
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Versatile cooperative ligand effects in group 9 transition metal catalysis:
Applications in transfer hydrogenation & hydrogen autotransfer reactions,
ketene & ketene imine synthesis and hydroformylation

Tang, Z.

Publication date
2015
Document Version
Final published version

Link to publication

Citation for published version (APA):
Tang, Z. (2015). Versatile cooperative ligand effects in group 9 transition metal catalysis:
Applications in transfer hydrogenation & hydrogen autotransfer reactions, ketene & ketene
imine synthesis and hydroformylation. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/versatile-cooperative-ligand-effects-in-group-9-transition-metal-catalysis-applications-in-transfer-hydrogenation--hydrogen-autotransfer-reactions-ketene--ketene-imine-synthesis-and-hydroformylation(76b6b095-2f92-4c2c-bd67-e2376a3c8be5).html


Chapter 3. Hydride Donor/Acceptor Properties of the Ligand in Direct α-Alkylation of Ketones with 
Alcohols Catalyzed by a Picolyl-Amine Iridium Complex 

45 

Chapter 3 

 

Hydride Donor/Acceptor properties of the Ligand in Direct α-

Alkylation of Ketones with Alcohols Catalyzed by a Picolyl-

Amine Iridium Complex 

 

 
Abstract 

Transition metal (TM) complexes featuring ‘cooperative ligands’ to facilitate hydrogen 

transfer processes have been intensively studied and well developed. Ligands in such systems 

generally serve as a proton-relay site, while the hydride is typically received and delivered by 

the metal center. We have discovered a new cooperative ligand system that can act as an 

hydride donor/acceptor in transfer-hydrogenation type catalysis. The picolyl-amine based 

iridium complex 1A [Ir(cod)(Me-pma)]PF6 allows for catalytic hydride transfer reactions such 

as α-alkylation of ketones with alcohols and transfer hydrogenation. Experimental and DFT 

studies show that the reversible amine/imine interconversion of the Me-pma-1H/2H ligands is 

the key factor facilitating the hydride transfer process. 

 

 

 

 

 

 

 

 

 

 

Part of this chapter will be published: Hydride Donor/Acceptor properties of the Ligand in Direct α-

Alkylation of Ketones with Alcohols Catalyzed by a Picolyl-Amine Iridium Complex, Z. Tang, J. I. van der 

Vlugt, B. de Bruin, Manuscript in preparation. 
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3.1  Introduction  

Transition metal complexes bearing metal-ligand bifunctionalities for catalysis have been extensively 

explored in recent decades.1 The ligands cooperate directly in substrate binding or activation, rather 

than playing only spectator roles in these catalytic systems, thereby facilitating chemical processes 

that are less accessible otherwise. The cooperative character enables new reactivity with the metal 

complexes, can promote reactions using more environmentally benign reagents and conditions and 

also provides opportunities to replace noble metals with more abundant base metals. 2,3 

Most typical metal-ligand bifunctional catalysts involve ligands that participate in substrate 

activation/preorganization through secondary interactions (e.g, hydrogen bonding)4 or through a 

proton-transfer process.5 The most prominent examples in this field are the ruthenium diamine 

complexes developed by Noyori and coworkers for hydrogenation and transfer hydrogenation (TH) of 

carbonyl compounds.5a-c A related rhodium-amido complex developed by Grützmacher and coworkers 

was found to be highly reactive in dehydrogenative coupling of primary alcohols with water, methanol 

and amines as well as in catalytic hydrogen production from MeOH/H2O mixture.5g,h These systems are 

believed to operate via a concerted mechanism involving N-H proton and metal-hydride transfer.6 

Another highly interesting cooperative ligand system was developed by the groups of Milstein and 

others.7,8 These pincer-type complexes are capable of catalyzing a variety of hydrogen-transfer 

reactions via reversible ligand methylene deprotonation and pyridine dearomatization as key steps. As 

such, transition metal and related complexes with an ‘internal base’ have contributed a great deal to 

the success of cooperative (transfer) hydrogenation reactions. 

In most of these catalyst systems, the cooperative ligands typically function as an internal Brønsted 

acid/base proton-relay to allow efficient proton-transfer reactions. The metal typically acts as a 

hydride donor/acceptor. Systems in which the cooperative ligand functions as a “hydride donor” (i.e. 

operates in “reversed polarity mode”) are very scarce,9  and catalytic examples are extremely rare.9d,10 

This is remarkable, because natural systems frequently use organic molecules, such as NADH/NADPH, 

as hydride donors or even directly as catalysts for unsaturated bond reduction.10a,11 Actually, reported 

catalytic examples generally involve ligands with biomimetic moieties as the key fragments as hydride 

donors. However, the organic “hydride” species in these systems are indirectly regenerated, either 

with combined processes of protonation and electrochemical reduction,10b,c or via a metal-hydride 

intermediate.10d,e 

 

 

Figure 1. Cooperative ligand effects in substrate activation and catalysis. Left: Ligand acts as a proton relay. 

Right: Ligand acts as a hydride relay. 
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The cooperative ligand mode of action wherein the ligand facilitates hydride transfer is quite 

underdeveloped. The ligand in this case can be viewed as not only a proton-relay, but also as two-

electron-reservoir. Here, redox-active ligands such as pyridin-2-ylmethanimine, containing a hydride 

accepting imine moiety, can be expected to reveal interesting properties in catalytic hydride-transfer 

chemistry. Such behavior is reminiscent of those of enzymes, and may aid in lowering activation 

barriers.11 We therefore considered it worthwhile to explore the properties of  interrelated pyridin-2-

ylmethanimino and pyridin-2-ylmethanamine ligands as potential ”hydride-relay” cooperative ligands. 

This concept was explored in the context of developing new (late) transition metal (TM) complexes, 

applicable in substrate activation and catalysis. 

Transfer-hydrogenation (TH) is an important alternative to hydrogenation.12 A great number of TM 

catalysts have been developed for this reaction, and the cooperative ligand effect has been frequently 

employed in these systems to promote reactivity and selectivity.12b-d The related hydrogen auto-

transfer (HA) or borrowing-hydrogen (BH) methodology2a,b,13 has also been extensively studied, which 

provides an environmentally benign and atom-efficient alternative to a series of coupling reactions. 

For example, corresponding alcohols can be used instead of the halide reagents in the reaction of α-

alkylation of ketones (Figure 2).13b,14 As there is overlap in relevant elementary steps between the TH 

and HA mechanisms (also hydrogenation and dehydrogenation), we hereby refer to them all as ‘TH-

related reaction(s)’.   

 

 

Figure 2. α-alkylation of ketones with alcohols via HA. 

 

Inspired by the successful examples of TM complexes derived from picolyl-amine-type ligands6  and 

the prevalence of iridium-systems2a,b,15 to catalyze a wide range of TH-related reactions, we decided to 

study the catalytic reactivity and the corresponding mechanism of the iridium complex 1A, derived 

from the simple picolyl-amine ligand Me-pma (N-methyl-1-(pyridin-2-yl)methanamine), in the TH of 

ketones and in α-alkylation of ketones with alcohols (Figure 3). Based on our previous studies on the 

reducing behavior of picolyl-amine type ligands in various metal complexes16 and the inherent 

electrophilic nature of the resulting imine fragments, we envisioned a new cooperative action mode 

for the Me-pma ligand in the catalytic cycle (Figure 3), wherein the Me-pma ligand acts as a reversible 

hydride donor/acceptor. In this chapter, model studies and DFT calculations are discussed that 
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support the viability of the direct hydride transfer process between substrate and ligand via a pseudo-

Meerwein–Ponndorf–Verley(MPV)-type transition state. This conclusion calls attention to the versatile 

cooperative behavior of picolyl-amine type ligands in TH-related catalysis and suggests a new non-

enzyme-derived cooperative ligand scaffold, operating by assisting hydride rather than proton 

transfer. 

 

Figure 3. Left: The new cooperative action mode of  picolyl-amine type ligand in a TM complex facilitating 

reversible hydride transfer to a substrate. Right: Structure of complex 1A. 

 

3.2 Results and discussion 

3.2.1 Catalytic reactivity of Me-pma complex 1A. 

3.2.1.1 Transfer hydrogenation (TH) 

Iridium complex 1A featuring the Me-pma ligand was synthesized according to the procedure 

described in Chapter 2 of this thesis. Acetophenone and isopropanol were selected as benchmark 

substrates to test the catalytic activity of 1A for TH reactivity. Using 3 mol% of 1A and 5 mol% KOtBu in 

isopropanol, which acts as both the solvent and as hydrogen donor, 1-phenylethanol was obtained in 

97.5% yield (by NMR) at room temperature after 14 hours (Scheme 1). Control experiments suggest 

that both the catalyst and base are necessary for any catalysis to take place.  

 

             

Scheme 1. TH of acetophenone (1a) in isopropanol catalyzed by 1A. 

 

Because of the inherent mechanistic similarities between TH and HA (hydrogen autotransfer) 

processes, it is not uncommon to find that a catalyst that is active in one type of reaction likely is also 

a good system for the other type of process, which is termed ‘multi-tasking catalysis’.6d,e,g As 1A is 

found to be active in TH catalysis, we were curious to investigate the catalytic potential of this 

complex for HA reactions. Here we explore the catalytic activity of 1A in a series of different HA 

reactions, as described in the next sections. 
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3.2.1.2 C3-alkylation of indole with benzyl alcohol 

The catalytic C3-alkylation of indole with benzyl alcohol at 100 °C was studied using 1A, with toluene 

as the solvent and potassium hydroxide as the base (Scheme 2). Condition optimization by varying the 

substrate ratio and base amount gave a moderate yield of 76.3 % (by NMR) and an isolated yield of 

50.0 %. 

 

Scheme 2. C3-alkylation of indole 3 with benzylalcohol 2b catalyzed by 1A.  

 

3.2.1.3 N-alkylation of amines with benzyl alcohol 

N-alkylation of amines with alcohols is an important alternative to the conventional elementary 

process using halogenated agents for amine alkylation.2a,b,13d Complex 1A is also capable of catalyzing 

this reaction, using benzyl alcohol 2b as the alkylating agent for a series of amines in toluene at 130 °C 

for 16 hours. In this case, no external base was needed to perform the reactions, although the amine 

could fulfill this role. In fact, bases such as KOH and NaHCO3 led to drastic decrease in conversion. This 

might be due to the instability of complex 1A under basic conditions and at high temperatures.   

For pyrrolidine 5a, a moderate yield was obtained for the alkylated product 6a. For aniline, high yield 

of a combination of amine 6b and imine 7a products in a 1:1 ratio was obtained. In contrast, for 

benzylamine 5c, low yield was obtained and only the imine product was observed. The reluctance of 

7b to undergo further hydrogenation was attributed to the lower polarity of the imine double bond 

compared to the aromatic analogue 7a. Product 6a was solely obtained also because of the more 

polarized nature of the double bond of the intermediate iminium ion species. Complex 1A is only 

moderately active and moderately selective in the N-alkylation of amines with benzyl alcohol. 
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Scheme 3. N-alkylation of amine 5 with benzyl alcohol 2b catalyzed by 1A. 

 

3.2.1.4 α-Alkylation of ketones with alcohols 

α-Alkylation of ketones is a frequently used method in chemical synthesis and an HA protocol offers an 

atom-economic pathway for this reaction. Complex 1A is active for the α-benzylation of acetophenone 

1a using benzyl alcohol 2b. A moderate yield of the alkylated product 8ab was obtained after one hour 

in neat conditions and with 10 mol% KOH as base at 100 °C, with alcohol 9ab, the over-hydrogenated 

product, also obtained in considerable yield. The self-condensation and hydrogenated product 10a 

was observed as a minor side-product.  

We then set out to optimize the reaction conditions, mainly by screening for a suitable base (Table 1, 

entries 1-3), the amount of base (entries 4-7) and the substrate ratio (entries 8-10). While use of the 

stronger base KOtBu (relative to KOH) led to formation of more 10a, and in general, lower selectivity 

for 8ab, the weaker base K2CO3 gave low overall yields. Thus, KOH is superior to these two bases and 

was used for follow-up screenings. Using 1 mol% of KOH did not give any coupling product, and higher 

loading of the base gave lower selectivity of 8ab over 9ab (entry 7), so 10 mol% was selected as the 

optimal amount of base. Higher ratios of 1a/2b led to a higher selectivity towards 8ab (entries 6and 8), 

while lower ratios result in reversed selectivity in favor of the alcohol product 9ab (entries 9, 10), with 

an 8ab/9ab ratio of 1/22.3, and the TH product of 1a also increased correspondingly. This is 

reasonable, as increasing 1a would increase the concentration of the hydride-acceptor and increasing 

2b would increase the concentration of the hydride -donor compound. In some cases, NMR yields 

(calculated by integration against an internal standard) were determined to be higher than 100 %, and 

also some mass balance problems were encountered (for example in entry 1, the high ratio of the 

over-reduced product 9ab is not reasonable for a total yield of 96.0 %, as two equivalents of H2 are 

required to perform the reduction). These complications might be caused by poor solubility and 

uneven distribution of the internal standard in the reaction mixture (no solvent, very viscous), or due 

to partially loss of the internal standard (e.g. due to partial precipitation on the Schlenk glassware 

during the reaction, or caused by workup preparing the NMR samples from the reaction mixture). 
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Table 1. Condition optimization of α-alkylation of 1a with 2b 

entry Ratio 1a/2b   Base Time (h) Conversion
[a]

 Yield
[a, b]

 Ratio 8ab/9ab/10a 

1 1/1 10mol% KOH 1 98.5 96.0   49.7/17/1 

2 1/1 10mol% KO
t
Bu 1 95.9 94.2 7.9/3.5/1 

3 1/1 10mol% K2CO3 1 37.5  34.0  8ab/9ab=1.6/1, no 10a 

4 1/1 1mol% KOH 2 25.0  0  [c] 

5 1/1 5mol% KOH 2 98.3 98.1 18.3/5.2/1 

6 1/1 10mol% KOH 2 97.4 96.7 88.3/18.6/1 

7 1/1 30mol% KOH 2 97.3 91.5 159.3/71.3/1 

8 2/1 10mol% KOH 2 95.4 93.8 16.7/2.8/1 

9 2/1 10mol% KOH 4 100 97.9 25/1.5/1 

10 1/5 10mol% KOH 4 98.1 94.6 8ab/9ab/2a=1/22.3/6.1 

[a] Conversion and yield are based on integrals in the 
1
H NMR spectrum, using 1,3,5-trimethoxybenzene as the 

internal standard; 

[b] Values are the sum of 8ab, 9ab and 10a; 

[c] Only 1-phenylethanol 2a, and trace of benzaldehyde 1b. 

 

We next started to screen the substrate scope of the reaction (Table 2). Electronic changes on the 

aromatic fragment of the acetophenone substrate 1 were tolerated, with electron-withdrawing groups 

resulting in slightly lower selectivities towards the ketone product 8 (entries 2 and 3), in agreement 

with the higher electrophilic nature of the unsaturated ArC(O)CH=CHAr’ intermediate, which is prone 

to lead to over-hydrogenation. Introduction of sterics on the phenyl ring was also tolerated, giving 

good yield to the product (entry 4). Electronic variations on the alcohol were also tolerated, give good 

yields to the ketone product 8 (entries 5 and 6). Diol 2e was also used in a 1:2 ratio with 1a, giving the 

double-coupling ketone product 8ae in a very high yield of 94.2 % (entry 7). The secondary alcohol 1-

phenylethanol 3a was also successfully employed as alkylating agent, only requiring a longer reaction 

time but resulting in high yield of the α-alkylated ketone product 10a (entry 8). This is distinctively 

different from Ishii’s report using [{Ir(cod)(µ-Cl)}]2 for the same catalysis,14b which failed to catalyze the 

coupling between the substrates in entry 8. This difference indicates an essential role for the Me-pma 

ligand, as picolyl-amine type ligands have been reported to be specifically beneficial to enable 

reactions with bulky substrates.17 This reaction is interesting as it creates a pro-chiral carbon center, 

which might be enantioselectively constructed when using a chiral catalyst. Aliphatic ketone 1c and 
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especially aliphatic alcohol 2f were found to give lower yields for the reaction, which also differs from 

the Ishii system that catalyzes coupling of aliphatic substrates with good activities.14b
  This strongly 

indicates that the true active species is not simply Ir(cod)-based, but contains the Me-pma (derived) 

ligand.  

 

 

Table 2. α-Alkylation of ketones with alcohols catalyzed by 1A.
[a]

 

entry R R’, R’’ conversion yield
[b]

 Ratio 8/9 

1 Ph 1a R’=Ph, R’’=H 2b 100  97.9 (65)  8ab : 9ab =14.6 : 1  

2 4-Cl-Ph 1b R’= Ph, R’’=H 2b 100  89.0 (86)  8bb : 9bb =8.1 : 1    

3 4-MeO-Ph 1c R’= Ph, R’’=H 2b 100  92.6 (61)  8cb : 9cb =24.5 : 1  

4 2,4,6-trimethyl-phenyl 1d R’= Ph, R’’=H 2b 100  94.6 (46)  8db : 9db =17.6 : 1  

5 Ph 1a R’=4-Cl-Ph, R’’=H 2c 99.0 95.2  

6 Ph 1a R’=4-MeO-Ph, R’’=H 2d 100 (52)  

7
[c]

 Ph 1a R’=1,4-(HOCH2)2-Ph, 

R’’=H 2e 

97.6 94.2 (23)  

8
[d]

 Ph 1a R’=Ph,  R’’=Me 2a 96.2 (80.3)  

9 
iso

Pr 1c R’= Ph, R’’=H 2b 98.0 83 (35)  

10 Ph 1a R’= nonanyl, R’’=H 2f 85.5 53  

[a] reaction conditions: ketone 1 (2.0 mmol), alcohol 2 (2.0 mmol), KOH (10 mol%, 0.2 mmol), 1A (1 mol%, 
0.02mmol), at 100 °C for 4h.  

[b] yields of 4 (in %) were determined by 
1
H NMR using 1,3,5-trimethoxybenzene as an internal standard; 

isolated yields of the ketone product shown in parentheses. 

[c] 1 mmol of 1,4-phenylenedimethanol was used. 

[d] 30 mol% (0.6 mmol) KOH was used, reaction time = 18 h. 

 

3.2.2 Investigations into the catalytic mechanism of transfer hydrogenation. 

Two common pathways can be envisaged for the mechanism of the catalytic reaction promoted by 

complex 1A, with the metal center acting as mediator or Lewis acid (Figure 4, pathway I and II). For 

transfer-hydrogenation, pathway I involves a metal hydride intermediate that should be derived from 

a metal-bound alkoxide ligand via β-hydrogen elimination. This hydride is subsequently delivered to 

the second substrate in the reverse process through insertion of the C=O bond into the M-H bond. In 

pathway II, the metal assembles two substrates and activates the unsaturated one for direct hydride 

transfer via a MPV-type transition state. As we have studied the reducing behavior of secondary 
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picolyl-amine ligands in the coordination sphere of iridium and rhodium16 (and direct hydride transfer 

from the methylene arm to an exogenous substrate has been suggested before18), and taking into 

account the imine form of the ligand as an electrophilic fragment, we propose that sec-picolyl-amine 

type ligands can directly mediate the reversible hydride transfer of substrates (Figure 3, pathway III), 

and this mechanism has potential to compete with and even outperform the ‘conventional’ pathways I 

and II. We thus sought to collect experimental and computational evidence for this proposal. 

 

 

Figure 4. Representative modes of three envisioned pathways regarding hydride transfer between substrates 

mediated by the catalysts. 

  

3.2.2.1 Substrate reduction by the Me-pma-H ligand of complex 2A 

The reactivity of the methylene methylene group of secondary picolyl-amine ligands of rhodium and 

iridium complexes is highly dependent on the (de)protonated forms of the adjacent nitrogen.16 It has 

been demonstrated that deprotonation of the methylene group can be triggered in combination with 

two-electron loss from the CmethyleneN moiety upon deprotonation of the NH moiety. There appears 

to be a lower tendency for this simultaneous process to occur for iridium complexes compared to their 

rhodium analogues. The dependence of the methylene reactivity of the Me-pma ligand of 1A on the 

NH (de)protonated forms is further evidenced by the reaction of 1A and its amido derivative 2A with 

iodine (Figure 4). Addition of four equivalents of iodine to 1A in THF led to direct oxidation of Ir(I) to 

Ir(III), with an intact Me-pma ligand, as deduced from 1H NMR spectroscopy.   

In contrast, adding four equivalents of iodine to a THF solution of the amido complex 2A led to an 

instantaneous color change from deep-red via deep-blue to brownish-red with concomitant 

precipitation of a single species 5A. Instead, when only one equivalent of iodine was added, the blue 

solution remained stable. The corresponding 1H NMR spectrum of the solid after solvent removal 

showed no signal for the methylene protons, but instead a sharp doublet at 8.84 ppm with a small JHH 

coupling constant of 1.7 Hz was observed, assigned to the imine proton of 4A (small long-range 

coupling with one of the pyridine protons). The signals for the cod and pyridine protons are in similar 

regions as for complex 1A. The new species is formulated as iridium(I) complex 4A, with the Me-pma 

ligand oxidized to the imine derivative. The proposed structure of 4A was further supported by 

independent synthesis of this dark-blue complex using the Me-pma-2H imine ligand with the 

[{Ir(cod)(µ-Cl)}]2 precursor, followed by anion metathesis using NH4PF6.  

The net result of the reaction of 2A with one equivalent of iodine is loss of one hydride (or one 

proton and two electrons) from the Me-pma methylene position. This reaction shows the reducing 
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capability of the Me-pma-H ligand in amido complex 2A, indicating potential ligand participation in a 

substrate reduction process using 2A. The detailed mechanism for conversion of amido complex 2A 

into imino complex 4A (Scheme 4) is not fully elucidated. Oxidative addition of iodine to iridium 

followed by reductive elimination of HI (or an intramolecular deprotonation of CH by I-) could be a 

possible pathway, but direct hydride abstraction from the Me-pma-H ligand by iodine as the 

exogenous oxidant is also possible.18 

Species 5A was also synthesized by addition of excess iodine to a THF solution of 4A. The 1H NMR 

spectrum showed a remarkably low-field shifted vinylic doublet of doublet (J = 14.9, 3.9 Hz) cod signal 

at 6.03 ppm, indicating an iridium(III) center. Furthermore, a doublet at 8.90 ppm with a small long-

range (pyridine) JHH coupling constant of 1.7 Hz was observed, which was assigned to the imine HC=N 

signal. 

 

Scheme 4. The reaction sequence of 1A and its amido analogue 2A with iodine. 

 

Iodine is a relatively strong oxidant, and thus the aforementioned reaction perhaps does not directly 

reflect the reducing ability of the Me-pma-H ligand of 2A on milder oxidants such as carbonyl- and 

enone-containing substrates that are relevant for the catalytic reactions discussed here. We therefore 

performed reactions to examine the ligand-centered reduction behavior of 2A on a series of 

unsaturated substrates. Unexpectedly, no reduction of the corresponding substrates was observed 

when mixing complex 2A with acetone, acetophone, benzaldehyde or trans-chalcone (a proposed 

intermediate in the α-alkylation of acetophenone with benzyl alcohol) for two days at room 

temperature in CD2Cl2, C6D6, toluene-d8 or THF-d8. We thought that this could be due to the instability 

of the generated imino-alkoxide complexes and that protonation of the alkoxide ligand with 

generation of a fully hydrogenated substrate and the cationic imino complex might drive the reaction 

to completion. 
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Scheme 5. Reaction of 2A with trans-chalcone. 

 

Indeed, by adding a proton source such as isopropanol or methanol to a 1:1 mixture of complex 2A 

and trans-chalcone in THF, the α,β-hydrogenated product 1,3-diphenylpropan-1-one was obtained in 

80% yield after two hours at room temperature, accompanied by the deep brownish-red solution 

turning into a dark-purple suspension. However, the expected imino complex 3A’ was not observed in 

the 1H NMR spectrum, which might be due to low solubility of this complex in THF-d8. Other 

observable signals corresponded to starting complex 2A and a species possibly derived from 

protonation at the amido nitrogen of 2A, but not 1A, as indicated by a pseudo-AB doublet of doublets 

at 4.42 (J = 11.5, 5.4 Hz) and 3.41 (J = 12.8, 5.4 Hz) ppm (Figure 5). The peak at 9.92 ppm might 

correspond to a picolinaldehyde species derived from some hydrolysis of the imine ligand over the 

course of the reaction. This reaction was also found to be solvent-sensitive, as addition of methanol in 

CD2Cl2 only led to a complicated 1H NMR spectrum after 16 hours, indicating decomposition, with no 

sign of reduced organic product. Adding five equivalents of isopropanol to a 1:1 mixture of 2A and 

trans-chalcone in toluene-d8 gave around 30% reduced product in 5 hours, while in C6D6 40% yield was 

obtained only after two weeks. When acetophenone was used as the substrate in THF, addition of five 

equivalents of isopropanol led to 15% yield of 1-phenylethanol in 16 hours. Interestingly, cod ligand 

dissociation does not seem to occur to any significant amount under the applied reaction conditions. 

These data show that the amido complex 2A can reduce substrates in a TH-related catalytic reaction 

sequence under mild conditions, possibly through the Me-pma-H ligand-centered cooperative 

reactivity.  

The results obtained when approaching the TH from 1A or 2A are however not unequivocal, and 

therefore we decided to study the hydride-transfer reaction from the imine side, i.e. using complex 

4A. 
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Figure 5. 
1
H NMR spectrum of the reaction in Scheme 5 (5 eq. of MeOH added to 1:1 ratio of 2A and trans-

chalcone in THF-d8, 2 hours). 

 

3.2.2.2 Reduction of the Me-pma-2H ligand of complex 4A by the alcohol substrate 

To study the hydride-accepting ability of the Me-pma-2H ligand, imino complex 4A was synthesized by 

coordination of the Me-pma-2H ligand with [{Ir(cod)(µ-Cl)}]2 (2:1 ratio), followed by precipitation of 

the complex as PF6-salt by addition of NH4PF6. Interestingly, reduction of the imine-fragment in 4A to 

the corresponding amido form was readily achieved by using two equivalents of potassium 

isopropoxide (as THF-d8 suspension), giving 65% yield to the expected amido complex 2A in three 

hours.19 Isotope labelling was also performed using potassium isopropoxide-d7, in which case the 

monodeuterated version (at the methylene-spacer) of 2A was the major product. The CH2 counterpart 

(instead of CHD) was observed as a minor product, probably resulting from slow H/D scrambling in 

basic solutions. Again, no significant cod ligand dissociation occurs under the applied reaction 

conditions, which are very similar to the catalytic reaction conditions shown in Scheme 1. This reaction 

demonstrates that the substrate-to-ligand hydride transfer process is facile. This result, which is 

reminiscent of the work reported by Morris,[10g,h] lends further support to the cooperative capability of 

the Me-pma-2H ligand of complex 4A in facilitating hydride transfer.   

 

Scheme 6. Reduction of the Me-pma-2H ligand in 4A to Me-pma-H in 2A by direct hydride transfer from 

potassium isopropoxide.  
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The catalytic activity of 4A in TH was also tested, using the same condition as shown in Scheme 1. 

Only a slightly lower yield of 89.3% for 1-phenylethanol was obtained, demonstrating similar catalytic 

activity of 4A and 2A. This suggests a common intermediate in the catalytic mechanism. 

 

3.2.2.3 DFT studies of the mechanism of TH 

DFT calculations were performed to examine the mechanism of the TH of acetophenone with 

isopropanol and to elucidate a potential cooperative ligand effect of the amido complex 2A and imino 

complex 4A regarding ligand-substrate hydride transfer. 

In agreement with experimental data, the computed amido complex is more stable than the two 

alkoxide imine counterparts (–13.8 kcal/mol in S2 compared to 0 and –4.3 kcal/mol in S1 and S3), 

supporting the observation that ligand reduction by the alcoholate substrate is somewhat easier and 

thermodynamically favored over the opposite reaction. Imine formation from the amido complex is 

thermodynamically somewhat uphill, explaining why the imine species were not detected by NMR 

spectroscopy in the reactions described in Scheme 5. Hydride transfer from a coordinated 

isopropanoate to the imino carbon involves a barrier of only 10.0 kcal/mol, involving a pseudo-

Meerwein–Ponndorf–Verley (MPV) Type hydride transfer model. From this transition state, an 

exergonic process leads to the resting state S2 of the catalytic cycle (Figure 5). Subsequent hydride 

transfer from the ligand to acetophenone is uphill by 5.5 kcal/mol with a barrier of 19.3 kcal/mol, 

which is a viable process under the reaction conditions. Taking into account the known overestimation 

of the entropy penalty in translating the gas-phase calculations to solution data, which leads to an  

 

 

Figure 6. DFT (BP86/def2-TZVP, dispersion correction) calculated reaction profile of the TH reduction of 

acetophenone 1a with isopropanol via ligand-mediated hydride transfer. Free energy ( 
298G ) in kcal/mol. 
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exaggeration of the stability of the S2 state in the energy profile, the overall energy barrier of the 

reaction are in reality considerably lower than suggested by the gas-phase computational data (at 

least 2.5 kcal/mol lower if we only correct for the gas phase vs solution phase reference volumes), and 

hence very accessible under the applied reaction conditions. 

Overall, the pathway depicted in Figure 6 provides a viable alternative for TH compared to 

commonly accepted mechanisms such as those shown in Figure 4. In addition, the data are in good 

agreement with the stoichiometric reactions described in Scheme 5 and 6. 

Attempts to locate a minimum for S2 with a carbonyl of the substrate bound to iridium were 

unsuccessful. The suspected instability of such a carbonyl-bound intermediate might arise from a 

conflict of the 2z
d  orbital of the iridium and the approaching lone pair of the carbonyl oxygen from 

the apical position, although five-coordinate IrI species are of course known.20 In the two transition 

states TS1 and TS2, the Ir–O bond distances are relatively long (2.551 and 2.512 Å, respectively), 

around 0.3-0.4 Å longer than those in typical late transition-metal-mediated MPV transition states.21 

This is a remarkable feature of these unusually asymmetric transition state geometries, which are 

highly distorted compared to typical MPV-type transition states. The iridium center has a much 

stronger interaction with the nitrogen atom than with the carbonyl (TS2) or alcohol (TS1) oxygen 

atoms. The Ir-O interaction concerning the “carbonyl” moiety in the TS2 transition state is especially 

weak, resulting in a very asymmetric transition state (Figure 7). This is also reflected in the shorter C=O 

bond distance (1.302 Å) of the “carbonyl/alcoholate” moiety as compared to the “imine/amido” C-N 

bond (1.363 Å) in TS2, with the former being closer to a carbonyl and the latter being closer to an 

amido moiety. Hence the transition state TS2 is closer to the amido product than to the imine product, 

in qualitative agreement with the calculated thermodymamics. As a result, imine ligand reduction by 

the alcoholate is also computed to be faster than the reverse reaction (i.e. carbonyl reduction by the 

amido ligand). The unusual arrangements in the transition states originates from the fact that the 

iridium is locked in a five-membered ring consisting of the Me-pma ligand. This gives limited freedom 

to construct a transition state, as the only free element is the (carbonyl) substrate. The relatively weak 

Lewis acidity of the iridium for carbonyl group activation to undergo an MPV-type reduction is thus 

attributed to three factors: 1) the intrinsic low acidity of Ir(I) center; 2) the conflicting orbital  

 

 

Figure 7. Asymmetric transition state TS2 involving hydride transfer between the carbonyl/alcoholate and the 

imine/amido ligand.   
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arrangement ( 2z
d  of iridium and p of O); 3) the structural factor (long IrO distance). Based on this, 

we assume that when trans-chalcone 11 is used as the “oxidant” instead of acetophenone, which has 

an extended conjugation to accommodate a TS with a shorter IrO distance, the structural problem 

might be overcome. This assumption is in agreement with the experimental observation that trans-

chalcone 11 is more easily reduced than acetophenone by a stoichiometric amount of the neutral 

amido complex 2A.   

Despite the interesting match between the calculations and the stoichiometric reactions in Scheme 5 

and 6, we cannot exclude that besides the pathway depicted in Figure 6 other pathways such as those 

described in Figure 4 become accessible under prolonged catalytic conditions and/or at higher 

temperatures (e.g. after cod dissociation or imine hydrolysis). 

 

3.3 Conclusions  

We observed catalytic activity of the Me-pma ligand based iridium complex 1A in a series of TH-

related reactions. In the latter reactions of α-alkylation of ketones using alcohols as the alkylating 

agents, 1A shows high activity and good selectivity, with the selectivity towards the ketone and 

alcohol products switched by changing the substrate ratio.  

A new cooperative ligand reaction mode of sec-picolyl-amine ligands in the coordination sphere of 

iridium is proposed, with its amido/imine interconversion facilitating hydride transfer between 

substrate. Addition of protic solvent to a mixture of amido complex 2A and trans-chalcone resulted in 

facile reduction of the latter under mild conditions, indicating the viability of a ligand-to-substrate 

hydride transfer process. The Me-pma-2H ligand of the imine complex 4A undergoes facile reduction 

by potassium isopropoxide. 

DFT calculations were performed to examine the ligand-mediated hydride transfer mechanism in the 

TH of acetophenone with isopropanol. The DFT results confirmed that the amido form of the complex 

2A is the resting state of catalytic cycle, and that the overall barrier of the whole pathway is accessible 

under real catalytic conditions. The DFT calculations in combination with the experimental 

observations suggest that cooperative ligand-based hydride transfer can be a competent pathway for 

TH-related catalysis. Thus, sec-picolyl-amines can be used as a new cooperative ligand scaffold for 

direct hydride transfer. 

 

3.4 Experimental Section 

General: All the reactions were carried out under argon using standard Schlenk techniques.  

Complexes 4A was synthesized following the same procedure as used for synthesizing 1A (see Chapter 

2). The ligand precursor N-benzylidenemethanamine (Me-pma-2H) was synthesized from direct 

condensation of benzaldehyde and methylamine salt and the iridium precursor [Ir(COD)(-Cl)]2 was 

synthesized according to literature procedures.22 The other agents were obtained from Aldrich and 

used as received. The NMR spectroscopic measurements were recorded on Bruker AV 400 operating 

at 400 MHz  for 1H, and 100 MHz for 13C. Chemical shifts are reported and referenced to SiMe4, using 

the internal signal of deuterated solvent as reference. 
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Iodine (26.8 mg, 0.106 mmol) was added to a 1.5 ml THF solution of complex 1A 

(15.0 mg, 0.0264 mmol), the reaction was stirred for one hour and the solvent 

and volatiles were removed under vacuum. The dark brownish-red solid 

was obtained in 63% isolated yield. The complex slowly transformed into 

another unidentified species in solution. 1H NMR (d8-THF, 400 MHz) : δ 8.07 (td, 

J =7.7, 1.4 Hz, 1Hpy), 8.03 (d, J = 5.6 Hz, 1Hpy), 7.87 (d, J =7.9 Hz, 1Hpy), 7.56 (ddd, 

J =7.5, 6.2, 1.3 Hz, 1Hpy), 6.42 (brs, 1HNH), 6.34 (td, J = 8.6, 3.9 Hz, 1HCOD vinylic), 5.93 (t, J = 7.8 Hz, 1HCOD 

vinylic), 5.84 (td, J =8.5, 3.9 Hz, 1HCOD vinylic), 5.64 (t, J = 7.9 Hz, 1HCOD vinylic), 5.02 (dd, J = 17.1, 6.1 Hz, 

1HCHHN), 4.85 (dd, J = 16.7, 10.0 Hz, 1HCHHN), 3.61-3.36 (m, 4HCOD allylic), 2.98-2.80 (mm, 2HCOD allylic), 2.95 

(d, J = 5.4 Hz, 3HCH3), 2.53-2.40 (m, 2HCOD allylic). 
13C NMR (CD2Cl2, 100 MHz): δ 163.93 (Cpy1), 150.22 

(Cpy5), 142.33 (Cpy3), 127.34 (Cpy4), 123.42 (Cpy2), 92.49 (CCOD vinyl), 91.80 (CCOD vinyl), 90.99 (CCOD vinyl), 87.90 

(CCOD vinyl), 64.25 (PyCH2), 43.35 (CH3), 36.15 (CCOD allyl), 34.58 (CCOD allyl), 30.95 (CCOD allyl), 30.68 (CCOD allyl).  

 

 

Figure 8. 
1
H NMR of 3A. 
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Figure 9. 
1
H-NOESY spectrum of 3A.   

 

 

Figure 10. 
1
H

13
C-HSQC spectrum of 3A.   
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[{Ir(cod)(µ-Cl)}]2 precursor (275 mg, 0.409 mmol) was dissolved in MeOH (5 mL) 

before addition of the ligand N-(pyridin-2-ylmethylene)methanamine (104 mg, 

0.860 mmol, 2.1 equivalent) in MeOH (3  1 ml). After stirring for 1.5 hours, 

ammonium hexafluorophosphate (334 mg, 2.047 mmol, 5 equivalents) was 

added to the reaction mixture. After stirring for further 15 minutes, the solution 

was concentrated to approximately 6 mL. The formed precipitate was collected 

by filtration and then washed several times with small amounts of cold methanol. Volatiles were 

removed under vacuum to obtain the desired complex as a dark-colored solid in 83% yield. 1H NMR 

(CD2Cl2, 400 MHz): δ 8.84 (d, J = 1.6 Hz, 1HHC=N), 8.25 (td, J = 7.8, 1.5 Hz, 1Hpy), 8.10 (d, J = 7.6 Hz, 1Hpy), 

8.06 (d, J = 4.9 Hz, 1Hpy), 7.79 (ddd, J = 7.6, 5.4, 1.4 Hz, 1Hpy), 4.46 (s, 4HCOD vinylic), 3.58 (d, J = 1.6 Hz, 

3HCH3), 2.39-2.36 (m, 4HCOD allylic), 2.04-1.92 (m, 4HCOD allylic). 
13C NMR (CD2Cl2, 100 MHz): δ 175.5 (C=N), 

149.8 (Cpy), 143.0 (Cpy), 130.4 (Cpy), 128.6 (Cpy), 72.8 (CCOD vinylic), 46.2 (CH3), 32.1-31.8 (brs m, CCOD allylic). 

HR-MS (ESI) : calcd. for M+: 421.1250,  found : 421.1265. 

Independent synthesis from complex 3A: Complex 3A (30 mg, 0.0530 mmol), and 

sodium iodide (8.3 mg, 0.0557 mmol, 1.05 equivalent) were dissolved in CD2Cl2 

(1.5 mL). The mixture was stirred for 30 minutes and molecular iodine (14.1 mg, 

0.0557 mmol, 1.05 equivalent) was added. The reaction was stirred for 2 hours, 

resulting in a brownish-red solution and precipitate. The precipitate was isolated 

by filtration. This material is soluble in DMSO-d6. Both fractions were analyzed by 

NMR spectroscopy. 1H NMR (CD2Cl2, 400 MHz): δ 8.72 (d, J =1.6 Hz, 1HHC=N), 8.44 (dd, J = 7.8, 1.5 Hz, 

1Hpy), 8.23 (td, J =7.8, 1.2 Hz, 1Hpy), 8.16 (d, J =5.3 Hz, 1Hpy), 7.79 (ddd, J = 7.7, 5.7, 1.5 Hz, 1Hpy), 5.96-

5.78 (dm, 4HCOD vinylic), 3.77 (d, J =1.6 Hz, 3HCH3), 3.24-3.10 (m, 4HCOD allylic), 3.00-2.86 (m, 4HCOD allylic); 
1H 

NMR (d6-DMSO, 400 MHz) : δ 9.06 (d, J =1.8 Hz, 1HHC=N), 8.62 (d, J = 5.6 Hz, 1Hpy), 8.54 (dd, J =7.6, 1.3 

Hz, 1Hpy), 8.38 (td, J =7.7, 1.1 Hz, 1Hpy), 7.89 (ddd, J = 7.5, 5.6, 1.6 Hz, 1Hpy), 6.02 (brs s, 4HCOD vinylic), 

3.72 (d, J =1.6 Hz, 3HCH3), 3.45 (s, 4HCOD allylic), 2.96 (m, 4HCOD allylic). 
13C NMR (CD2Cl2, 100 MHz) : δ 175.28 

(PyHC=N), 157.73 (Cpy1), 150.33 (Cpy), 142.79 (Cpy), 132.01 (Cpy), 130.56 (Cpy), 90.63 (CCOD vinyl), 89.38 

(CCOD vinyl), 48.93 (CH3), 33.48 (CCOD allyl), 32.30 (CCOD allyl).  

 
Figure 11. 

13
C-APT spectrum of 5A. 
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Figure 12. 
1
H

13
C-HSQC spectrum of 5A. 

 

1H NMR (CDCl3, 400 MHz): δ 7.90 (bs, 1HNH), 7.56 (d, J = 7.6 Hz, 1H), 7.37 (d, J = 8.2 Hz, 

1H), 7.357.28 (m, 4H), 7.277.19 (m, 2H), 7.12 (td, J = 7.0, 1.1 Hz, 1H), 4.15 (s, 2H). 13C 

NMR (CDCl3, 100 MHz): δ 141.33, 136.53, 128.80, 128.44, 127.56, 125.99, 122.46, 

122.14, 119.46, 119.26, 115.89, 111.19, 31.71. 

 

1H NMR (CDCl3, 400 MHz): δ 7.90 (d, J = 8.6 Hz, 2H), 7.43 (d, J = 8.6 Hz, 2H), 

7.337.18 (m, 5H), 3.27 (d, J = 8.5, 6.9 Hz, 2H), 3.06 (d, J = 8.5, 6.9 Hz, 2H). 13C 

NMR (CDCl3, 100 MHz): δ 191.96, 141.12, 139.52, 135.21, 129.51, 128.96, 

128.63, 128.48, 126.28, 40.47, 30.10. 

 

1H NMR (CDCl3, 400 MHz): δ 7.95 (d, J = 8.9 Hz, 2H), 7.337.18 (m, 5H), 6.92 (d, 

J = 9.0 Hz, 2H), 3.25 (d, J = 8.7, 6.8 Hz, 2H), 3.06 (d, J = 8.7, 6.8 Hz, 2H). 13C 

NMR (CDCl3, 100 MHz): δ 197.76, 163.44, 141.48, 130.30, 129.94, 128.51, 

128.44, 126.09, 113.73, 55.45, 40.09, 30.32. 

  

1H NMR (CDCl3, 400 MHz): δ 7.317.17 (m, 5H), 6.82 (s, 2H), 3.103.01 (m, 4H), 

2.27 (s, 3H), 2.12 (s, 6H). 13C NMR (CDCl3, 100 MHz): δ 209.87, 141.08, 138.51, 

132.70, 128.64, 128.61, 126.28, 46.49, 29.65, 21.18, 19.18. 
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1H NMR (CDCl3, 400 MHz): δ 7.97 (ddt, J = 8.1, 3.3, 1.5 Hz, 2H), 7.56 (td, J = 7.2, 

1.4 Hz, 1H), 7.46 (td, J = 7.2, 1.1 Hz, 2H), 7.19 (dt, J = 8.0, 2.3 Hz, 2H), 6.87 (dt, J 

= 8.6, 2.1 Hz, 2H), 3.27 (td, J = 8.2, 2.1 Hz, 2H), 3.03 (d, J = 7.6, 2.7 Hz, 2H). 13C 

NMR (CDCl3, 100 MHz): δ 199.25, 157.96, 136.85, 133.26, 132.99, 129.33, 

128.56, 128.00, 113.90, 55.18, 40.63, 29.23.  

 

1H NMR (CDCl3, 400 MHz): δ 7.96 (dd, J = 8.4, 1.4 Hz, 4H), 7.56 (td, J = 7.4, 

1.3 Hz, 2H), 7.46 (tm, J = 7.5 Hz, 4H), 7.20 (s, 4H), 3.323.28 (m, 4H), 

3.073.03 (m, 4H). 13C NMR (CDCl3, 100 MHz): δ 199.36, 139.17, 136.94, 

133.17, 128.71, 128.69, 128.14, 40.59, 29.80. 

 

1H NMR (CDCl3, 400 MHz): δ 7.987.91 (m, 2H), 7.617.54 (m, 1 H), 7.537.44 

(m, 2H), 7.347.27 (m, 4H), 7.247.18 (m, 1H), 3.583.48 (m, 1H), 3.33 (dd, J = 

16.5, 5.7 Hz, 1H), 3.21 (dd, J = 16.5, 8.3 Hz, 1H). 13C NMR (CDCl3, 100 MHz): δ 

199.13, 146.65, 137.27, 133.06, 128.65, 128.62, 128.15, 126.95, 126.37, 47.11, 

 35.66, 21.98. 

 

DFT calculation 

All DFT calculations were performed using the Turbomole package,23 coupled to the PQS Baker 

optimizer24 via the BOpt package25 at the ri-DFT26/BP8627 level. The def2-TZVP basis set28 was used for 

all atoms and a small grid (m4). The minima (no imaginary frequencies) were characterized by 

calculating the Hessian matrix. 
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