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Exploring the Decomposition Pathways of Iron 

Asymmetric Transfer Hydrogenation Catalysts† 

Paraskevi O. Lagaditisa, Peter E. Suesa, Alan J. Lougha, and Robert H. Morrisa*  

Our group has developed a series of iron-based asymmetric transfer hydrogenation (ATH) 
catalysts for the reduction of polar double bonds. The activation of the precatalysts as well as 
the catalytic mechanism have been thoroughly investigated, but the decomposition pathways of 
these systems are poorly understood. Herein, we report a study of the deactivation pathways 
for an iron ATH catalyst under catalytically relevant conditions. The decomposition pathways 
were examined using experimental techniques and density functional theory (DFT) 
calculations. The major decomposition products that formed, 
Fe(CO)((Et)2PCH2CH2CHCHNCH2CH2P(Et)2)(3a) and 
Fe(CO)((Et)2PCH2CH2C(Ph)C(Ph)NCH2CH2P(Et)2)(3b), had two amido donors as well as a 
C=C bond on the diamine backbone of the tetradentate ligand. These species were identified by 
NMR studies and one was isolated as a bimetallic complex with Ru(II)Cp*. Two minor iron 
hydride species also formed concurrently with 3a, as determined by NMR studies, one of 
which was isolated and contained a fully saturated ligand as well as a hydride ligand. None of 
the compounds that were isolated were found to be active ATH catalysts. 

Introduction 

Iron is an attractive metal for industrial catalytic applications, 
not only because of its lower cost, but also for its lower toxicity 
relative to the platinum group metals.1, 2 In addition, iron is the 
most abundant transition metal found in earth’s crust; thus 
catalysts based on iron are significantly more sustainable than 
those reliant on trace metals.3-6 A well-known use of iron in 
industry is as a heterogeneous catalyst for the production of 
ammonia via the Haber-Bosch process.7 Unfortunately, the 
progress of homogeneous iron catalysis has not had the same 
type of success, unlike the platinum group metals.3, 4 Iron has 
often been overlooked partly because it does not readily engage 
in two electron reactions, thereby precluding it from many 
catalytic reactions that depend on oxidative additions or 
reductive eliminations.8 Instead, iron engages in one electron 
processes (FeII/FeIII) which can lead to radical reactions and 
increase the propensity for unselective and uncontrollable side 
reactions.8 The careful design of ligands suitable for iron, or 
other first-row transition metals, however, can circumvent this 
pitfall. In particular, multi-dentate ligands that promote metal-
ligand cooperativity, as well as a strong field ligand such as a 
CO ligand, that stabilizes low spin electronic structures, have 
been shown to be paramount in creating active iron catalysts.9-17 
As a result of this understanding of the ligand requirements, the 
emergence of iron complexes to replace catalysts based on Ru, 
Ir or Rh is becoming more of a reality.4 

 Recently, the Morris group has reported several generations 
of iron asymmetric transfer hydrogenation (ATH) catalysts 
bearing tetradentate P-N-N-P ligands.18-22 Various substitutions 
with respect to the ligand backbone,23, 24 as well as the 
phosphorus donors25, 26 have been carried out, along with 
extensive kinetic,27 mechanistic,28, 29 and computational 
studies30, 31 to elucidate the mechanism of catalysis. One of the 
key discoveries in this area was the isolation and 
characterization of bis-eneamido intermediates that form upon 
the treatment of the second-generation catalysts (second-
generation refers to iron carbonyl ATH precatalysts with two 
imine donors, and a methylene linker between the imine and 
phosphorus moieties) with base (Figure 1).28 The bis-eneamido 
species were not active catalysts themselves, but gave a well-
defined entry point into the activation process, which lead to 
catalytically active species.30 Understanding the activation 
process, in turn, lead to the development of a more active third-
generation of catalysts, where one of the imine donors has been 
reduced to an amino group.22, 32 These third-generation catalysts 
have the same catalytic intermediates as the second generation 
catalysts, but enter the catalytic cycle much more readily.22, 27   
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Figure 1. Generation of bis-eneamido species 2a-b from the second-generation 

precatalysts 1a-b. 

 Although the activation of the second-generation 
precatalysts is well understood, as is the catalytic mechanism of 
ketone hydrogenation, the deactivation pathways for the 
catalytic intermediates are not fully known. Knowledge of 
decomposition pathways is critical for catalyst development 
because it allows for modifications of the catalyst structure, 
which increase the lifetime of the catalytic system. In doing so, 
the total number of turnovers that the catalyst can achieve, or 
the turnover number (TON), increases while the turnover 
frequency (TOF) may or may not be affected. The TON is an 
important metric for the chemical industry, where an extremely 
active catalyst with poor TON is often less desirable than a less 
active catalyst that can produce more product, or even 
potentially be reused for multiple applications.33-35 Herein, we 
report several unexpected deactivation pathways observed for 
complexes 1a-b and 2a-b under catalytic conditions. These 
decomposition pathways were examined using experimental 
techniques and density functional theory (DFT) calculations.    

Results and Discussion 

Synthesis of decomposition products 3a and 3b. After a 
standard ATH reaction such as the asymmetric reduction of 
acetophenone by transfer of hydrogen from isopropanol 
catalysed by 1a-b or 2a-b had proceeded to the final 
equilibrium solution with product alcohol and acetone, the 
solution often turned a deep red colour. In addition, iron 
precatalysts with phosphorus donors bearing ethyl substituents 
were found to rapidly deactivate during catalysis when 
compared to the complexes with aryl groups on the phosphine 
functionalities.32 This was apparent from the fact that the 
addition of further equivalents of catalyst were needed to drive 
the reaction to equilibrium for the ethyl-substituted systems.  
By contrast, the catalysts bearing aryl groups continued to be 
active when additional substrate was added to the reaction 
mixture after the first reaction had reached equilibrium.32 The 
ethyl-substituted iron complexes were therefore chosen to 
probe catalyst decomposition pathways in an effort to help 
identify future catalyst modifications that would produce more 
robust systems. 
 Using iron(II) precatalysts 1a and 1b, as well as bis-
eneamido complexes 2a and 2b as convenient starting points, 
two approaches were used to determine what species form from 
iPrOH after base activation. The first method involved the 
dissolution of the isolated iron bis-eneamido complexes in 
isopropanol (Figure 2, Method A), while the second method 
focused on the deprotonation of the [Fe(CO)(Br)(P-N-N-

P)][BPh4] complexes with NaOiPr, thereby generating iPrOH in 
situ (Figure 2, Method B).  When either method was used, 
starting from complexes 1a-b or 2a-b, the colour of the solution 
would initially discolour and eventually the reaction mixture 
turned red in colour.  NMR spectroscopy of the isolated red 
residues revealed a new major compound was formed as well as 
several other minor species. 
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Figure 2. Synthesis of complexes 3a and 3b using Method A and Method B.  

Characterization of 3a. Regardless of which method was 
applied for the ethylenediamine backbone variant, with 1a or 2a 
as the starting material, the reaction mixture turned red within 
2-4 h. The 31P{1H} NMR spectrum of the reaction mixture 
revealed a major compound with a singlet resonance at 84.1 
ppm and minor compounds with doublet resonances. In 
addition, the 1H NMR spectrum showed that saturation of the 
ligand P-N-linker had occurred and that the ethane N-N-linker 
had lost two hydrogen atoms to become an ethene linker. Two 
hydrides with doublet of doublet resonances were also detected, 
but their intensity suggested that they did not correspond to the 
major compound (vide infra). Thus, the structural identification 
of the red compounds 3a was pursued starting from 1a/2a since 
they reacted relatively quickly with NaOiPr or iPrOH, 
respectively. 
 The crude red residue of 3a was taken up in pentane and 
filtered to afford a pure compound with no hydride signals, as 
determined by 1H NMR spectroscopy.  The 11B NMR spectrum 
of the crude product showed that BPh4

- was present when 
Method B was applied as shown in Figure 2, but then 
disappeared after purification, implying that 3a was a neutral 
compound. The BPh4

- resonances, as expected, could be found 
in the remaining precipitate when dissolved in THF-d8 (vide 

infra). In addition, the IR spectrum of 3a showed a νCO 
resonance at 1850 cm-1 demonstrating that the CO ligand was 
still bound to the metal centre.  Similar to 2a, we postulated that 
3a was a 5-coordinate iron(II) compound, but crystals suitable 
for X-ray diffraction, which were not forthcoming, are needed 
to unequivocally assign the structure.   
 One approach that was undertaken to infer the structure of 
3a was to deuterate with DCl (1M) in Et2O in the hope that it 
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would allow the determination of the structure, as was done 
previously for compounds 2a-b.28 Upon addition of DCl (4 
equiv.) to 3a in Et2O, the homogeneous red solution turned into 
a yellow slurry immediately.  The yellow solid was isolated and 
analyzed by 31P and 1H NMR spectroscopy in CD2Cl2.  
Unfortunately, the 1H NMR spectrum was complex thus 
suggesting a mixture and the 31P{1H} NMR spectrum showed 
that there were three compounds with inequivalent phosphines 
at 72.6 and 78.6 ppm (2JPP = 43.2 Hz), 65.3 and 68.8 (2JPP = 
33.4 Hz) and 65.6 and 67.2 ppm (2JPP = 34.5 Hz). Based on the 
phosphorus coupling constants, the phosphorus atoms are cis 
about the iron centre.  When this mixture of compounds was 
reacted with an excess of base (NaOtBu) in a THF/benzene 
solution, the reaction turned red immediately and reformed 
compound 3a quantitatively, as determined by NMR 
spectroscopy. Crystals of one of the diastereomers were 
obtained from the slow evaporation of a solution of CD2Cl2 in 
an NMR tube at room temperature. This compound, 4, contains 
a ligand that is partially reduced by isopropanol (Figure 3).  
Both P-N ligand arms are fully saturated and the imine double 
bond has migrated to the diamine backbone.  The N(1) and C(1) 
may have been deuterated, but this cannot be verified by X-ray 
crystallography nor confirmed definitively by NMR 
spectroscopy.  In addition, 4 is a cationic iron complex with a 
Cl- ligand coordinated trans to the CO ligand, which implies 
that 3a is a neutral five-coordinate iron complex. Figure 4 
shows a possible mechanism of formation of 4.  For the other 
two diastereomers, on the other hand, one could have a CO 
ligand trans to the N-imine moiety, while the other isomer 
could have a CO ligand trans to a phosphorus atom.  
Nonetheless, compound 4 shows good evidence to support the 
proposal that the diamine backbone has been dehydrogenated. 

 
Figure 3. ORTEP plot (thermal ellipsoids at 50% probability) of 4.  Et hydrogen 

atoms removed for clarity.  Selected bond lengths (Å) and angles (deg):  Fe(1)-

C(15):  1.742(3); Fe(1)-Cl(1):  2.3880(8);  N(1)-C(1):  1.487(4); N(2)-C(2):  1.273(5); 

O(1)-C(15):  1.133(4); P(2)-Fe(1)-P(1):  106.99(3). 
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Figure 4. A possible mechanism for the formation of 4 through the deuteration 

of 3a with DCl. 

 Another approach to confirm the structure of 3a took 
advantage of the aromaticity found between the metal and the 
ligand backbone. The -(Fe-N-C-C-N)- ring of 3a has six 
electrons, two on each N and two in the double bond, thus 
fulfilling the requirements for an aromatic ring.  Moreover, our 
group has shown that ruthenium hydrogenation catalysts with 
diamine ligands are prone to dehydrogenation of the ligand 
backbone, much like 3a, to form aromatic rings.36 The 

observation that a Ru(H)(PPh3)2 fragment coordinated in a κ5 
fashion to a –(Ru-N-C-C-N)- chelate ring was consistent with 
this proposal.36 Fekl and co-workers have shown similar 
behaviour with their nickel-dithiolene complexes where the -
(Ni-S-C-C-S)- chelate ring coordinated a Cp*Fe fragment.37 In 
light of this we postulated that the -(Fe-N-C-C-N)- ring of 3a 

would coordinate in an η6 fashion to an appropriate metal 
fragment to form a bimetallic complex.  The [Cp*Ru]+ 
fragment with its high affinity for arenes and heteroarenes 
works well.38 
 A THF solution of [Cp*Ru(NCCH3)3][PF6] was therefore 
added to 3a. The reaction mixture turned green-black 
immediately and a 31P{1H} NMR (THF-d8) spectrum of the 
isolated solid residue displayed a new singlet at 76.5 ppm for a 
new bimetallic Ru half-sandwich compound, 5, as well as a 
minor singlet at 72.4 ppm (Figure 5).  The 13C{1H} NMR 
spectrum displayed only one triplet resonance for the CO ligand 
at 220.26 ppm (2JCP = 24.2 Hz), and the IR (KBr) spectrum 

displayed a major νCO resonance at 1956 cm-1 along with a 
minor resonance at 1898 cm-1.  Crystals suitable for X-ray 
diffraction of 5 were grown from slow diffusion of pentane into 

THF-d8 and confirmed our proposals of not only the κ5 bonding 
of the ruthenium in 5, but also of the nature of the unsaturation 
in 3a (Figure 6). Compound 5 has only one PF6

- anion, which 
implies that 3a was indeed a neutral compound. Unfortunately, 
the X-ray structure is highly disordered, such that accurate bond 
lengths and bond angles cannot be reported. We attribute the 
disorder to the flexible nature of the saturated PN ligand arms. 
There is no disorder in the CO ligand, however, which is found 
on the same side as the RuCp* unit. This could be a result of 
crystal packing in the solid state. Nonetheless, the experiment 
gives strong evidence in support of our formulation of the 
structure of 3a (as well as its analog 3b) first shown in Figure 2. 

The minor isomer of 5 detected by IR (ν(CO) 1898 cm-1) may 
have the CO on the opposite side of the iron complex to that of 
the ruthenium. 
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Figure 5. Synthesis of the half-sandwich bimetallic complex 5. 
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Figure 6. ORTEP plot (thermal ellipsoids at 30% probability) of compound 5.  PF6

- 

anion, hydrogen atoms and disorder removed for clarity. 

 Compound 3a was also tested for transfer hydrogenation of 
acetophenone at 50°C under the same conditions used with 
compound 2a (C/S: 1/200, 6 mL iPrOH) and found to be 
inactive. It was also tested with additional base (8 equiv. 
KOtBu) and still found to be inactive.  Thus, compound 3a is a 
deactivated by-product formed during catalysis. 
Characterization of 3b. The reaction at 25° C of base in 
benzene with 1b or 2b containing an (S,S)-1,2-
diphenylethylenediamine ((S,S)-dpen) backbone was much 
slower as indicated by the loss of a green colour and the 
appearance of a red colour over the course of a three month 
period. This process could be accelerated, progressing to 
completion in 3 weeks, by adding 10 equiv. of iPrOH and 10 
equiv. of acetone to the reaction mixture. Using iPrOH as the 
solvent also gave 3b in a much shorter time period, 5-6 hours, 
but with by-products.  
 Significantly, while the starting compounds 1b and 2b have 
inequivalent 31P nuclei in their tetradentate ligand, compound 
3b has magnetically equivalent nuclei that produce a singlet 
resonance in the 31P NMR spectrum at 82.1 ppm.  A singlet 
resonance supports a loss of chirality in the N-N diamine 
backbone and reinforces the notion that the dehydrogenation of 
the diamine had occurred. In addition, the disappearance of the 
(S,S)-dpen methylene protons in the 1H NMR spectrum also 
supported that this reaction had taken place.   
 In order to show the relevance of these decomposition 
products to catalysis, an NMR investigation of an ATH reaction 
was also carried out. Complex 2b was dissolved in benzene-d6, 
followed by the addition of 2 equiv. of iPrOH and 2 equiv. of 
acetophenone. Benzene was chosen as the solvent because 
previous unreported tests have found that the transfer 
hydrogenation reaction with our iron(II) complexes slows down 
significantly in this solvent. We attribute this lower activity to 

the lower dielectric constant of benzene (ε = 4.26) as compared 

to iPrOH (ε = 20.18), in addition to the lower concentration of 
iPrOH.39 It was hoped that the benzene-d6 solvent would slow 
down the ATH reaction enough to allow observation of the 
formation of any interesting intermediates via 31P{1H} NMR 
spectroscopy. Furthermore, with benzene-d6 as the solvent, the 
reaction progress could be monitored via 1H NMR spectroscopy 
through the formation of acetone and 1-phenylethanol. Figure 7 
shows the 31P {1H} NMR spectra of the reaction progress over 
two weeks. The 31P{1H} NMR spectra obtained at 50 °C after 
30 min of mixing appeared to show no reaction had occurred 
because the spectrum mainly displayed phosphorus resonances 
of 2b (major and minor compounds as described previously). 28 
On the other hand, the 1H NMR spectrum showed the formation 
of acetone and 1-phenylethanol (30% conversion based on the 
integration of the -CH3 proton resonances relative to 
acetophenone). Hence, catalytic species had formed from the 
reaction of 2b with iPrOH, but they were either paramagnetic 
or their concentration was too small to detect in the 31P{1H} 
NMR spectrum. The reaction was then allowed to sit in the 
glove box for one week. During this time the formerly green 
solution had turned very dark in colour, almost black. The 31P 
{1H} NMR spectrum now showed the appearance of a sharp 
singlet at 82.1 ppm, the two doublets of the minor compound 
from the starting material 2b (68.3 and 77.1 ppm) and the 
disappearance of the broad signal of 2b itself (67.7 ppm). The 
1H NMR spectrum showed only acetone and 80% conversion of 
acetophenone to 1-phenethanol, while the resonance of the 
singlet in the 31P{1H} NMR spectrum matched the singlet of 
3b. After sitting in the glove box for an additional week the 
solution became bright red in colour and the 31P {1H} NMR 
spectrum only displayed the sharp singlet at 82.1 ppm.  Thus, 
the formation of compound 3b was found to be relevant under 
catalytic conditions. 

 
Figure 7. 31P {1H} NMR spectra of the formation of 3b under catalytically relevant 

conditions. 

Proposed mechanism of formation for 3a-b supported by 

DFT calculations. Since compounds 3a-b were only formed in 
the presence of iPrOH and never observed to form from a 
tertiary alcohol (HOtBu), ligand reduction was considered to be 
a likely first step in generating the decomposition products. 
Using a slightly simplified version of the bis-eneamido 
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 Figure 8. Free energy pathway for the formation of K (3a with Me, not Et) from A (2b with Me, not Et).  

complex 2a as our starting point, A (the ethyl substituents on 
the phosphorus donors were replaced with methyl groups to 
reduce computational costs), a possible mechanism of 
formation for 3a, and by extension 3b, was explored 
computationally with DFT. Our study was based on the initial 
presence of A, as well as two molecules of iPrOH (all other 
energies were compared to these species, Figure 8). 
 The calculations show that initial coordination of iPrOH in 

B leads to an increase in energy to �°= 8.9 kcal/mol, and that 
protonation of one of the eneamido functionalities by the 
coordinated alcohol occurs with a high energy barrier (TSB,C 

�°‡= 20.4 kcal/mol). The resulting alkoxide complex C is very 

similar in energy to the bis-eneamido structure, ∆G° 0.8 
kcal/mol. Following protonation, a hydride transfer from the 
iPrO- ligand to the newly formed imine functionality is found to 

be energetically demanding, TSB,C ∆�°‡22.9 kcal/mol, and 
represents the rate determining step of the entire process. A 
partially reduced eneamido amido ligand with an acetone 
adduct is then generated, D, and loss of the acetone gives E, 

which is thermodynamically downhill from A (E ∆�°= -9.1 
kcal/mol). It should be noted that up to this point, these 
calculations represent the activation process for ATH that have 
been calculated previously for very similar structures (with PH2 
groups rather than PMe2 groups).30  
  Further reduction of the other imine moiety was then 
explored computationally. In a set of steps very similar to the 
activation process, an iPrOH adduct formed, F, protonation of 
the eneamido occurred, TSF,G, followed by reduction of the 
imine moiety by the iPrO- ligand, TSG,H. Once again, all of 

these steps have been investigated previously with very similar 
structures (with PH2 groups rather than PMe2 groups). 30 In 
addition, species like H have been independently synthesized, 
tested for ATH, and have been found to be inactive.27  
 After the ligand was fully reduced, dehydrogenation of the 
diamine backbone was investigated. A minor conformational 
change from the acetone adduct H to give H2 positioned a 
backbone hydrogen optimally for hydride abstraction 
(Supporting Information Figure S1), and was accompanied by a 

very small change in energy (∆�°= -5.6 kcal/mol for H versus 

∆�°= -5.4 kcal/mol for H2). The hydride transfer step from the 
tetradentate ligand to the coordinated acetone proceeded with a 

a modest energy barrier, TSH2,I ∆�°‡= 15.2 kcal/mol, and gave 
an imine product much like 4, except with an alkoxide ligand. 
Subsequent deprotonation of the diamine backbone (TSI,J 

∆�°‡= 7.1 kcal/mol) and decoordination of iPrOH gave the 

desired product K with an energy of ∆�°= -22.6 kcal/mol. 
Overall, the entire process has a strong thermodynamic driving 
force with K being the lowest energy species. 
Characterization of minor hydride products generated in 

the synthesis of 3a. As stated before, compounds 3a-b are the 
major compounds as determined by NMR spectroscopy, but 
can be isolated by dissolving the crude red residues with 
pentane or ether, followed by filtration of the precipitate. The 
precipitate, however, is red as well and can be dissolved in 
THF. A 31P{1H} NMR spectra of the precipitate from the 
synthesis of 3a displayed two pairs of doublets at 91.8 and 98.7 
ppm (2JPP = 31.4 Hz) and 85.7 and 87.9 ppm (2JPP = 31.5 Hz).  
This indicated that these compounds were iron complexes with 
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inequivalent phosphorus nuclei. The 1H NMR spectrum was 
challenging to interpret but expansion of the negative chemical 
shift region showed the same two hydride signals observed in 
the original crude mixture at -3.54 ppm as a doublet of doublets 
(2JHP = 54, 75 Hz) and at -3.97 ppm as a triplet (2JHP = 65 Hz).   
Furthermore, the 1H and 11B{1H} NMR spectra displayed BPh4 
resonances, which implied that the iron hydride compounds (or 
least one of them) are cationic.  The IR (KBr) spectrum of the 
mixture of these two minor hydrides displayed an intense, but 

broad, νCO absorption at 1909 cm-1; a minor shoulder was 
observed on this broad absorption at 1818 cm-1 and is attributed 
to the Fe-H vibration.   
 Crystals of one of the iron hydride compounds, 6 were 
obtained and found to be suitable for X-ray diffraction (Figure 
9). The diffraction data were good enough to allow the location 
of the hydride atom. Compound 6 is cationic and contains one 
BPh4

- anion; hence, the iron metal centre is still in the oxidation 
state Fe(II). The tetradentate ligand of 6 is completely reduced 
and the nitrogen atoms are protonated. This saturation makes 
the ligand more flexible and one arm of the tetradentate ligand 

has folded into a cis-β configuration in contrast to the trans 
configuration of 1a-b or 2a-b. The CO ligand in 6 is trans to 
one of the amino donors, while the hydride is trans to one of 
the phosphorus centres. Hence, the other hydride compound 
could be an isomer of 6 where the CO ligand is trans to a 
phosphine donor and the hydride is trans to a nitrogen atom of 
the P-N-N-P ligand, producing the triplet resonance with the 
similar JHP coupling constants in the hydride region of the 1H 
NMR spectrum 

 
Figure 9. ORTEP plot (thermal ellipsoids at 30% probability) of 6.  BPh4

- anion and 

Et hydrogen atoms removed for clarity.  Selected bond lengths (Å) and angles 

(deg):  Fe(1)-C(15):  1.721(3); Fe(1)-N(1):  2.039(2); Fe(1)-P(1):  2.1600(7); Fe(1)-

P(2):  2.2616(8);  Fe(1)-H(1):  1.72(4); O(1)-C(15):  1.165(3); N(1)-C(3):  1.477(3); 

N(2)-C(5):  1.481(4); P(1)-Fe(1)-P(2):  105.75(3); C(15)-Fe(1)-P(1):  92.59(8); C(15)-

Fe(1)-P(2):  93.61(9); N(2)-Fe(1)-P(2): 84.59(7). 

 The mechanism of formation of these minor iron hydride 
compounds is not straightforward since the compounds have 
obtained a total of five hydrogen atoms. Since iPrOH can only 
yield an even number of hydrogen atoms, there may be a side 
reaction to generate these minor iron hydride compounds or β-

hydride elimination may be occurring. The mixture of iron 
hydride compounds were tested for ATH of acetophenone using 
the same conditions as with 2a as a catalyst (C/S = 1/200, T = 
50°C, 6 mL iPrOH) and were found to be inactive. Even with 
the addition of base (8 equiv. KOtBu) no catalysis was 
observed.  
 The reduction and acid-base reactions at the tetradentate 
ligands on iron that are reported here add to an increasing 
collection of modifications occurring at polydentate ligands 
containing amine or imine donors. Schneider et al.40 have 
discussed some remarkable examples of the versatility of 
chelating amido, imine, eneamido, and dieneamido ligands 
derived from the deprotonation or oxidative backbone 
functionalization of the ligand HN(CH2CH2PR2)2.  We have 
shown how critical the placement of amido and eneamido 
donors in tetradentate P-N-N-P ligands on iron(II) is to catalytic 
activity of the complexes for the ATH of ketones and imines.22, 

32 Milstein and coworkers have taken full advantage of the acid-
base properties of N-heterocycle-centred P-N-P ligands on 
ruthenium and iron for a range of impressive catalytic 
transformations. 16, 17, 41-47 Kirchner and coworkers have used 
the acid-base properties of related P-N-P ligands to activate 
dihydrogen at iron48 while Chirik and coworkers have reported 
acid-base and redox modifications of a P-N-P ligand on 
cobalt.49 A variety of other redox changes on the backbone of 
related tridentate50, 51 and tetradentate52-54 imine- and amine-
containing ligands have been reported.  

Conclusions 

 There are (at least) two pathways that these iron carbonyl 
systems can pursue during catalysis of ATH: one is the 
productive catalytic cycle, while the other (or others) is a 
degradation pathway that leads to the formation of 3a-b (as 
well as deactivated iron-hydride compounds). The ethyl-
substituted iron catalysts can more easily (or preferentially) 
form 3a-b than the phenyl-substituted catalysts, which explains 
why the phenyl-substituted iron catalysts can accommodate 
high loadings of substrate and even resume catalysis upon 
addition of more substrate when an initial equilibrium of the 
catalytic reaction had been reached. The formation of 3a-b is 
driven by the non-innocent behaviour of the tetradentate ligand. 
The major deactivated species that forms has a ligand that is 
partially reduced with the remaining double bond isomerized to 
form a C=C bond between the amine donors of the tetradentate 
ligand. This species was identified by NMR studies and isolated 
as a bimetallic complex with Ru(II)Cp*. Two minor iron 
hydride species also formed concurrently as determined by 
NMR studies; one was isolated where the ligand was fully 
reduced and saturated and contained an iron hydride. None of 
the latter compounds were found to be transfer hydrogenation 
catalysts and are instead deactivated species inherently formed 
from their reaction with iPrOH.  Tetradentate ligand design that 
avoids these active hydrogens on the diamine will be the focus 
of future research towards catalysts that are more resistant to 
deactivation. 
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Experimental 

General Comments 

All procedures and manipulations involving air-sensitive 
materials were performed under an argon or nitrogen 
atmosphere using Schlenk techniques or a glove-box with 
N2(g). Solvents were degassed and dried using standard 
procedures prior to all manipulations and reactions. Deuterated 
solvents were purchased from Cambridge Isotope Laboratories 
and degassed and dried over activated molecular sieves prior to 
use. All other reagents used were purchased from commercial 
sources and utilized without further purifications. The 
complexes 1a-b, 2a-b, and [RuCp*(NCCH3)3][PF6] were 
prepared by literature methods. NMR spectra were recorded at 
ambient temperature and pressure using Varian VnmrS-400 
MHz [1H (400 MHz), 13C{1H} (100 MHz or 125 MHz) and 
31P{1H} (161 MHz)]. The 31P NMR spectra were referenced to 
85% H3PO4 (0 ppm). The elemental analyses were performed 
on a Perkin-Elmer 2400 CHN elemental analyzer. We were 
unable to isolate the small amounts of 3a, 3b and 5 in analytical 
purity. 
Computational Details. Density functional theory calculations 
were performed using the Gaussian09 package55 and the M06 
hybrid functional. 56-58 Ruthenium was treated with the SDD 
relativistic effective core potential and associated basic set,59, 60 
while all other atoms were treated with the 6-31++G(d,p).61-63 
A pruned (99,590) integration grid was used throughout 
(Grid=UltraFine). The substituents on phosphorus were 
replaced with methyl groups to reduce computational cost. 
Optimizations were performed in iPrOH using the integral 
equation formalism polarizable continuum model (IEF-PCM)64 
with radii and non-electrostatic terms from the SMD solvation 
model.65 Ground states were connected to their transition states 
by performing intrinsic reaction coordinate (IRC) 
calculations,66 and stationary points were characterized by 
normal-mode analysis. All structures were modelled as closed-
shell singlet states. Full vibrational and thermochemical 
analyses (1 atm, 298 K) were performed on optimized 
structures to obtain solvent-corrected free energies (G°) and 
enthalpies (H°). Optimized ground states were found to have 
zero imaginary frequencies, while transition states were found 
to have one imaginary frequency, except for TSF,G, which had 
one large imaginary frequency (proton transfer) and one very 
small imaginary frequency (molecule rocking). Attempts to find 
a transition state with only one imaginary frequency, including 
using a pruned (225,974) integration grid (Grid=SuperFine), 
were unsuccessful. 
[Fe(CO)(Et2PC2H4NC2H2NC2H4PEt2)], 3a. Method A: A vial 
was charged with 1a (50 mg, 0.065 mmol), NaOiPr (15 mg, 
0.194 mmol) and benzene (5 mL). The mixture initially turned 
dark green and eventually turned dark red if left to stir for 5 
hours.  The solvent was removed, and the red residue was 
dissolved in Et2O and then filtered. 3a was isolated upon 
removal of the Et2O solvent. Yield: 17 mg (70%) Method B: 2a 
was dissolved in iPrOH (4 mL). After stirring for sufficient 
time the green solution turned pale orange. The solvent was 
removed with the aid of Et2O and dried overnight in vacuo to 

obtain a red residue. 1H NMR (400 MHz, C6D6) δ:  0.63 (m, 
6H, CH3), 1.02 (m, 6H, CH3), 1.68 (m, 8H, CH2CH3), 2.08 (m, 
2H, PCH2), 2.20 (m, 2H PCH2), 3.73 (m, 2H, NCH2), 4.04 (m, 
2H, NCH2), 7.48 (s, 2H, CH). 13C{1H} NMR (100 MHz, C6D6) 
δ:  8.13 (CH3) 8.69 (CH3) 23.4 (CH2CH3), 33.0 (PCH2), 56.1 
(NCH2), 135.8 (CH). 31P{1H} NMR (161 MHz, C6D6) δ:  84.9 
ppm. IR (KBr): 1850 cm-1.  Anal. Calcd for C15H30FeN2OP2: C, 
48.40; H, 8.12; N, 7.53. Found: C, 51.87; H, 8.57; N, 6.36.  
[Fe(CO)(Et2PC2H4NC(C6H5)C(C6H5)NC2H4PEt2)], 3b.  
Method A:  A vial was charged with 1b (20 mg, 0.021 mmol), 
NaOiPr (14 mg, 0.168 mmol) and benzene (3 mL). A solution 
of iPrOH (0.010 g, 0.168 mmol) in benzene (1 mL) as well as a 
solution of acetone (0.010 g, 0.168 mmol) in benzene (1 mL) 
were then added. The mixture initially turned dark green and 
eventually turned dark red if left to stir for 3 weeks.  The 
solvent was removed, and the red residue was dissolved in Et2O 
and then filtered.   3b was isolated upon removal of the Et2O 
solvent.  Yield: 11 mg (83%).  1H NMR (400 MHz, C6D6) δ:  
0.63 (m, 6H, CH3), 1.00 (m, 6H, CH3), 1.62 (m, 8H, CH2CH3), 
2.02 (m, 2H, PCH2), 2.16 (m, 2H PCH2), 3.75 (m, 2H, NCH2), 
3.94 (m, 2H, NCH2), 7.22 (t, 4H, Ar-CH, J = 6.3 Hz), 7.35 (t, 
4H, Ar-CH, J = 6.8 Hz), 7.99 (d, 2H, Ar-CH,  J = 6.8 Hz). 
13C{1H} NMR (100 MHz, C6D6) δ:  7.9 (CH3) 8.4 (CH3) 23.4 
(dd, CH2CH3, J = 12.5, 11.2 Hz), 32.8 (dd, PCH2, J = 13.8, 12.9 
Hz), 53.8 (t, NCH2, J = 3.3 Hz), 126.3 (Ar-CH), 126.5 (Ar-
CH), 134.8 (Ar-CH), 139.2 (C-Ar), 147.5 (Ar-C). 31P{1H} 
NMR (161 MHz, C6D6) δ:  82.1 ppm. IR (KBr): 1878 cm-1.  
Preparation of 5.  To a vial containing 3a (17 mg, 0.046 
mmol) and THF (5 mL), a slurry of [Cp*Ru(NCCH3)3][PF6] 
(25 mg, 0.050 mmol) and THF (2 mL) was added in one 
portion.  The formerly red solution turned green-black upon 
stirring for 5 min.  The solution was filtered and dried in vacuo 
overnight.  Yield:  15 mg (43%).     1H NMR (600 MHz, THF-
d8) δ:  0.92 (m, 6H, CH3), 1.21 (m, 6H, CH3), 1.56 (m, 2H, 
CH2CH3), 1.76 (by 1H-1H COSY, CH2CH3), 1.86 (by 1H-1H 
COSY, CH2CH3), 1.92 (by 1H-1H COSY, CH2CH3), 1.93 (s, 
12H, CpCH3), 1.98 (determined from 1H-13C HSQC, CH2P), 
2.05 (s, 3H, CpCH3), 2.64 (m, 2H, CH2P), 3.11 (m, 2H, CH2N), 
3.51 (m, 2H, CH2N), 6.02 (s, 1H, CHN), 6.20 (s, 1H, CHN).  
13C{1H} NMR (150 MHz, THF-d8) δ:  8.25 (CH3), 8.47 (CH3), 
10.27 (CpCH3), 11.17 (CpCH3), 22.43 (dd, JCP = 10.5, 13.5 Hz, 
CH2CH3), 23.41 (dd, JCP = 7.5, 10.5 Hz, CH2CH3), 34.58 (t, JCP 
= 14.7 Hz, CH2P), 55.57 (CH2N), 88.36 (CHN), 98.81 (CHN), 
221.22 (t, JCP = 24.2 Hz, CO).  31P{1H} NMR (243 MHz, THF-
d8) δ:  -144.3 (q, JPF = 710 Hz, PF6), minor: 72.4, major: 76.5 
(s, PEt2).  IR (KBr): major: 1958 cm-1; minor 1898 cm-1.  MS 
(ESI, methanol/water; m/z+):  609.1 (C25H45FeN2OP2Ru]+). 
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An iron ATH catalyst is slowly transformed into an inactive, achiral iron complex under catalytic conditions.  
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