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Abstract: Four ruthenium(II) complexes of the motif, cis-RuCl2[Ph2P(CH2)4PPh2](ampy-L) and 

trans-RuCl2[Ph2P(CH2)4PPh2](ampy-L) (ampy = 2-(aminomethyl)pyridine; L = Cl or OMe) were 

synthesized for potential catalytic applications. The complexes were fully characterized using 

NMR spectroscopy, UV-Vis spectroscopy, X-ray crystallography and electrochemical analysis. 

The trans isomer was observed to undergo isomerization to the cis isomer, and kinetic studies of 

the isomerization reaction showed that the subtle changes in ampy-L electron density did not 

impact the rate of trans-to-cis isomerization. To probe these complexes' utility towards catalysis, 

transfer hydrogenation for the reduction of a variety of ketones were performed. All three 

complexes showed high rates and yields towards ketone transfer hydrogenation.  

Introduction  

The reactivity of a large array of ruthenium(II) complexes, with differing electronic and 

steric profiles, have been explored in detail.1–6 Previous studies have shown that varying the 

electronics of a metal center and the associated ligands often has a significant impact on catalytic 

activity.7 A common method for changing the electron density of a metal center is to vary the 

phosphine ligand. Phosphine ligands are often altered due to the large electronic and steric profiles 

that these versatile ligands provide.8,9 Another ligand that has allowed for a wide range of 

electronic modification while limiting steric changes around the metal center, is the 4,4’-

substituted bipyridine ligand. Alternatively, our group is interested in studying the electronic 

effects embedded in the use of an aminopyridine ligand rather than bipyridine. We hypothesize 

that alteration of the aminopyridine ligand will cause more subtle changes in electron density given 

only one group in the para-position is being changed. This subtle change could potentially allow 

for a finer tunability in catalysis reactions.  
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Current research has shown that ruthenium(II) complexes containing 2-

(aminomethyl)pyridine (ampy) ligands are capable of dehydrogenation, isomerization, 

racemization, and deuteration reactions.10,11 Specifically, significant work has been dedicated to 

the study of ruthenium(II) complexes containing both phosphine and N-donor ligands and their 

catalytic activity towards hydrogenation reactions.11–16 These complexes are utilized for the 

production of ketones, lactones, imines, epoxides, carboxylic acids, and other reducible bonds.17  

The ability to selectively transfer a functional group on a molecule while leaving other 

functional groups intact is a critical modification utilized in both the pharmaceutical and synthetic 

industries.18–20 One example of such a transformation is the catalytic transfer of hydrogen.21–23 

Since the pioneering work of Noyori and co-workers, the use of ruthenium-diamine catalysts for 

transfer hydrogenation has continued to grow.24–27 The Baratta group continued to examine 

catalytic transfer hydrogenation reactions utilizing isolatable ruthenium(II) complexes with the 2-

(aminomethyl)pyridine, ampy, ligand. Specifically, they examined the effect of a variety of 

phosphine ligands on catalysis; however, did not examine the effects of substituting the ampy 

ligand.10   

Herein we report the synthesis of multiple ruthenium diphosphine-aminopyridine 

complexes with the replacement of the para-hydrogen on the pyridine ring with a more electron 

donating group or an electron withdrawing group. These complexes have been characterized 

through NMR spectroscopy, UV-Vis, X-ray crystallography, and cyclic voltammetry to determine 

the effect of these groups on the electron density of the ruthenium metal center. Additionally, 

catalytic transfer hydrogenation experiments and trans-to-cis isomerization reactions were 

conducted to gain a fuller understanding of reactivity.  
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Results and Discussion 

A. Synthesis and characterization of cis-RuCl2(dppb)(ampy-L) 

The complexes cis-RuCl2[Ph2P(CH2)4PPh2](ampy-Cl) (ampy-Cl =  4-chloro-2-

aminomethylpyridine (1) and cis-RuCl2[Ph2P(CH2)4PPh2](ampy-OMe) (ampy-OMe = 4-methoxy-

2-aminomethylpyridine) (2) were synthesized in a similar manner as cis-

RuCl2[Ph2P(CH2)4PPh2](ampy) (3) (Scheme 1, Top).10 This synthetic procedure requires the prior 

isolation of RuCl2(dppb)PPh3 (dppb = Ph2P(CH2)4PPh2) a complex which reacted in toluene with 

a slight excess of  ampy-Cl or ampy-OMe under reflux for 20 hours. The complexes precipitate 

out of solution; hence they are easily collected via vacuum filtration in moderately high yields of 

pure material. An alternative single pot synthetic procedure can also yield pure complex in similar 

yields (Scheme 1, Bottom).10 A mixture of RuCl2(PPh3)3 and ampy-Cl or ampy-OMe were stirred 

in toluene for one hour to yield a homogenous solution. Then 1,4-bis(diphenylphosphino)butane 

(dppb) was added to the solution and refluxed overnight. The resulting bright yellow precipitate 

was again easily isolated as the pure complex in a moderate yield. Notably, concentration of the 

reaction solution or inducing precipitation to increase the final yield, as in the published report for 

complex 3, yielded unwanted impurities that could not be removed from the final product.10 
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Scheme 1. Synthetic Pathways for cis-RuCl2(dppb)(ampy-L). 

 

Unlike the more commonly studied Ru(dppb)(bipyridine) complexes, bidentate 

coordination of the ampy ligand can lead to three possible isomers. When using the aminopyridine 

ligand, the overall cis orientation of the complex can generate two alternate coordination 

orientations for the aminopyridine ligand in addition to the single trans-orientation. In the 

orientation referred to as cis-isomer 1, the pyridine is trans to the phosphine while the amine is 

trans to the chloride. If the aminopyridine ligand is reversed, another isomer, cis-isomer 2 is 

generated (Figure 1). To verify the configuration of the synthesized complexes, suitable single X-

ray quality crystals for complexes 1 and 2 (Figure 2 and Figure 3) were obtained by diffusion of 

pentane into a chloroform solution of the complex. Crystallographic data confirmed the orientation 

of the ampy ligand in both complexes was cis-isomer 1, where the pyridine is trans to the 

phosphine and the amine is trans to the chloride. Comparison of the structures of complexes 1 and 

2 with the previously reported structure for complex 3 shows minimal changes in bond lengths and 

angles.10 As previously seen, the Ru-Cl bond length trans to the nitrogen is slightly shorter than 

the Ru-Cl bond length trans to the phosphorus. Additionally, a similar trend is observed for the 

N1-Ru-N2, Cl1-Ru-N1 and Cl2-Ru-N1 angles (Table 1, Table 2), confirming a distorted 

octahedral geometry around the metal centers.  

 
 

Figure 1. Possible isomers for RuCl2(dppb)(ampy-L). 
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Table 1. Selected Crystallographic Data for cis-RuCl2(dppb)(ampy-Cl) (1), cis-
RuCl2(dppb)(ampy-OMe) (2), and cis-RuCl2(dppb)(ampy)(3).10  
 

 complex 1•(CHCl3) complex 2•(CHCl3)1.5
 

empirical formula C35H34Cl6N2P2Ru C36.5H39.5Cl6.5N2OP2Ru 
fw 858.35 915.65 
Temp (K) 173(2) 173(2) 
cryst syst monoclinic monoclinic 
space group P21/n P21/c 
a, Å 21.8459(11) 14.4629(6) 
b, Å 14.3541(7) 25.6963(9) 
c, Å 24.0168(12) 11.2643(4) 
β, deg 105.889(3) 111.515(2) 
V, Å3 7243.4(6) 3894.4(3) 
Z 8 4 
Dcalcd, mg/m3 1.578 1.562 
Absorption Coefficient 0.993 mm-1 0.964 mm-1 
cryst size (mm) 0.170 x 0.238 x 0.422 0.32 x 0.13 x 0.06 
R1, wR2 (I > 2(I)) 0.0313, 0.0683 0.0321, 0.0612 

GOF 1.082 1.037 
 
 

 
Figure 2. Crystal structure of cis-RuCl2(dppb)(ampy-Cl)•CHCl3 (1) (50% probability with 
hydrogen atoms omitted for clarity).  
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Figure 3. Crystal structure of cis-RuCl2(dppb)(ampy-OMe)•1.5CHCl3 (2) (50% probability with 
hydrogen atoms omitted for clarity). 
 
 
Table 2. Comparison of bond lengths (Å) and Angles (º) for 1•CHCl3, 2•1.5CHCl3 and 3.10  
 

 ampy-Cl (1) ampy-OMe (2) ampy (3) 
Ru-N1 2.1234(15) 2.1040(16) 2.116(2) 
Ru-N2 2.1287(14) 2.1494(16) 2.148(2) 
Ru-P1 2.2855(5) 2.2786(5) 2.2874(6) 
Ru-P2 2.2841(4) 2.2756(5) 2.2825(6) 
Ru-Cl1 2.4179(4) 2.4530(5) 2.4415(5) 
Ru-C12 2.4944(4) 2.4768(5) 2.4899(5) 

Cl1-Ru-Cl2 90.719(15) 90.115(16) 89.75(2) 
P1-Ru1-Cl2 93.748(16) 88.899(17) 93.45(2) 
P2-Ru1-Cl2 172.157(16) 176.367(18) 173.36(2) 
N1-Ru1-Cl2 79.63(4) 82.92(5) 81.22(6) 
N2-Ru1-Cl2 83.02(4) 84.20(4) 82.78(5) 
P1-Ru1-Cl1 93.580(16) 97.537(17) 94.98(2) 
P2-Ru-Cl1 87.081(16) 87.556(17) 87.81(2) 
N1-Ru-Cl1 166.20(4) 164.89(4) 166.23(6) 
N2-RuCl1 91.66(4) 89.45(4) 91.65(5) 
P1-Ru-P2 93.903(16) 94.169(18) 92.92(2) 
P1-Ru-N1 96.85(4) 95.73(4) 95.92(5) 
P1-Ru-N2 173.88(4) 170.20(4) 172.36(5) 
P2-Ru-N1 96.85(4) 95.73(4) 100.00(6) 
P2-RuN2 89.52(4) 92.99(4) 91.11(5) 
N1-Ru-N2 77.49(6) 76.55(6) 76.98(7) 
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Density functional theory studies of complexes 1-3 were initiated to complement 

experimental analyses. DFT functional benchmarking studies comparing experimental metrical 

data to that calculated for parent complex 3 revealed geometry optimization with PBE0 and BP86 

using LANL2TZ(f)/LANL2 for ruthenium and 6-31+G(d) for all other atoms best reproduced 

experimental values while functional M06 systematically overestimated bond lengths (Table S3). 

Metrical comparison of DFT optimized complexes 1-3 shows similar trends with para substitution 

to the ampy ligand as observed in the X-ray diffraction data above (Table S3).  

 
Complexes 1 and 2 were characterized by 1H, 13C{1H}, and 31P{1H} NMR spectroscopy. 

The NMR spectra of complexes 1 and 2 are similar to the previously reported cis-

RuCl2(dppb)(ampy) with a few distinguishing differences. The 1H NMR spectra show a total of 

23 hydrogens in the aromatic region which is consistent with the replacement of a proton with a 

chloride or a methoxy group at the para-position of the pyridine ring. The biggest shifts in the 

NMR spectra are for the protons located on the pyridine ring, specifically the meta-protons (with 

respect to the nitrogen). Complex 2 displays two upfield resonances at 6.24 ppm and 6.33 ppm; 

whereas, only one resonance is observed for complexes 1 and 3 at 6.75 ppm and 6.73 ppm, 

respectively. The other meta-proton resonance is presumed to be overlapping with the aromatic 

phenyl resonances. This upfield shift for complex 2 indicates a more electron rich pyridine ring 

than when there is a proton or chloro-substituent. Additionally, for complex 2 a peak at 3.65 ppm 

with an integration equivalent to three protons confirms the presence of the methoxy group. There 

is not a significant shift observed in the 31P{1H} NMR spectra for complex 1 and 2 compared to 

previously reported complex 3, and all three complexes showed two doublets around 56 ppm and 

40 ppm with a 2JPP = 37 Hz (Table 3). Queiroz et al. performed a detailed NMR study showing 
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that the location of the 31P chemical shift is dependent on the corresponding trans ligand, which 

was later confirmed by DFT calculations.10,12,28 Based on their analysis, the upfield resonance 

should correspond to the phosphorus atom that is trans to the pyridine ring; whereas, the resonance 

downfield is the phosphorus atom trans to the chloride. Calculations of 31P isotropic tensor values 

using the GIAO method are in qualitative agreement with those observed by experiment, 

confirming the phosphorus assignments (see below).    

 

Table 3. Comparison of 31P NMR data for RuCl2(dppb)(ampy-L). 

Ligand Trans-isomer Cis-isomer 1 
Ampy  

(Complexes 6 & 3) 
42.5 (d) & 41.5 (d) 

2JPP = 38 Hz 
54.9 (d) & 40.1 (d) 

2JPP = 37 Hz 
Ampy-Cl 

(Complexes 4 & 1) 
43.4 (d) & 42.0 (d) 

2JPP = 39 Hz 
54.0 (d) & 40.3 (d) 

2JPP = 37 Hz 
Ampy- OMe 

(Complexes 5 & 2) 
43.2 (d) & 42.4 (d) 

2JPP = 39 Hz 
55.7 (d) & 40.4 (d) 

2JPP = 37 Hz 
 
 

 
     Figure 3. 1H NMR spectrum of cis-RuCl2(dppb)(ampy-Cl) (1, top), cis-RuCl2(dppb)(ampy) 
(3, middle), cis-RuCl2(dppb)(ampy-OMe) (2, bottom) in CD2Cl2.  
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In order to gain a better understanding of the effect of substitution at the para-position of 

the pyridine ring on the electron density of the metal center, cyclic voltammetry experiments were 

conducted. All three complexes exhibited quasi-reversible one-electron waves (Figure 4). The 

Ru(III/II) potential indicated the following trend in the overall donor ability of the ligands: ampy-

Cl (0.217 V vs Fc0/+) < ampy (0.184 V vs Fc0/+) < ampy-OMe (0.165 V vs Fc0/+). Thus, the 

oxidation potential of the complexes is directly related to the substitution group of the para-

position of the pyridine ring. This trend is also observed for cis-RuCl2(dppb)(4,4’-X2-2,2’-bpy) 

complexes where the Cl-group (0.760 V vs Fc0/+) is significantly less electron donating than the 

OMe-group (0.570 V vs Fc0/+).29 The Ru(III/II) potentials of complexes 1 and 2 differed by 0.052 

V, thus supporting that substitution at the para-position of the pyridine ring has an effect on the 

electronic profile of the metal center. Furthermore, it supports our original hypothesis that there is 

a more subtle change in the electronic profile of the metal center with the alteration of only one 

para-substitution in comparison to disubstitution as in the case with bipyridine. (ampy-Y = 0.052 

V vs. bpy: 0.190 V).  

 
Figure 4. Cyclic voltammogram for cis-RuCl2(dppb)(ampy-Cl) (1), cis-RuCl2(dppb)(ampy) (3) 
and cis-RuCl2(dppb)(ampy-OMe) (2). Measurements carried out in CH2Cl2 using [NBu4][PF6] (0.1 
M) electrolyte with 1 mM of complex concentration and at scan rate of 100 mV s-1. Potentials are 
in V referenced against Fc0/Fc+. 
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The electronic structures of complexes 1-3 were further characterized with DFT 

calculations. Redox potentials relative to Fc0/Fc+ were calculated using the M06 functional and 

found to be in reasonable agreement with cyclic voltammetry experimental data (∆E1/2(1→3) = 0.05 

V; ∆E1/2(2→3) = –0.03 V; ∆E1/2(1→2) = 0.08) (Table S4 and S5). The highest occupied molecular 

orbital (HOMO) for all complexes is dxy in character with π* interactions with the chloride ligands 

(Figure 5). The next two occupied orbitals, HOMO–1 and HOMO–2, are dxz and dyz with π* 

interaction to a single chloride in each case. The lowest unoccupied molecular orbital (LUMO) is 

primarily pyridine π* in character with a very small amount of the unfilled dz2 orbital character. 

Higher lying LUMOs feature significant delocalization at the Ru and ampy ligand.  
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Figure 5. A) Frontier orbitals and the associated energies of complexes 1, 2, and 3. B) 
Visualization of molecular orbitals for complex 3. 
 

The UV-Vis spectra of all three complexes show intense bands at <330 nm and 353 - 365 

nm (Figure 6). These peaks have been observed in the literature for other Ru(dppb)(2,2’-bipy) and 

Cu(ampy) complexes.29,30  The peak less than 330 nm can be related to the ligand to ligand charge 

transfer from the substituted amino-pyridine ligand.31,32 The higher wavelength bands can be 
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assigned to charge transfer transitions (Ru(II)d𝛑→𝛑*). Time-dependent DFT calculations are 

consistent with this assignment. The most intense transitions in the 350-365 nm range are 

composed of HOMO-2 (cf., Figure 5) to multiple LUMO levels (Figure S24). Since these 

transitions occur from metal-based d orbitals, increased electron donation from the ampy-L ligand 

leads to blueshifted transitions.  

 

 
Figure 6. UV-vis spectra in CH2Cl2 (0.3 mM) of complex 1 (blue line), complex 2 (black 

line) and complex 3 (red line). 
 

Catalytic Transfer Hydrogenation of Ketones 

Ru(II) complexes containing phosphine and diamine ligands have been published as 

successful catalyst for hydrogenation of ketones.33–35  Specially related to our complexes, 

RuCl2(dppb)(ampy) has previously been reported to have high catalytic activity for transfer 

hydrogenation of ketones (Scheme 2).10 Moreover, a previous published study showed that Ru(II) 

complexes with more electron rich metal centers typically yield higher rates of catalytic transfer 
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hydrogenations.34 Catalysis was probed with complexes 1 and 2 to determine if changing the 

electronic profile of the metal center had an similar impact on catalytic activity. 

 

Scheme 2. Generic Scheme of Transfer Hydrogenation of Ketones 

  Transfer hydrogenation reactions were conducted between several ketones and the 

hydrogen donor, 2-propanol, with complexes 1 and 2 and NaOH. The relative ratio of 

substrate:Ru:NaOH was 2000:1:40 used was identical to the conditions previously reported to 

achieve an ideal replication and comparison.10  Complexes 1 and 2 were observed to be as 

catalytically robust as previous reported complex 3 with substrates 1-(4-chlorophenyl)ethan-1-one, 

(E)-4-phenylbut-3-en-2-one, and benzophenone. All reactions gave quantitative to near 

quantitative yields (by 1H NMR spectroscopy based on an internal standard) in short reaction times 

(c.a. 4 min). Complexes 1 and 2 were also found to be selective for the carbonyl compared to the 

alkene when an unsaturated ketone was utilized. Although, there was no significant difference in 

the overall final yield between the three complexes, it was unknown if a difference in the rate of 

catalysis could be observed. To determine if the subtle difference in electronics of the Ru-center 

impact the rate of catalysis, we measured a turn-over-number (TON) and an estimated single point 

turn-over-frequency at 1 minute for catalysis with benzophenone, using conditions and protocols 

previously reported for similar catalysts. Due to the potential error that could occur with a one 

minute time point, kinetics were attempted with increased substrate concentration and decreased 

catalyst loading (20000:1:40 or 4000:1:40) in an attempt to slow the rate of the reaction.  
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Unfortunately, this approach led to inconsistent results and incomplete reaction yields.  

Additionally, attempts to slow the reaction speed by lowering the temperature still did not provide 

a method to collect consistent data at longer intervals. Nonetheless, using the TON at 1 min does 

suggest a subtle different in the rate of catalysis was observed between the three complexes, with 

2 having the highest TOF (89,400 h-1). A pattern that agrees with the previous observed increase 

in rate for more electron rich metal centers.  However, a extensive and detailed studies would need 

to be completed to draw any definite conclusions. 

Table 4. Catalytic Transfer Hydrogenation of Ketones using cis-RuCl2(dppb)(ampy-L). 
 

 
 
Conditions: 0.1 M ketone in 2-propanol, ketone:Ru:NaOH = 2000:1:40. Stated yields are by 1H 
NMR with respect to an internal standard. Turnover frequency (moles of ketone converted to 
alcohol per mole of catalyst per hour ) at one minute. aPreviously reported in reference 10.   
 

B. Synthesis and characterization of trans-RuCl2(dppb)(ampy-L) 

The complexes 4 and 5, trans-RuCl2(dppb)(ampy-L) (L = Cl or OMe) were synthesized in 

a similar manner as previously reported for trans-RuCl2(dppb)(ampy) (6).10 The reaction between 

RuCl2(dppb)PPh3 and ampy-L (L = Cl or OMe) in the dark at room temperature provided pure 

complexes (Scheme 3). However, due to the increased solubility for complexes 4 and 5, an 
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alternative isolation process was utilized than previously published. Specifically, for complex 5 

the reaction mixture was concentrated to dryness, the solid was suspended in diethyl ether and 

collected on a frit. Unlike the large separation of the doublets in the 31P NMR spectra for complexes 

1 and 2, the trans-complexes exhibited two doublets at c.a. 42 ppm that were closer together 

resulting in significant leaning.       

 

Scheme 3. Synthesis of trans-RuCl2(dppb)(ampy-L). 
 
 

In order to understand the difference in the electrochemistry of the trans-complexes 

compared to the cis-complexes, cyclic voltammetry studies under the same conditions described 

above were performed (Figure 7). Unlike the cis-complexes, the trans-complexes interestingly did 

not show well-behaved redox behavior (i.e., reversible or quasi reservable events). However, the 

trend was seen for the trans-RuCl2(dppb)(ampy-L) complexes was similar to their cis isomers in 

the anodic current (Ea). Moreover, all of the cis-complexes show higher oxidation potentials 

ranging from approximately 34 mV to 112 mV greater than their respective trans-isomers. These 

anodic shifts upon isomerization are well documented for Ru(II) chemistry.29  

The electronic structure of complexes 4-6 are also similar with a Ru-based dxy HOMO and 

pyridine-based π* LUMO (Figure S27), and a more pronounced blueshift is seen in the electronic 

spectrum (𝝺 = 333 vs. 398 nm for 5 and 4, respectively, Figure  8) that is consistent with larger 

frontier molecular orbital energy differences for the trans relative to the cis complexes. TD-DFT 

calculations indicate the most intense transitions in the case of complexes 4 and 6 in the 380-400 
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nm range (cf., Figure 7) are composed of HOMO-1 and HOMO to LUMO and LUMO+2 (Figure 

S28). Similarly, the most intense transition for complex 5 at 333 nm consists of significant HOMO-

2, HOMO-1, and HOMO contributions to LUMO and several LUMO+n states.  

 

 
Figure 7. Cyclic voltammogram for trans-RuCl2(dppb)(ampy-Cl) (4), trans-RuCl2(dppb)(ampy) 
(6) and trans-RuCl2(dppb)(ampy-OMe) (5). Measurements carried out in CH2Cl2 using 
[NBu4][PF6] (0.1 M) electrolyte with 1 mM of complex concentration and at scan rate of 100 mV 
s-1. Potentials are in V referenced against Fc0/Fc+. 
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Figure 8. UV-vis spectra in CH2Cl2 (0.3 mM) of Complex 4 (gold line), Complex 5 
(green line) and Complex 6 (purple line). 

 
 

Previous publications have demonstrated that [RuCl2(dppb)(N-bichelates)] complexes 

isomerize from a trans-configuration to their cis-isomers under the correct conditions. Specifically, 

[RuCl2(dppb)(4,4’-X2-2,2’bipy)] complexes isomerize in the presence of heat and light (Scheme 

4).29 Santiago and coworkers observed a noticeable difference in the rate of isomerization for 

[RuCl2(dppb)(4,4’-X2-2,2’bipy)] based on the electron density at the metal center, where the more 

electron rich metal centers would isomerize more rapidly than electron deficient metals.29 NMR 

and UV-Vis experiments were conducted on all three trans complexes to gain a better 

understanding of how electron density impacts the rate of isomerization from the trans-complexes 

to the cis-isomer 1 complexes (Figure 9, Figure 10). Upon exposure to light and heat, the 

complexes isomerize exclusively to the more stable cis-isomer 1 under conditions we have 

explored. A UV-Vis spectrum was collected every 10 minutes while the sample was exposed to 

white light and heated to 308 K. As seen in Figure 9, there is a single isosbestic point indicating 
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that the final product, cis-RuCl2(dppb)(ampy) (3), is the only product formed. The clean 

conversion from the trans-isomer to the cis-isomer was also observed for complexes 4 and 5 

(Figures S9, S11, S13, and S14). Additionally, experiments were conducted to confirmed that the 

trans-complex does not convert to the cis form at an appreciable rate at room temperature and at 

308 K in complete darkness; supporting previous findings that such a process requires the presence 

of light. (Figures S18, S19, S20). 

The rate of isomerization of each of the complexes was determined using 1H NMR 

spectroscopy (Figure 10). An NMR tube with trans-complex (6) was heated to 308 K in the 

presence of white light. The reaction was followed by the disappearance of the trans-ortho-

resonance at 8.82 ppm and the appearance of cis-ortho-resonance at 9.16 ppm. The rates of 

isomerization were determined by plotting [cis-Ru] vs time (Table 5), where the concentration of 

Ru was calculated from the integration of the value for the ortho-H versus an internal standard in 

the 1H spectrum (Figure 11). The rates for the appearance and disappearance of each isomer were 

in strong agreement for complex 4 and 6. However, for complex 5 the rates were different and 

upon further probing it was determined that the complex was susceptible to decomposition after 

prolonged heating in dichloromethane. The rate of isomerization for complex 5 was studied at 

lower concentrations by UV-Vis in both toluene and dichloromethane and the rate of 

disappearance and appearance were in agreement. Unlike the Ru(dppb)(bpy) complexes, we did 

not see a change in the rate due to the difference in electron density. Mechanistic studies on the 

Ru(dppb)(bpy) systems indicate the isomerization is likely proceeding through a twisting 

mechanism and main driving force for the isomerization process is related to the Ru-Cl bond 

character which is directly impacted by the ligands a metal center.29  Based on the X-ray 

crystallography data for our three complexes no significant difference in Ru-Cl bond length  were 
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observed thus supporting the lack of differences in rate of isomerization. Therefore, we 

hypothesize that the subtle difference in the electron density must be more significant to impact 

the Ru-Cl bond character and consequently the rate of isomerization.  

 

Scheme 4. Isomerization of trans-RuCl2(dppb)(ampy-L) to cis-RuCl2(dppb)(ampy-L) 
with heat in the presence of light. 

 
 

 
Figure 9. Photoisomerization process under white light of trans-RuCl2(dppb)(ampy) (complex 6, 

purple line) to cis-RuCl2(dppb)(ampy) (complex 3, red line) in CH2Cl2 solution (0.25 mM) at 
308 K. 
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Figure 10. Photoisomerization of trans-RuCl2(dppb)(ampy)(6) to cis-RuCl2(dppb)(ampy) (3) in 
the presence of light monitored at 308 K by 1H NMR Spectroscopy (CD2Cl2, r.t., external 
standard: 1,3,5- trimethxoybenzene 6.05 ppm and 3.73 ppm)  
 

Table 5. Isomerization rate constant data of trans-RuCl2(dppb)(ampy-L) to cis-
RuCl2(dppb)(ampy-L) with heat in the presence of light 

Ligand Isomerization Rate Constant of 
Disappearance of trans-product (min-1) 

Ampy-H 0.00193(2) 

Ampy-Cl 0.00190(7) 

Ampy-OMe 0.0016(3) 
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Figure 11. First order plots for the isomerization of trans-RuCl2(dppb)(ampy) (6) to cis-
RuCl2(dppb)(ampy) (3) at 308 K.  

 

Conclusions 

In summary, we have demonstrated that four ruthenium (II) complexes: cis-RuCl2(dppb)(ampy-

Cl) (1), cis-RuCl2(dppb)(ampy-OMe) (2), trans-RuCl2(dppb)(ampy-Cl) (4), trans-

RuCl2(dppb)(ampy-OMe) (5) can be prepared in high yield from [RuCl2(PPh3)3] or 

[RuCl2(dppb)(PPh3)]. The replacement of a second substituted pyridine by an amine (bipyridine 

versus aminopyridine) yields a more subtle change in the electronic density around the metal center 

This subtle difference is observable via cyclic voltammetry changes as well as by the expected 

shifts in peaks seen in UV-Vis and NMR spectroscopy. X-ray crystallography showed only small 

changes in the bond angles or bond distances across the series, suggesting that electronic density 

changes at the metal does not generates significant structural differences. 

These complexes provided an opportunity to explore if the subtle change in the electron 

density of the metal center impacts catalysis and trans/cis isomerization. The complexes were 

probed as potential catalysts for the selective reduction of ketones to alcohols through transfer 

hydrogenation. All three of the cis complexes are capable of catalysis, with quantitative or near 
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quantitative conversion to the desired product. Additionally, catalytic transfer hydrogenation 

reactions are conducted in short time frames (> 5 min). A subtle difference in the rate of 

hydrogenation (TOF) at 1 minute is observed for 2, the most electron rich complex. Although, a 

potential subtle change in the rate of hydrogenation was observed, the slight changes in the metal 

center’s electron density are not significant enough to cause a difference in the rates of 

isomerization. Lastly, trans-cis isomerization of these complexes confirmed that the cis complexes 

is favored under our general conditions, as the trans complexes fully isomerizes to its cis isomer 

under in the presence of light and heat. Future exploration of other derivatives and more detailed 

mechanistic studies are underway in hopes of improving the overall possible catalysis of 

complexes such as these.   

 

Experimental Section 

General Methods. Unless otherwise noted, all synthetic procedures were performed under 

anaerobic conditions in a nitrogen-filled glovebox or by using standard Schlenk techniques. 

Toluene-d3, methylene chloride-d2 and chloroform-d1 were stored under a N2 atmosphere. 1H 

NMR, 13C{1H} NMR (operating frequency 125 MHz) and 31P{1H} NMR (operating frequency 

121 MHz) spectra were recorded on a JEOL ECS 400 MHz spectrometer. All 1H and 13C{1H} 

NMR spectra are referenced against residual proton signals (1H NMR) or the 13C resonances of 

the deuterated solvent (13C{1H} NMR). UV-vis data was obtained using a Hewlett Packard 8454 

diode array spectrophotometer with a scan range from 200 nm to 1100 nm in a 10 mm path quartz 

cell. The spectrometer was equipped with HP Chemstation software and a Unisoku cryostat to 

provide needed heat (308 K) for the photoisomerization experiments. Electrochemical 

measurements were carried out on a model 620E Electrochemical Workstation (CH Instruments). 



 

24 
 

3 mL of a dichloromethane solution of the Ru complexes (1 mM) containing 0.1 M of [NBu4][PF6] 

were prepared in the glovebox and were transferred to an electrochemical cell outside the 

glovebox, which has been purged with Ar for 10 minutes (note: a conventional three-electrode cell 

was used with a glassy carbon working electrode, an Ag/AgNO3 (0.01 M) and a platinum wire as 

the counter electrode). The potentials were measured with respect to the Ag/AgNO3 reference 

electrode and converted to Fc0/+ (Fc0/+ potential measured under the same experimental 

conditions). Cyclic voltammograms were obtained under an Ar atmosphere at a scan rate of 100 

mV/s. For the trans isomers, the CV cell and syringe were covered with Al foil to prevent the 

exposure to light. The preparation, isolation and characterization of RuCl2(PPh3)336, (4-chloro-

pyridin-2-yl)methylamine37, 5-(butylamino)pentan-1-ol38, cis-RuCl2(dppb)(ampy)10 and trans-

RuCl2(dppb)(ampy)10 have been previously reported. 2-(aminomethyl)pyridine (ampy), 

diphenylphosphinobutane (dppb) and other reagents were obtained from a commercial source and 

used as received unless otherwise indicated. All solvents were purchased as anhydrous solvents 

and used as received.  

X-ray Crystallography Crystals suitable for structural analysis were grown by diffusion 

of pentane into chloroform. The samples were suspended in mineral oil at ambient temperature, 

mounted on a MiTeGen Micromount and transferred to a Bruker AXS SMART APEXII CCD X-

ray diffractometer. The X-ray diffraction data were collected at 100(2) K using Mo-Kα (λ = 

0.71073 Å) radiation. The frames were integrated with the Bruker SAINT software package using 

a narrow-frame algorithm. The data  was corrected for absorption effects using the Multi-Scan 

method (SADABS).39 Structures were solved and refined using the SHELXTL Software 

Package,40 and molecular diagrams were generated using X-SEED.41,42 Table 1 summarizes the 
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data collection and refinement parameters for the structures reported in this manuscript. Additional 

structural data is reported in the supplementary information and can be accessed from the CCDC. 

 

(4-methoxy-pyridin-2-yl)methylamine. This compound has been previously published but a 

modified procedure was conducted.37 (4-methoxypyridin-4-yl)methanol (1.0 g, 7.19 mmol) and 

triphenylphosphine (5.65 g, 21.56 mmol) were added to a Schlenk flask and placed in an ice bath 

under nitrogen. Cold anhydrous THF (26 mL) was added by syringe and the reaction was stirred 

for 10 minutes. DIAD (2.12 mL, 10.78 mmol) was added dropwise over 10 minutes to the reaction 

flask and the solution became a light orange. The same process was repeated adding 

diphenylphosphoroylazide (1.45 mL, 8.62 mmol) and a white solid precipitated out of the solution. 

The reaction was left to stir overnight under nitrogen in the ice bath and allowed to warm to 

ambient temperature. The reaction flask was then removed from the dewar and warmed to room 

temperature over an hour. After warming, the reaction was stirred and heated to 55 °C for an hour. 

RO water (5 mL) was added and the reaction was stirred and heated to 55 °C for an hour and then 

concentrated down on the Schlenk line. The residue was dissolved in dichloromethane (45 mL) 

and RO water (45 mL) and placed in a separation funnel. The pH of the aqueous layer was adjusted 

to a pH of 3 with H2SO4. The dichloromethane layer was drained, and an additional 45 mL of 

dichloromethane was added to wash the aqueous layer. The pH of the aqueous layer was brought 

to a pH of 12 with NaOH and extracted three times with dichloromethane (3 x 45 mL). The three 

extraction layers were dried with Na2SO4 and concentrated the solution down to yield an orange 

oil and solid. The produce was columned on silica gel using a 300:30:1 CHCl3:CH3OH:NH3 eluent. 

The characterization data matches previously published.  
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cis-RuCl2[Ph2P(CH2)4PPh2](ampy-Cl) (1). Method 1: RuCl2(PPh3)3 (0.300 g, 0.310 mmol) and 

toluene (4.5 mL) was added to (4-chloro-pyridin-2-yl)methanamine (0.530 g, 0.370 mmol), and 

stirred for 1 hour. 1,4-bis(diphenylphosphino)butane (0.130 g, 0.310 mmol) was added to the 

solution and the reaction was refluxed overnight. The reaction was cooled to room temperature 

and a yellow solid was obtained by vacuum filtration, washed with diethyl ether, and dried under 

vacuum (0.179 g, 78%). Method 2: RuCl2(dppb)(PPh3) (0.265 g, 0.306 mmol) was dissolved in 

toluene (4 mL) in a round bottom flask. (4-chloro-pyridin-2-yl)methylamine (0.052 g, 0.366 

mmol) was dissolved in toluene (2 mL) and was added to the reaction flask to form a brown-green 

heterogenous mixture. The mixture was refluxed overnight and then allowed to cool to room 

temperature. A yellow precipitate was      collected by vacuum filtration, washed with pentane and 

dried under vacuum (0.171 g, 76%). 1H NMR (400 MHz, CDCl3): 9.24 (m, 1H; o-C5H3N), 8.17 

(m, 2H; aromatic protons), 7.92 (t, 3JHH = 8 Hz, 2H; aromatic protons), 7.57-6.81 (m, 17H; 

aromatic protons, C5H3N), 6.66 (s, 1H; C5H3N), 4.09 (m, 1H; CH2), 3.72 (m, 2H; NH2), 3.21 (m, 

1H; CH2), 2.83 (m, 1H; CH2), 2.40-0.90 (m, 7H; CH2). 1H NMR (400 MHz, CD2Cl2) δ 9.07 (m, 

1H, o-C5H3N), 8.19-6.85 (m, 21H, aromatic protons), 6.75 (s, 1H, C5H3N), 4.01 (m, 1H, 

P(CH2)4P), 3.70 (m, 2H, NH2) 3.16 (m, 1H, CH2N), 2.80 (m, 1H, P(CH2)4P), 2.31-1.10 (m, 7H, 

P(CH2)4P, NH2). 13C{1H} NMR (101 MHz, CD2Cl2) δ 159.09 (s, NCCH2, of C5H3N), 151.54 (s, 

CH of C5H3N), 143.65 - 126.92 (m, aromatic carbons), 34.40 (d, 1JCP = 27 Hz, CH2P), 29.15 (d, 

1JCP = 30 Hz, CH2P), 27.19 (s, CH2CH2P) 19.24 (s, CH2CH2P). 31P{1H} NMR (162 MHz, CDCl3): 

𝛿 54.02 (d, 2JPP = 37 Hz), 40.74 (d, 2JPP = 37 Hz). UV-Vis (CH2Cl2) λmax [nm] (ε x 10-3 M-1, cm-1) 

365 (3.5), 502 (0.6). CV (CH2Cl2, 100 mV) E1/2 = 0.217 V. Anal. Calc’d. for 

C34H35Cl3N2P2Ru•CHCl3: C, 48.84; H, 4.22; N, 3.26 Found: C, 48.84; H, 4.16; N, 3.25.  
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cis-RuCl2[Ph2P(CH2)4PPh2](ampy-OMe) (2). Method 1: (4-methoxypyridin-2-yl)methanamine 

(0.510 g, 3.70 mmol) was added to a Schlenk flask and dissolved in toluene (4.5 mL). 

[RuCl2(PPh3)3] (0.300 g, 0.31 mmol) was added to the flask, and the tan solution was left to stir 

for 1 hour. 1,4-bis(diphenylphosphino)butane (0.130 g, 0.310 mmol) was added to the reaction 

and the reaction was refluxed overnight. The solution turned a yellow green color. The reaction 

was cooled to room temperature and a bright yellow solid was collected by vacuum filtration, 

washed with diethyl ether, and dried under vacuum (0.180 g, 81%). Method 2: (4-methoxypyridin-

2-yl)methanamine (0.024 g, 0.174 mmol) was added to a Schlenk flask. RuCl2(dppb)(PPh3) (0.125 

g, 0.145 mmol) was added to the reaction flask and dissolved in toluene (3.0 mL) and refluxed for 

20 hours in light. The reaction was cooled to room temperature and the yellow precipitate was 

collect on a fine porosity frit, washed with diethyl ether and left to dry under vacuum  (0.063 g, 

59%).1H NMR (400 MHz, CD2Cl2) δ 8.90 (m, 1H, o-C5H3N), 8.26 – 6.70 (m, 20H, aromatic 

protons), 6.37 (m, 1H, m-C5H3N) 6.25 (d, 4JHH = 3 Hz, 1H, m-C5H3N), 4.01 (m, 1H, P(CH2)4P), 

3.73 – 3.57 (m, 5H, overlap of OCH3, CH2N, NH2), 3.14 (m, 1H,  CH2N), 2.78 (m, 1H, P(CH2)4P), 

2.35 – 1.10 (m, 7H, P(CH2)4P, NH2). 13C{1H} NMR (101 MHz, CD2Cl2) δ 165.51 (s, C(OMe) of 

C5H3N), 158.64 (s, NCCH2 of C5H3N), 151.40 (s, CH of C5H3N), 141.28 – 106.27 (m, aromatic 

carbons), 55.59 (s, OCH3), 34.49 (d, 1JCP = 27 Hz, CH2P), 29.32  (d, 1JCP = 30 Hz, CH2P) , 27.25 

(s, CH2CH2P) 19.30 (s, CH2CH2P). 31P{1H} NMR (162 MHz, CD2Cl2): 𝛿 55.20 (d, 2JPP = 37 Hz, 

dppb), 40.84 (d, 2JPP = 37 Hz, dppb). UV-Vis (CH2Cl2) 𝝀max [nm] (ɛ x 10–3  M-1 cm-1) 353 (3.93), 

486 (0.442). CV (CH2Cl2, 100 mV) E1/2 = 0.165 V. Anal. Calcd. for C35H38Cl2N2OP2Ru·0.5H2O: 

C, 56.38; H, 5.27; N, 3.76. Found: C, 56.31; H, 5.23; N, 3.88.  
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cis-RuCl2[Ph2P(CH2)4PPh2](ampy) (3). The complex was synthesized by the previously 

published method. The characterization data was in agreement with previously published data.25  

UV-Vis (CH2Cl2) λmax [nm] (ε x 10-3 , M-1 cm-1) 305 (3.05), 358 (2.94) CV (CH2Cl2, 100 mV) 

E1/2 = 0.184 V.  

 

trans-RuCl2[Ph2P(CH2)4PPh2](ampy-Cl) (4). RuCl2(dppb)(PPh3) (0.350 g, 0.370 mmol) was  

dissolved in dichloromethane (5 mL). (4-chloro-pyridin-2-yl)methylamine (ampy-Cl) (0.081 g mg, 

0.620 mmol) dissolved in dichloromethane (1 mL) and added dropwise to the stirring solution of 

RuCl2(dppb)(PPh3). The reaction was stirred at room temperature for 1 hour in the dark. The 

solution slowly turned from dark green to dark yellow, and the resulting solution was filtered 

through celite. The reaction mixture was concentrated in vacuo to approximately 3 mL. Pentane 

(c.a. 6 mL) was added slowly and the reaction mixture was left to stir for 10 minutes. The yellow 

solid was collected on a fine frit, washed with diethyl ether (3 mL) and dried under vacuum (0.160 

g, 52%). 1H NMR (400 MHz, CD2Cl2) δ 8.67 (s, 1H, C5H3N), 7.75-7.18 (m, 21H; aromatic 

protons), 6.77 (s, 1H; C5H3N), 4.23 (m, 1H; C5H3N), 4.21 (m, 2H; NH2), 3.18 (m, 1H; CH2), 

2.91(m, 1H; CH2), 2.44-1.66 (m, 7H; CH2). 13C{1H} NMR (101 MHz, CD2Cl2) δ 165.20 (NCCH2 

of C5H3N), 155.70 (CH of C5H3P), 144.31-121.11 (m, aromatic carbons), 49.72 (s, CH2N), 32.17 

(d, 1JCP = 30 Hz, CH2P), 25.43 (s, CH2CH2P), 23.99 (d, 1JCP = 27.5 Hz, CH2P), 19.80 (s, 

CH2CH2P). 31P{1H} NMR (162 MHz, CD2Cl2) δ 43.10 (d, 2JPP = 38 Hz), 41.79 (d, 2JPP = 38 Hz).  

UV-Vis (CH2Cl2) λmax [nm] (ε x 10-3 , M-1 cm-1) 331 (2.90), 398 (2.66) CV (CH2Cl2, 100 mV) Eap 

= 0.183 V. Anal. Calc’d. for C34H35Cl3N2P2Ru•0.5CH2Cl2: C, 52.89; H, 4.63; N, 3.58 Found: C, 

52.50; H, 4.63; N, 3.69.  

 

https://www.zotero.org/google-docs/?zawj4w
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trans-RuCl2[Ph2P(CH2)4PPh2](ampy-OMe) (5). (4-methoxypyridin-2-yl)methanamine (0.061 

g, 0.44 mmol) was dissolved in dichloromethane (6 mL) and added dropwise to RuCl2(dppb)(PPh3) 

(0.230 g, 0.370 mmol). The reaction was stirred at room temperature in the dark for 1.5 hours, and 

the solution turned from dark green to yellow. The solution was filtered through celite and reduced 

by vacuum to dryness. Diethyl ether was added to the remaining solid. The precipitate was 

collected via vacuum filtration on a frit, washed with diethyl ether and left to dry under vacuum 

(0.157 g, 52%). 1H NMR (400 MHz, CD2Cl2) δ 8.58 (dd, 3JHH = 6.6 Hz, JHH = 3 Hz, 1H, o-C5H4N), 

7.76 - 7.15 (m, 20H, aromatic protons), 6.69 (d, 4JHH = 3 Hz, 1H, C5H4N), 6.32 (dd, 3JHH = 6.7, 

4JHH = 3 Hz, 1H, C5H4N), 4.17 (pseudo t , 3JHH = 6.3 Hz, 2H, NCH2), 3.74 (s, 3H, OCH3), 3.15 (m, 

2H, P(CH2)4P), 2.91 (m, 2H, NH2), 2.39 (m, 2H, P(CH2)4P), 1.74 – 1.45 (m, 4H, P(CH2)4P). 

13C{1H} NMR (101 MHz, CD2Cl2) δ 165.87 (s, C(OMe) of C5H3N), 164.94 (NCCH2 of C5H3N), 

155.76 (CH of C5H3N), 138.60 - 106.74 (m, aromatic carbons), 55.64 (OCH3), 49.93 (s, CH2N), 

32.97 (d, 1JCP = 29 Hz, CH2P), 25.69 (s, CH2CH2P), 24.29 (d, 1JCP = 27 Hz, CH2P), 19.69 (s, 

CH2CH2P). 31P{1H} NMR (162 MHz, CD2Cl2) δ 43.23 (d, 2JPP = 38 Hz), 42.38 (d, 2JPP = 38 

Hz).UV-Vis (CH2Cl2) λmax [nm] (ε x 10-3 , M-1 cm-1) 333 (3.61), 458 (0.230) CV (CH2Cl2, 100 

mV) Eap = 0.053 V Anal. Calcd. for C35H38Cl2N2OP2Ru•0.5H2O: C, 56.38; H, 5.27; N, 3.76. 

Found: C, 56.20 H, 5.18; N, 3.91.  

 

trans-RuCl2[Ph2P(CH2)4PPh2](ampy) (6). The complex was synthesized by the previously 

published method. The characterization data was in agreement with previously published data.10 

UV-Vis (CH2Cl2) lmax [nm] (ɛ x 10–3) 384 (2.87), 458 (sh, 0.230). CV (CH2Cl2, 100 mV) Eap= 

0.112 V. 
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General Procedure for NMR Isomerization Reactions. Dissolved trans-RuCl2(dppb)(ampy) 

(0.041 g, 0.057 mmol) was dissolved in 2 mL of CD2Cl2. The solution (600 μL, 0.017 mmol) was 

added to a screwtop NMR tube and an internal capillary (0.0042 mmol of 1,3,5-

trimethoxybenzene) was added to the tube. The NMR tube was heated at 308 K in an oil bath under 

light in the hood. A 1H NMR spectrum (d1 = 15 s) was taken at room temperature every 75 minutes. 

The ortho-H on the pyridine (trans: 8.82 ppm and cis: 9.16 ppm) was integrated versus the 

aromatic hydrogens on 1,3,5-trimethoxybenzene (6.05 ppm).  

 

General Procedure for UV-Vis Isomerization Reaction. In the glovebox a 0.25 mM solution of 

trans-RuCl2(dppb)(ampy-L) (L = Cl, OMe and H) in CH2Cl2 was added to an air-free UV-Vis 

cuvette. During preparing and transformation of the solution, aluminum foil was used to avoid 

light exposure. The UV-Vis cuvette was heated to 308 K on a Unisoku cryostat in the presence of 

direct shining of white LED light, and the spectra were collected every 10 minutes. 

General Procedure for Catalytic Transfer Hydrogenation in 2-propanol.10 Under air free 

conditions, the catalyst solution is prepared by adding the ruthenium complex (20 µmol) to 12 mL 

of 2-propanol with stirring. A second 0.1 M solution of NaOH in 2-propanol was prepared. The 

respected ketone (9.5 mL of a 0.1 M 2-propanol solution) was added to a flask and refluxed. The 

catalyst solution was generated by adding 1 mL of the NaOH solution to 1.5 mL of the Ru-solution. 

To each reaction flask containing ketone, 0.5 mL of the final Ru-NaOH solution was added and 

refluxed for the respective time. Following the reaction, the flasks were promptly placed into ice 

baths. The solution was then concentrated down on the rotovap. The final yield was determined 

by 1H NMR spectroscopy with mesitylene as an internal standard.  
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Computational Methods. All calculations were performed using the Gaussian 16 package.43 

Geometry optimizations were performed in the gas phase using the M06 functional44 with 

LANL2TZ(f) (Ru)45  and 6-31+G(d)46–50 (Cl, P, N, C, H, O) basis sets (BS1). Frequency 

calculations at the same level of theory in each case were performed to validate stationary points, 

with zero imaginary frequencies reflecting ground state minima. Single-point self-consistent 

reaction field calculations (SCRF) were also performed using a larger basis set combination, 

LANL2TZ(f) (Ru) and 6-311++G(3df,2p) (Cl, P, N, C, H, O) (BS2), with the Polarizable 

Continuum Model (PCM)51 in dichloromethane. Redox potentials relative to Fc0/Fc+ were 

calculated by optimizing respective RuII/III and Fc0/Fc+ complexes followed by frequency 

calculation to obtain their respective thermochemical correction to Gibbs free energy and solvation 

calculation to obtain the solvation corrected total energy. TD-DFT calculations were performed 

by first optimizing complexes 1-6 in the gas phase with the PBE0 functional52   and BS1, followed 

by calculation of at least 10 singlet state excitations using PBE0 with BS2 and PCM 

(dichloromethane). Gabedit53 was used to generate molecular orbital plots as well as computational 

UV-Vis spectra. JMol54 was used to render images of optimized molecular structures. 

ASSOCIATED CONTENT 

Supporting Information 

Full complex characterization including crystallographic data for complexes 1 and 2 (CCDC 

2051101 and CCDC 2051102) (CIF), NMR spectra, UV-Vis spectra kinetics data, and 

computational results. This material is available free of charge via the Internet at 
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