, 2
JCP = 22.9 Hz, 4

JCP = 3.3 

Hz, py6), 144.04 (Ph1), 143.27 (Ph1), 141.84 (d, 3
JCP = 5.5 Hz, Ph1), 140.10 (d, 3

JCP = 8.2 Hz, Ph1), 

139.34 (py4), 129.15 (Ph), 129.06 (Ph), 128.70 (Ph), 128.40 (Ph), 127.94 (Ph), 127.72 (Ph), 127.66 

(Ph), 127.53 (Ph), 127.16 (Ph), 127.09 (Ph), 126.74 (Ph), 126.65 (Ph), 114.63 (C(CH3)2), 100.01 (d, 
3
JCP = 7.5 Hz, py3), 98.92 (d, 3

JCP = 10.3 Hz, py5), 89.38 (d, 2
JCP = 8.9 Hz, CPh2), 89.27 (d, 2JCP = 12.6 

Hz, CPh2), 80.36 (d, 3
JCP = 2.5 Hz, CHTAD), 79.74 (d, 3

JCP = 2.9 Hz, CHTAD), 28.26 (d, 1
JCP = 21.7 Hz, 

CH(CH3)2
iPr), 26.89 (d, 1

JCP = 26.8 Hz, CH(CH3)2
iPr), 26.42 (CH3

TAD), 26.07 (CH3
TAD), 18.84 (d, 2

JCP = 

3.9 Hz, CH(CH3)2
iPr), 18.50 (d, 2

JCP = 4.3 Hz, CH(CH3)2
iPr), 18.06 (CH(CH3)2

iPr), 17.42 (s, CH(CH3)2
iPr). 

31P{1H} NMR (δ, CDCl3, 20°C): 161.61 (d, 2
JPP = 261.4 Hz, TAD), 125.20 (d, 2

JPP = 261.4 Hz, iPr). IR 

(ATR, cm-1): 1967 (νC=O). IR (CH2Cl2, cm-1): 1980 (νC=O). 

trans-[Fe(κκκκ
3
P,N,P-PNP-iPr,TAD)(CO)2Cl]SbF6 (7a). CO was bubbled through a solution of 3a 

(200 mg, 0.24 mmol) and AgSbF6 (82 mg, 0.24 mmol) in THF (15 mL) for 5 min. The solvent was 

removed under vacuum and, the pink precipitate was dissolved in 15 mL of CH2Cl2. Insoluble 

materials were removed by filtration and the volume of the solution was then reduced to about one 

mL. The product was precipitated upon addition of n-hexane (40 mL) and dried under vacuum for 2 h. 

Yield: 210 mg (81%). Anal. Calcd. for C44H47ClF6N3O6P2FeSb (1102.87): C, 47.92; H, 4.30; N, 3.81%. 

Found: C, 47.82; H, 4.22; N, 3.89%. 1H NMR (δ, CD2Cl2, 20°C): 7.58 – 7.56 (m, 2H, Ph), 7.50 – 7.48 

(m, 2H, Ph), 7.38 – 7.25 (m, 16H, Ph), 7.18 (bs, 1H, py4), 6.37 (m, 2H, NH
TAD, py3), 5.67 (d, 2JPH = 8.1 

Hz, 1H, NH
iPr), 5.60 (d, 3

JHH = 7.2 Hz, 1H, py5), 5.52 (d, 3
JHH = 7.8 Hz, 1H, CH

TAD), 5.48 (d, 3
JHH = 7.8 

Hz, 1H, CH
TAD), 3.05 – 2.83 (m, 2H, CH(CH3)2

iPr), 1.47 – 1.30 (m, 12H, CH(CH3)2
iPr), 0.78 (s, 3H, 

CH3
TAD), 0.37 (s, 3H, CH3

TAD). 13C{1H} NMR (δ, CD2Cl2, 20°C): 207.44 (dd, 2
JCP = 23.8 Hz, 2

JCP = 36.6 

Hz, CO), 207.08 (dd, 2JCP = 24.4 Hz, 2
JCP = 38.0 Hz, CO), 161.78 (m, py2), 156.10 (dd, 2

JCP = 18.2 Hz, 
4
JCP = 2.7 Hz, py6), 142.73 (py4), 141.95 ( Ph1), 141.72 (d, 3

JCP = 2.3 Hz, Ph1), 139.19 (d, 3
JCP = 4.5 

Hz, Ph1), 138.90 (d, 3
JCP = 8.7 Hz, Ph1), 129.52 (Ph), 129.28 (Ph),129.07 (Ph), 129.05 (Ph), 128.57 

(Ph), 128.54 (Ph), 128.42 (Ph), 128.31 (Ph), 128.20 (Ph), 127.71 (Ph), 127.67 (Ph), 126.94 (Ph), 

115.79 (s, C(CH3)2), 102.54 (d, 3JCP = 11.2 Hz, 5
JCP = 6.8 Hz, py3), 100.24 (d, 3

JCP = 9.0 Hz, 5JCP = 3.3 

Hz, py5), 93.68 (d, 2
JCP = 13.0 Hz, CPh2), 93.12 (d, 2

JCP = 19.5 Hz, CPh2), 79.47 (d, 3
JCP = 3.6 Hz, 
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CHTAD), 78.22 (d, 3
JCP = 3.2 Hz, CHTAD), 32.16 (dd, 1

JCP = 23.4 Hz, 3
JCP = 1.9 Hz, CH(CH3)2

iPr), 31.84 

(d, 1
JCP = 21.8 Hz, CH(CH3)2

iPr), 26.82 (CH3
TAD), 25.80 (CH3

TAD), 17.68 – 17.48 (m, 2
JCP = 1.1 Hz, 

CH(CH3)2
iPr). 31P{1H} NMR (δ, CD2Cl2, 20°C): 144.66 (d, 2JPP = 175.9 Hz, TAD), 111.87 (d, 2JPP = 175.9 

Hz, iPr). IR (ATR, cm-1): 2026 (νC=O). 

trans-[Fe(κκκκ
3
P,N,P-PNP-iPr,TAD)(CO)2Br]SbF6 (7b). This complex was prepared analogously 

to 7a with 3b (200 mg, 0.21 mmol) as starting material. Yield: 180 mg (73%). Anal. Calcd. for Anal. 

Calcd. for C44H47BrF6N3O6P2FeSb (1147.32): C, 46.06; H, 4.13; N, 3.66%. Found: C, 46.00; H, 4.20; 

N, 3.70%. 1H NMR (δ, CD2Cl2, 20°C): 7.57 - 7.55 (m, 2H, Ph), 7.51 – 7.48 (m, 2H, Ph), 7.41 – 7.25 (m, 

16H, Ph), 7.21 (d, 3
JHH = 8.1 Hz, 1H, py4), 6.44 (d, 2

JPH = 2.2 Hz, 1H, NH
TAD), 6.40 (d, 3

JHH = 8.1 Hz, 

1H, py3), 5.66 (d, 2JPH = 8.5 Hz, 1H, NH
iPr), 5.62 (d, 3

JHH = 8.0 Hz, 1H, py5), 5.50 (d, 3
JHH = 7.8 Hz, 1H, 

CH
TAD), 5.46 (d, 3

JHH = 7.8 Hz, 1H, CH
TAD), 3.00 – 2.84 (m, 2H, CH(CH3)2

iPr), 1.47 (dd, 3
JHH = 7.1 Hz, 

3
JPH = 3.0 Hz, 3H, CH(CH3)2

iPr), 1.43 (dd, 3
JHH = 7.1 Hz, 3

JPH = 4.2 Hz, 3H, CH(CH3)2
iPr), 1.39 (dd, 3

JHH 

= 7.2 Hz, 3
JPH = 15.4 Hz, 3H, CH(CH3)2

iPr), 1.35 (dd, 3
JHH = 7.1 Hz, 3

JPH = 16.3 Hz, 3H, CH(CH3)2
iPr), 

0.80 (s, 3H, CH3
TAD), 0.37 (s, 3H, CH3

TAD). 13C{1H} NMR (δ, CD2Cl2, 20°C): 207.76 (dd, 2
JCP = 21.2 Hz, 

2
JCP = 37.9 Hz, CO), 207.38 (dd, 2JCP = 23.8 Hz, 2JCP = 42.3 Hz, CO), 161.75 (dd, 2JCP = 8.1 Hz, 4JCP = 

6.2 Hz, py2), 156.14 (dd, 2
JCP = 18.5 Hz, 4

JCP = 2.9 Hz, py6), 142.77 (Ph1), 141.90 (py4), 141.87 (Ph1), 

139.23 (d, 3
JCP = 4.3 Hz, Ph1), 138.91 (d, 3

JCP = 8.8 Hz, Ph1), 129.51 (Ph), 129.28 (Ph), 129.06 (Ph), 

129.00 (Ph), 128.61 (Ph), 128.54 (Ph), 128.43 (Ph), 128.35 (Ph), 128.21 (Ph), 127.69 (Ph), 126.91 

(Ph), 115.77 (C(CH3)2), 102.50 (d, 3
JCP = 6.3 Hz, py3), 100.18 (d, 3

JCP = 9.2 Hz, py5), 94.01 (d, 2
JCP = 

13.8 Hz, CPh2), 93.02 (d, 2
JCP = 19.6 Hz, CPh2), 79.52 (d, 3

JCP = 3.7 Hz, CHTAD), 78.25 (d, 3
JCP = 3.3 

Hz, CHTAD), 32.44 (dd, 1
JCP = 23.7 Hz, 3

JCP = 3.2Hz, CH(CH3)2
iPr), 32.12 (dd, 1

JCP = 22.4 Hz, 3
JCP = 

3.2Hz, CH(CH3)2
iPr), 26.85 (CH3

TAD), 25.77 (CH3
TAD), 18.01 (d, 2

JCP = 1.1 Hz, CH(CH3)2
iPr), 17.92 (bs, 

CH(CH3)2
iPr), 17.86 (CH(CH3)2

iPr), 17.84 ( CH(CH3)2
iPr). 31P{1H} NMR (δ, CD2Cl2, 20°C): 144.66 (d, 2

JPP 

= 169.8 Hz, TAD), 113.36 (d, 2JPP = 169.9 Hz, iPr). IR (ATR, cm-1): 2021 (νC=O). 

X-ray Structure Determination. X-ray diffraction data of 3b�THF, 4a�THF and 6b�2THF were 

collected at T = 100 K in a dry stream of nitrogen on Bruker Kappa APEX II diffractometer systems 

using graphite-monochromatized Mo-Kα radiation (λ = 0.71073 Å) and fine sliced φ- and ω-scans. 

Data were reduced to intensity values with SAINT and an absorption correction was applied with the 

multi-scan approach implemented in SADABS.16 The structures were solved by charge flipping using 

SUPERFLIP17 and refined against F with JANA2006.18 Non-hydrogen atoms were refined 

anisotropically. The H atoms connected to C atoms were placed in calculated positions and thereafter 

refined as riding on the parent atoms. H atoms connected to N located in difference Fourier maps. In 

3b�THF and 4a�THF they were refined as riding on the parent N atom whereas in 6b�2THF the 

positions were refined with the N–H distance restrained to 0.870(1) Å. Molecular graphics were 

generated with the program MERCURY.19 Crystal data and experimental details are given in Table S1. 

Computational Details Calculations were performed using the GAUSSIAN 09 software 

package,20 and the B3LYP functional21 without symmetry constraints. This functional was shown to 

perform well in mechanistic studies of spin forbidden reactions in closely related Fe system.9 The 

optimized geometries were obtained with the Stuttgart/Dresden ECP (SDD) basis set22 to describe the 

electrons of the iron atom. For all other atoms a standard 6-31G** basis set was employed.23 
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Transition state optimizations were performed with the Synchronous Transit-Guided Quasi-Newton 

Method (STQN) developed by Schlegel et al,24 following a thorough search of the Potential Energy 

Surfaces (PES). Frequency calculations were performed to confirm the nature of the stationary points, 

yielding one imaginary frequency for the transition states and none for the minima. Each transition 

state was further confirmed by following its vibrational mode downhill on both sides, and obtaining the 

minima presented on the energy profiles. 

The Minimum Energy Crossing Points (MECP) between PES of two different spin states were 

determined using a code developed by Harvey et al.
25 This code consists of a set of shell scripts and 

Fortran programs that use the Gaussian results of energies and gradients of both spin states to 

produce an effective gradient pointing towards the MECP. The energy values presented in the energy 

profiles correspond to electronic energy, since MECP are not stationary points and, hence, a standard 

frequency analysis is not applicable. 

Mössbauer parameters (quadrupole splittings and isomer shifts) were evaluated by performing 

single-point calculations at the B3LYP21 level of theory with the ORCA software (Version 2.9.0),26 on 

the optimized geometries. The value for quadrupole splittings is directly given by the program, while 

the isomer shift was evaluated from the electron density at the Fe nucleus using the approach of 

Neese.27 Fe was described by the triply polarized core properties basis set CP(PPP)28 and the other 

atoms by the SV(P) basis set29 with the inner s-functions uncontracted; the auxiliary basis set SV/J30 

was also used for these calculations. For the Fe atom, an enhanced integration grid was used, and the 

overall integration accuracy was increased to 7. 
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Figures 

 

 

 

Figure 1. Structural view of [Fe(κ2
P,N-PNP-iPr,TAD)Br2]�THF (3b�THF) showing 50% thermal 

ellipsoids (most H atoms and solvent molecules omitted for clarity). Only one of the two 

crystallographically independent complexes is shown. Selected bond lengths (Å) and bond angles (°): 

Fe1-Br1 2.3571(5), Fe1-Br2 2.3785(5), Fe1-P1 2.3776(8), Fe1-N1 2.125(2), N1-Fe1-P1 81.37(6), Br1-

Fe1-Br2 117.78(2).  

 

 

 
Figure 2. Structural view of [Fe(κ2

P,N-PNP-tBu,TAD)Cl2]�THF (4a�THF) showing 50% thermal 

ellipsoids (most H atoms and solvent molecules omitted for clarity). Selected bond lengths (Å) and 

bond angles (°): Fe1-Cl1 2.2389(8), Fe1-Cl2 2.2453(8), Fe1-P1 2.4150(8), Fe1-N1 2.120(2), N1-Fe1-

P1 80.43(5), Cl1-Fe1-Cl2 115.70(3). 
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Figure 3. Temperature dependence of the inverse molar susceptibility of (a) [Fe(κ2
P,N-PNP-

iPr,TAD)Cl2] (3a), (b) [Fe(κ2
P,N-PNP-iPr,TAD)Br2] (3b), (c) [Fe(κ2

P,N-PNP-tBu,TAD)Cl2] (4a), and (d) 

[Fe(κ2
P,N-PNP-tBu,TAD)Br2] (4b), and of the effective magnetic moment of 4a. The straight lines 

correspond to Curie law fittings to the experimental data. 

 

 

           

 

Figure 4. 
57Fe Mössbauer spectra of (a) [Fe(κ2

P,N-PNP-iPr,TAD)Cl2] (3a), (b) [Fe(κ2
P,N-PNP-

iPr,TAD)Br2] (3b), (c) [Fe(κ2
P,N-PNP-tBu,TAD)Cl2] (4a), and (d) [Fe(κ2

P,N-PNP-tBu,TAD)Br2] (4b) 

collected at 78 K.  
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Figure 5. Positive-ion ESI full scan mass spectrum of [Fe(PNP-iPr,TAD)Br2] (3b) in CH3OH/CH3CN 

(9/1). Inset shows the calculated and measured isotopic pattern of the sodiated complex [Fe(PNP-

iPr,TAD)Br2] ([M+Na]+). Only signals containing the Fe isotopes of highest abundance (56Fe) are 

annotated.  
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Figure 6 31P{1H} NMR spectra of (a) PNP-iPr,TAD (2a), (b) [Fe(κ2
P,N-PNP-iPr,TAD)Cl2] (3a), (c) 

[Fe(κ2
P,N-PNPBH3-iPr,TAD)Cl2] (5), and (d) trans-[Fe(κ3

P,N,P-PNP-iPr,TAD)(CO)Cl2] (6a) in CD2Cl2 

(spectra of 3a and 5 are referenced internally to PPh3 set to -5.6 ppm). 
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Figure 7. Structural view of trans-[Fe(κ3
P,N,P-PNP-iPr,TAD)(CO)Br2]�2THF (6b�2THF) showing 50% 

thermal ellipsoids (H atoms and solvent molecules omitted for clarity). Selected bond lengths (Å) and 

bond angles (°): Fe1-Br1 2.4508(9), Fe1-Br2 2.4482(8), Fe1-C43 1.766(4), Fe1-P1 2.258(1), Fe1-P2 

2.201(1), Fe1-N1 1.996(3), P1-Fe1-P2 163.91(4), N1-Fe1-C43 179.3(1), Br1-Fe1-Br2 177.33(2). 
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Figure 8. 
57Fe Mössbauer spectra collected at 78 K of (a) trans-[Fe(κ3

P,N-PNP-iPr,TAD)(CO)Br2] (6b), 

(b) and (c) trans-[Fe(κ3
P,N-PNP-iPr,TAD)(CO)Br2] (6b) after heating for 1h and 2h at 100oC under 

vacuum, respectively, and (d) [Fe(κ2
P,N-PNP-iPr,TAD)Br2] (3b).   
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Table 1. Estimated hyperfine parameters from the 57Fe Mössbauer spectra of 3a, 3b, 4a, 4b and 6b 

collected at 78 K and related Fe(II) complexes. IS: isomer shift; QS: quadrupole splitting. 

complex T (K) IS (mm/s) QS (mm/s) Fe(II) geometry 

[Fe(κ2
P,N-PNP-iPr,TAD)Cl2] (3a) 78 0.78(1) 2.93(1) HS tetrahedral 

[Fe(κ2
P,N-PNP-iPr,TAD)Br2] (3b) 78 0.76(1) 3.14(1) HS tetrahedral 

[Fe(κ2
P,N-PNP-tBu,TAD)Cl2] (4a) 78 0.79(1) 3.06(1) HS tetrahedral 

[Fe(κ2
P,N-PNP-tBu,TAD)Br2] (4b) 78 0.77(1) 3.22(1) HS tetrahedral 

trans-[Fe(κ3
P,N,P-PNP-iPr,TAD)(CO)Br2] (6b) 78 0.23(1) 1.19(1) LS octahedral 

[Fe(κ3
P,N,P-PNP-iPr)Cl2]

a  298 0.80(1) 2.56(1) HS square pyramidal 

[Fe(κ2
P,N-PN-iPr)Cl2]

b  298 0.680(2) 2.871(4) HS tetrahedral 

[Fe((κ3
N,N,N-iPrPDI)Cl2]

c  80 0.89 2.40 HS square pyramidal 

[Fe(κ3
N,N,N-HN{CH2CH2(PiPr2)})Cl2]

d  80 0.86 2.89 HS square pyramidal 

[Fe(κ3
N,N,N-HN{CH2CH2(PCy2)})Cl2]

d 80 0.86 2.98 HS square pyramidal 

[Fe(κ3
N,N,N-HN{CH2CH2(PtBu2)})Cl2]

d 80 0.99 2.69 HS square pyramidal 

trans-[Fe(κ3
P,N,P-PNP-iPr)(CO)Cl2]

a  298 0.15(1) 1.56(1) LS octahedral 

cis-[Fe(κ3
P,N,P-PNP-iPr)(CO)Cl2]

a  298 0.13(1) 1.09(1) LS octahedral 

trans-[Fe(κ2
P,N-PNMe-Ph)2Cl2]

e  298 0.85(1) 3.04(1) HS octahedral 

trans-[Fe(κ2
P,N-PNMe-Ph)2Br2]

e  298 0.88(1) 3.14(1) HS octahedral 

 
aRef. 5c, PNP-iPr = N,N'-bis(di-iso-propylphosphino)-2,6-diaminopyridine. bRef. 13, PN-iPr = N-di-iso-

propylphosphino-2-aminopyridine. cRef. 31, iPrPDI = 2,6-(2,6-iPr2C6H3N=CCH3)2C5H3N. dRef 32.  
eRef. 33, PNMe-Ph = N-diphenylphosphino-N-methyl-2-aminopyridine. 
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