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ABSTRACT: We describe the mechanism, scope, and catalyst evolution for our ruthenium-based coupling of amines and alcohols, which proceeds  
from a [(η6-cymene)RuCl(PyCH2PBu2

t)]OTf (1) precatalyst. The method selectively produces secondary amines through a hydrogen borrowing 
mechanism and is successfully applied to several heterocyclic carbinol substrates. Under the reaction conditions, precatalyst 1 evolves through a se-
ries of catalytic intermediates: [(η6-cymene)RuH(PyCH2PBu2

t)]OTf (3), [Ru3H2Cl2(CO)(PyCH2PBut
2)2{µ-(C5H3N)CH2PBut

2}]OTf (4), and a 
diastereomeric pair of [Ru2HCl(CO)2(PyCH2PBut

2)2(µ-O2CPrn)]X (trans-5, X = Cl; cis-6, X = OTf ). The structures of 4 and 6 were established by 
single-crystal X-ray diffraction. A study of catalytic activity shows that 4 is a dormant (but alive) form of the catalyst, whereas 5 and 6 are the ulti-
mate dead forms. Electrochemical studies show that 4 is redox-active and undergoes electrochemically-reversible one-electron oxidation at  E1/2 = 
0.442 V (vs. Fc+/Fc) in CH2Cl2 solution. We discuss the factors that govern formation of 3 – 6 and the role of selective ruthenium carbonylation, 
which is essential for enabling generation of the active catalyst. We also connect these discoveries to the identification of conditions for amination of  
aliphatic alcohols, which eluded us until we understood the catalyst’s complex speciation behavior.
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INTRODUCTION
Over the last  decade many ruthenium-based  catalytic  systems have 
been developed that enable alcohol-amine coupling through hydrogen 
borrowing. This reaction is of vital importance because of its relevance 
to  the  efficient  preparation  of  medicinal  synthons.  We  divide  the 
known catalysts into three structural groups. First, some catalysts are 
formed  in  situ  from  a  metal  precursor  (such  as  Ru3(CO)12,1–5 
[RuCl2(η6-p-cymene)]2,6–13 [RuCl2(COD)]n,14 RuCl2(PPh3)3,7 
[Cp*RuCl2]2,15 or RuCl3·xH2O16) and a phosphine. Second, some pro-
ceed  from  arene  complexes,  e.g.  [(η6-arene)RuClL2]X17–21 or  [(η6-
arene)RuCl2L]18,22 (L = PR3, NHC, Py, SR2, SeR2; X = Cl, PF6, OTf ). 
Third, there are several excellent pincer complexes of PNN,23 PNO/
PNS,24 PNP,25 and  NNC26 types  (Figure  1)  that  typically  contain 
RuH(CO) fragments and operate through a metal-ligand cooperative 
mechanism that is enabled by deprotonation of CH2PR2 group. About 
half of the reported methods proceed from arene complexes (the sec-
ond group), but very little is known about the bonding and speciation 
of ruthenium in these catalyst systems. Although some authors sketch 
intermediates and catalytic cycles for their systems,10,15,18,19,22,24 we find 
most these proposals not to be supported by experiment, and we see 
that  few address  precatalyst  speciation and activation,  which are al-
most certainly not simple when an (arene)ruthenium complex is in-
troduced into a solution of amines and alkoxides. 
Understanding composition, structure,  and reactivity of catalytic in-
termediates is crucial for systematic comprehension and analysis of re-
action mechanisms and the ways in which different ligands govern cat -
alytic activity, turnover, and deactivation of a homogeneous catalyst: 
it’s impossible to tell a story until you know the characters. While such 
understanding ultimately can direct design of new, more prolific cat-
alytic systems, we see little detailed work on this  problem for these 
arene-ligated ruthenium-based amination catalysts. Moreover, we have 

characterized unexpected transformations of  precatalytic  species  in-
cluding ligand derivatization and displacement, ligation with substrate 
degradation products, cluster formation, etc. with a number of ruthe-
nium- and iridium-based precursors that we expected to behave sim-
ply.27

We  recently  reported  a  ruthenium  complex  [(η6-
cymene)RuCl(PyCH2PBut

2)]OTf  (1,  Figure  1)  that  efficiently  cat-
alyzes coupling of primary amines and benzylic alcohols without the 
aid of a strong base.21 In this study we extend the reaction scope to 
aliphatic  alcohols and certain heterocyclic carbinols.  Our identifica-
tion of these conditions presaged a complicated story of why we had 
not found them before. To answer this, we present a study on the spe -
ciation and life cycle of the ruthenium complexes in this reaction and 
show how the story reveals the way that precatalyst 1 activates, reacts, 
deactivates, and dies.

Figure 1. Precatalysts for Alcohol-Amine Coupling.

RESULTS AND DISCUSSION
Coupling of Aliphatic Amines and Alcohols
We  developed  complex  1 as  a  catalyst  for  N-alkylation  of  primary 
amines with benzylic alcohols, which left an opportunity to optimize 
the system for aliphatic alcohols. We found excellent results with cata-
lyst loadings down to 1 mol% in our original study. While benzyl alco-
hols  react  smoothly  with  this  catalyst  loading,  providing  secondary 



amines with excellent yield and selectivity, aliphatic alcohols, tended 
to overalkylate and proceed in low efficiency,  giving an undesirable 
yield and selectivity of amine products. Here we demonstrate  cutting 
the catalyst load even further slows down the overalkylation by aliphatic 
alcohol  and enables  selective,  high yielding formation of  secondary 
amine products that we were not able to achieve with our initial condi-
tions.
We demonstrate this finding by using 1-aminohexane and 1-butanol 
as representative substrates at 0.2 mol% Ru loading (Table 1). In the 
absence of alcohol (entry 1) 1-aminohexane undergoes slow homo-
coupling to give dihexylamine and NH3. When 1-butanol is present, 
the  homocoupling  route  is  halted  and  amine-alcohol  coupling  be-
comes the major reaction pathway (entries 2 – 4). The catalytic system 
exhibits high selectivity of amine monoalkylation by providing 98% 
yield of  N-butylhexylamine (entry 2).  Increasing the alcohol/amine 
ratio above 1:1 does not significantly affect the product distribution 
indicating slowness of the second alkylation step. Thus, the catalytic 
system is highly selective for secondary amine formation. Possible by-
products, such as amides, esters, carboxylates, and imines are not de-
tected. Imine formation is easily suppressed by conducting the reac-
tion in a closed reactor. Although the reaction is rapid (full conversion 
is reached within 1 hour with 1.0 mol% Ru), we find that the catalyst  
fails to give full conversion of 1-aminohexane at loadings below 0.05 
mol% (vide infra).
Table 1. Coupling of 1-Aminohexane with 1-Butanol.a

Entry [BuOH]/ 
[HexNH2]

HexNH2, 
%b

Hex2NH, 
%

HexNHBu, 
%

HexNBu2, 
%

1 0 62 38 – –
2 1 0 0 98 2
3 2 0 0 93 7
4 3 0 0 93 7

a Reaction conditions: a mixture of 1-aminohexane (100 mg, 9.88 x 10-

4 mol), 1-butanol, and complex 1 (1.3 mg, 2.0 mol) was stirred in a 
closed reactor at 110 oC for 36 h. b The yields were calculated from 1H 
NMR spectra.
We compared catalytic activity of complex 1 and the known alcohol-
amine coupling catalysts, such as [(cymene)RuCl2]2–dppf,10,12,13 Shvo 
complex,28 Ru3(CO)12–PPh3,1,2,4,5,29 CpRuCl(PPh3)2,30 and RuH2(CO)
(PPh3)3 (Table S1). Complexes 1 and CpRuCl(PPh3)2 enable conver-
sion of 1-aminohexane at  100% and 15%, respectively,  while others 
show no catalytic activity ([BuOH]/[HexNH2] = 1.5, 1.0 mol% Ru, 
110  oC, 1 h).  Thus,  1 exhibits  superior catalytic  activity  among the 
tested complexes under the specified conditions.
The scope of alcohol-amine coupling with precatalyst  1 can be suc-
cessfully extended to heterocyclic substrates, such as pyridines, thio-
phenes, and indoles (Table 2). Acidic substrates, such as phenols (en-
try 2), can be reacted since the system does not need a strong base to 
activate the catalyst.

Table 2. Expansion of Substrate Scope for Amine-Alcohol Coupling.a

En-
try

Alcohol
Amine Product

Catalyst, %
Time, h
Yield, %

1b

0.2
36
90

2
0.4
42
70

3
0.4
30
83

4
0.4
30
81

5c

0.7
42
62

6b

0.2
20
74

a  Reaction conditions: a mixture of amine (2.0 mmol),  alcohol (3.0 
mmol), and complex 1 was stirred for required period in a closed reac-
tor at 110  oC.  b  Alcohol loading is 2.0 mmol.  c  Alcohol loading is 1.3 
mmol.
Time-Course  Study;  Synthesis  and  Characterization  of  Ruthenium 
Complexes
Discovery of improved catalyst performance at reduced catalyst load-
ings presaged a very interesting story about dimerization, cluster for-
mation, or some combination of multi-metallic pathways that could be 
involved in the process, probably to the detriment of catalyst turnover. 
Despite its potential complexity, we determined to uncover this story.
We started looking into catalyst speciation with a time-course study 
using a stoichiometric loading of precatalyst  1 with 1-butanol and 1-
aminohexane as coupling partners. These starting materials are partic-
ularly convenient for this purpose, since they allow a reaction at high 
temperature and are easily separated from reaction mixture. This facili-
tates analysis and isolation of ruthenium intermediates. In a typical ex-
periment the molar ratio of [1]:[HexNH2]:[BuOH] was 1 : 6.5 : 144. 
The reaction was performed in a closed reactor at 110 oC, then the or-
ganic materials were removed under vacuum and the residue was ana-
lyzed by 1H and 31P NMR spectroscopy (Figure S22).
Initially, the reaction was terminated after three minutes. According to 
31P NMR, two major ruthenium species in ca. 1 : 1 ratio are present in  
the system at this point: complex  1 (31P   = 87.31 ppm) and a new 
ruthenium compound (3) that gives a doublet at 31P  = 109.75 ppm 
(2JPH = 42.8 Hz). The 1H NMR spectrum contains the corresponding 
doublet at –8.65 ppm, which is characteristic of a metal hydride lig-
and. Thus, complex 3 is a product of chloride replacement by hydride 
to give [(η6-cymene)RuH(PyCH2PBut

2)]OTf. Fractional  crystalliza-
tion failed to separate 3 from 1, therefore, we confirmed its identity by 
independent synthesis from 1.



Scheme 1. Synthesis of Intermediate 3.
Although  [RuCl2(η6-cymene)]2 converts  to  [(η6-
cymene)RuH(PPh3)2]+ when  treated  with  AgPF6 and  PPh3 in 
methanol at 25 oC,31 treatment of 1 with AgOTf in the presence of al-
cohols  gives  high yield  of  the corresponding  triflate complex,  [(η6-
cymene)Ru(OTf )(PyCH2PBut

2)]OTf  (2),  rather  than  the  hydride 
(Scheme 1). The 19F NMR spectrum of 2 in CD2Cl2 solution contains 
two distinct peaks at –78.66 and –78.82 ppm with equal intensities, 
belonging to the coordinated and free triflate groups. Complex  2 re-
acts reversibly with 2-propanol to give hydride 3 (Scheme 1). Its for-
mation is favored at 110 oC in a closed reactor; rapid removal of ace-
tone under vacuum provided the product in 50% yield. At room tem-
perature the equilibrium is completely shifted to the right. We showed 
this by reacting 3 with HOTf in acetone-d6 to give rapid and selective 
formation of 2 as identified by its 31P peak at 91.03 ppm. The chemical 
shifts of the phosphine (31P δ = 109.75 ppm) and hydride (1H δ = –
8.65 ppm) ligands are identical for the compound obtained in this re-
action and for the compound detected in the catalytic reaction after  
three minutes. Thus, complex 3 is the first ruthenium intermediate in 
the sequence of precatalyst speciation.
As the reaction proceeds among complex  1,  1-aminohexane, and 1-
butanol, the color of the reaction solution changes from orange-red to 
black-green within 30 minutes. If the reaction is stopped after 1 hour, a  
black crystalline compound, 4, is isolated with 63% yield (Scheme 2). 
The structure of  4 was established by single-crystal X-ray diffraction 
(Figure 2). The complex is a trinuclear cluster formed by three Ru(II)  
atoms and arranged in an asymmetrical  triangular fashion.  The ob-
served Ru–Ru distances (2.717, 2.897, and 2.907 Å) are near Ru–Ru 
distances  in  Ru3(CO)12,32 Ru3Cl6(PCy3)3,33 and  ruthenium  metal34 
(2.854, 2.593, and 2.649 Å, respectively), indicating significant inter-
metallic interaction within Ru3 core. We omit these bonds from the 
structural  diagram for clarity’s sake only. Complex  4 features ortho-
metalated bridging pyridyl ligand coordinated to Ru–CO group. This 
carbonyl ligand appears to derive from our starting alcohol, by analogy 
to an iridium-based alcohol  oxidation system that we have recently 
characterized.27 While the ortho-metalated pyridyl fragment is a com-
mon  substructure  in  ruthenium  carbonyl  clusters,35–37 typically  de-
rived from Ru3(CO)12, complex  4 is a unique example of tandem se-
lective  monocarbonylation,  pyridine  ortho-metalation,  and  cluster 
self-assembly all happening from a mononuclear precursor.

Scheme 2. Synthesis of Intermediate 4.
Complex  4 was characterized by multinuclear NMR spectroscopy in 
CD2Cl2 solution. In its  1H spectrum,  4 presents two hydride ligands 
with chemical shifts at –16.50 (ddd,  2JPH = 51.6, 27.3, 9.1 Hz) and –
21.36 (dd, 2JPH = 20.0, 4.5 Hz) ppm. These hydrides do not correlate in 
a  COSY  spectrum,  meaning  that  their  peak  multiplicities  originate 
from 1H–31P coupling. We use this feature to justify location and coor-
dination mode of the hydrides. Based on coupling pattern of the peaks 
at –16.50 and –21.36 ppm we attribute them to µ3-H and µ-H ligands, 
respectively.  This  assignment  fulfils  coordinative  saturation  of  all 
ruthenium atoms in the molecule.  31P NMR data are consistent with 
three  inequivalent  PN  ligands  (31P δ =  128.34,  116.38,  and  89.76 
ppm).

Figure 2. Molecular structures of the cations of 4 (left) and 6 (right) 
shown with 50% probability ellipsoids. Hydrogen atoms and methyl 
groups are omitted for clarity.
Complex  1 is  further derivatized when treated with an excess of  1-
aminohexane (> 10 equivalents, Scheme 3). After 24 hours, two major 
complexes, 5 and 6, were detected by their hydride peaks at 1H δ = –
15.34 and –21.03 ppm, respectively. Complexes 5 and 6 are formed in 
ca. 1:1 ratio, and they persist even when 100 equivalents of 1-amino-
hexane is used (Figure S24). Chromatographic purification followed 
by crystallization afforded 6·CH2Cl2 in 18% yield. Although we failed 
to obtain a pure sample of 5 from this reaction mixture, it can be iso-
lated as 5·½THF in 3% yield as a by-product in the synthesis of com-
plex 4.

Scheme 3. Synthesis of Intermediates 5 and 6.
The structure of dinuclear species 6 was established by single-crystal 
X-ray diffraction (Figure 2). Surprisingly, apart from CO ligands de-
rived from the alcohol, the complex contains a bridging butyrate an-
ion, itself the product of 1-butanol oxidation. NMR and MALDI-MS 
data on complexes 5 and 6 necessitate them to be diastereomers. Iden-
tical composition of the cations in 5 and 6 was deduced from the mass 
spectra showing molecular ion peaks at m/z 857.01 and 857.21 Da, re-
spectively. While 6 has a reflection plane and contains two chemically 
equivalent PN ligands, complex 5 has lower symmetry, generating two 
sets of peaks for two different PN ligands in 1H NMR spectrum. Based 
on this, we formulate 5 and  6 as  trans- and cis-isomers due to the ar-
rangement of the PN ligands (Figure 3). Consequently, their respec-



tive bridging hydride ligands  have different coupling patterns  in  1H 
NMR spectra: a doublet of doublets in 5 (2Jtrans-PH = 44.7 Hz and 2Jcis-PH 

= 12.5 Hz) and a triplet in 6 (2Jcis-PH = 10.2 Hz).

Figure 3. Coupling Patterns of the Hydride Ligands in 1H NMR Spec-
tra of Diastereomers 5 and 6.
Mechanism of Precatalyst Evolution and Death
We conducted a series of additional experiments to investigate reactiv-
ity of  3 –  6 and determine the factors that govern their formation in 
the catalytic reaction. The results of these studies can be formulated in 
the following 5 points.
1. Complex  4 preferentially forms at high ruthenium loading.  Formation 
of  4 depends on the [HexNH2]/[Ru] ratio in the reaction, and the 
complex is detected only when [HexNH2]/[Ru] < 40 (e.g., Ru loading 
must be higher than 2.5 mol% for 4 to form). Under typical catalytic 
conditions, the catalyst loading is below 1 mol%, so complex 4 is not 
readily formed.
2. Complex 4 forms from 1 and 3 through respectively dinuclear and trinu-
clear intermediates. It appears that generation of trinuclear complex  4 
from mononuclear species 1 and 3 proceeds through the intermediacy 
of a dinuclear species. To look for a possible dinuclear intermediate, 
we terminated the catalytic reaction ([1]:[HexNH2]:[BuOH] is  1  : 
6.5 : 144) after 10 minutes. We find a 31P NMR spectrum from this ex-
periment that contains peaks of  1,  3, and 4, in addition to three new 
signals at 106.19, 105.65, and 104.57 ppm (Figure 4B). We chromato-
graphically  separated  the  new  catalytic  intermediates  and  analyzed 
them by MALDI-MS. The major components were identified as a din-
uclear (785.22 Da) and a trinuclear (1193.76 Da) complexes, which 
undergo complete transformation to 4 within 30 min (Figures 4C and 
S23). Unfortunately, we could not obtain sufficient data to establish 
the structures and stabilities of the new species, hereinafter referred to 
as complex 4 predecessors.

Figure 4. 31P{1H} NMR Spectra of Ruthenium Species Formed after 
3 min (A), 10 min (B), and 30 min (C). Species of Unknown Struc-
ture are Marked with Asterisks.
3. None of complexes  3 –  6 is the catalyst resting state. After preparing 
samples of 3 – 6 we wanted to know if any of these could be the cata-
lyst resting state in amine-alcohol coupling. For this purpose, we com-
pared  catalytic  activity  of  1  and 3 –  6 in  the  reaction  between  1-
aminohexane and alcohols (Table 3). As expected, pre-catalyst 1 gives 
full conversion of 1-aminohexane, as one would anticipate if the rest-
ing catalyst were added directly to the reaction. None of the remaining 
complexes gives an analogous result: they all either suffer from poor  
activity (complexes  3  and  4) or have no activity at all (complexes  5 
and 6). Full conversion of 1-aminohexane is achieved when the mix-
ture of complex 4 predecessors is used, indicating that one of the com-
ponents is (or can access) the catalyst resting state (entry 8). Thus, we 
term complex  4 as a dormant form of the catalyst, whereas inactivity 
of 5 and 6 makes them ultimate, dead forms.
Table 3. Catalytic Activity Comparison Test.a

Entry [Ru] R HexNH2, 
%b

HexNHR, 
% HexNR2, %

1 1 PhCH2 0 > 99 0
2 1 Bu 0 52 48
3 3 PhCH2 6 73 0
4 4 PhCH2 55 28 0
5 4 Bu 32 68 0
6 5 Bu 100 0 0
7 6 Bu 100 0 0
8 see text Bu 0 85 15

a  Reaction  conditions:  a  mixture  of  1-aminohexane  (51  mg,  0.5 
mmol), benzyl alcohol (81 mg, 0.75 mmol) and Ru complex (5.00 x 
10-6 mol of Ru atoms) was stirred in a closed reactor at 110 oC for 18 h. 
b The yields were calculated from 1H NMR spectra.
4. Complex 4 forms when primary amine is consumed, and the catalytic re-
action is over.  Whereas it is formed at 110 oC with a good yield, com-
plex 4 should be quite stable under the catalytic conditions. Indeed, it  
does not react with H2, CO, and/or CO2 in CH2Cl2 solution at 1 atm; 
no change is observed upon its treatment with 1-butanol or 1-amino-
hexane independently at 110 oC over 24 hours. When 4 is heated with 
both 1-butanol and 1-aminohexane, however, it undergoes full conver-
sion to a diversity of  species  within 7 hours (Figure S24).  Also,  1H 
NMR  analysis  of  organic  materials  formed in the catalytic  reaction 
shows absence of  1-aminohexane  when  complex  4 begins  to  form. 
This  correlation  shows  limited  compatibility  of  4 and  the  primary 
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amine  and  renders  4 a  kinetically  stable  product  of  post-catalytic 
transformations. 
5. Complex 4 reacts slowly with a secondary amine and water to form the 
ultimate dead species 5 and 6. Why does the catalyst die? Since complex 
4 begins to form as soon as alcohol-amine coupling is complete, the 
subsequent slow transformations of dormant catalyst 4 to the terminal 
(dead) forms  5 and  6 should be taking  place  in the medium of  1-
(butylamino)hexane, water, and 1-butanol. Indeed, when complex  4 
reacts directly with 1-(butylamino)hexane, water, and 1-butanol (110 
oC, 20 h), complexes 5 and 6 are formed, as shown by a 1H NMR ex-
periment (Figure S24). This process does not affect product yields in 
alcohol-amine  coupling  when  precatalyst  loading  is  higher  than  50 
ppm. However, catalyst deactivation becomes a problem at lower cata-
lyst  loading (below 50 ppm), where a smaller portion of  catalyst  is 
available to be sacrificed to destructive interaction with reaction by-
products.
In contrast to formation of complex 4, generation of  5 and 6 is inde-
pendent of the system’s [HexNH2]/[Ru] ratio. The bridging butyrate 
ligand in 5 and 6 emerges from ruthenium-catalyzed acceptorless de-
hydrogenation of butanol to butyrate, which is well known.38–46 Typi-
cally, the reaction requires hydroxide as a source of oxygen (Scheme 
4A), however, in our case combination of water and secondary amine 
seems sufficient (Scheme 4B). We find that 1-butanol oxidation hap-
pens stoichiometrically rather than catalytically, since we did not de-
tect free butyrate in the reaction mixture.

Scheme 4. Ruthenium-Catalyzed Alcohol Oxidation.
Considering these points, we propose below a unified scheme for pre -
catalyst activation, evolution, and death (Scheme 5). The process be-
gins with substitution of chloride for butoxide in precatalyst 1, this re-
quires  equimolar  amounts  of  1-butanol  and  1-aminohexane,  where 
the  amine  is  an  HCl scavenger.  The  resulting  butoxide  complex  1-
OBu undergoes rapid -hydride elimination to form butanal and hy-
dride complex 3. We have not observed 1-OBu directly, but its inter-
mediacy is required for the formation of 3. Following transformations 
of  3 include p-cymene dissociation, selective carbonylation of one of 
the metals, and dimerization through ortho-metalation of a pyridine 
fragment.  We  propose  that  the  resulting  dinuclear  species  7  of  un-
known  structure  could  be  the active  catalyst,  and  a  predecessor  of 
complex 4. At high ruthenium loading, when catalytic reaction is com-
plete, unreacted 1 can trap the dinuclear active catalyst 7 to form trinu-
clear dormant  4. The process is fast and selective due to high kinetic 
stability  of  4.  Then,  the  system slowly reaches  thermodynamic rest 
through a reaction among 4, 1-(butylamino)hexane, water, and 1-bu-
tanol to form the dead catalyst forms 5 and 6. 

Scheme 5. Precatalyst Activation and Death.
Discovery of  the trinuclear  ruthenium cluster  4 illustrates  the high 
complexity  of  the inorganic  side  of  our  catalytic  story.  It  is  a  well-
known  phenomenon  that  ruthenium,47,48 osmium,48 and  iridium49,50 
halide complexes can consecutively dehydrogenate and decarbonylate 
primary alcohols in the presence of a phosphine ligand, giving rise to 
M–CO fragment. This is the reason for carbonyl ligand being present 
in 4 – 6 and some other metal complexes, that are catalytically compe-
tent in alcohol dehydrogenation. Scheme 6 demonstrates generation 
of  such  complexes  and  highlights  their  common  fragment 
(PN)MH(CO) (M = RuII and IrIII). This structural analogy appears to 
be a consequence of the thermodynamic stability of (PN)MH(CO) 
fragments, this allows them to form and be stable under catalytic reac-
tion  conditions  (Scheme  6B  and  6C).27 We  believe  that  selective 
monocarbonylation in all these cases is the crucial step in precatalyst  
evolution to the active catalyst. We are presently working to test this 
hypothesis.

Scheme 6. Formation of Structurally Related Catalytic Complexes.  
Electrochemistry
Triruthenium clusters are known to exhibit rich redox chemistry.51–54 
Because we were concerned that single-electron transformations of  4 
could be causing important events in our catalyst lifecycle that would 
be invisible by NMR, we thought it prudent to determine whether 4 
has facile 1-electron redox transitions and whether these transitions 
are reversible and/or their products are stable. 
Redox properties of 4 (Ru3

+) were investigated by cyclic voltammetry 
in  0.1  M  CH2Cl2 solution  of  [Bu4N]PF6 at  ambient  temperature. 



Overall, four redox events were detected in the potential range of –2.0  
to 1.7 V vs. Fc+/Fc. Upon scanning cathodically, the first reduction oc-
curs  at  E1/2 =  –0.784  V.  This  redox  event  is  electrochemically  irre-
versible (ΔEp = 213 mV), and the back feature appears only at scan 
rates higher than 400 mV/s. Applying more negative potential causes 
the second reduction event at Ep = –1.776 V (at 100 mV/s). The corre-
sponding back feature is not observed even at high scan rates. Thus, 
the products of both reduction steps are unstable in the solution, mak-
ing these events chemically irreversible.
Applying  positive  potential,  Ru3

+ undergoes  electrochemically  re-
versible one electron oxidation to Ru3

2+ at  E1/2 = 0.442 V (ΔEp = 63 
mV) (Figure 5). Variable scan rate study showed that Ru3

2+/Ru3
+ cou-

ple obeys the Randles−Sevcik equation and, therefore, Ru3
2+ and Ru3

+ 

are freely diffusing in the solution. The second oxidation event occurs  
at Ep = 1.481 V (at 100 mV/s), it is irreversible because of subsequent 
chemical transformation. Electrochemical reversibility of the first oxi-
dation step indicates possibility for chemical oxidation of complex  4 
using an oxidant with the formal potential higher than 0.442 V. For ex-
ample, oxidation with AgOTf (EAg+/Ag = 0.65 V)55 in CH2Cl2 solution 
followed  by  crystallization  from  THF  gives  [Ru3](OTf )2·THF 
(8·THF) in 73% yield. Composition of the product was established 
by elemental analysis. Effective magnetic moment (µeff) of 8 was mea-
sured  in  CD2Cl2 solution  by  Evans  method56,57 using  a  change  of 
CH2Cl2 chemical  shift and found to be 1.88 BM. This value corre-
sponds to one unpaired electron in Ru3

2+ and is slightly higher than 
the spin-only value (1.73 BM) for S = ½ state. 

Figure 5. Cyclic voltammogram of 4 (1.0 mM) in CH2Cl2 with 0.1 M 
[Bu4N]PF6 at a scan rate of 50 mV/s.
Based on high positive potential of Ru3

2+/Ru3
+ couple, we believe that 

we  are  not  generating a  persistent  concentration of  a  paramagnetic 
metal species in our catalytic reaction. In sum, we find that these ob-
served electrochemical  potentials  and magnetic moments,  although 
interesting in their own right, are inconsistent with any species that we 
observed in the catalytic pathway.

SUMMARY
In conclusion, we have demonstrated the utility of complex 1 as a pre-
catalyst for alcohol-amine coupling of aliphatic and some heterocyclic 
carbinol substrates. Detailed analysis of the catalytic reaction between 
1-butanol and 1-aminohexane unraveled the precatalyst evolution se-
quence, that involves complexes 3 – 6. Complex 4 is a kinetically sta-
ble dormant catalyst form, whereas complexes 5 and 6 are the ultimate 
dead catalyst  forms. Selective formation of  4  is  facilitated by a high 
ruthenium loading (> 2.5 mol% Ru) and forms via trapping a dinu-
clear active catalyst with unreacted precatalyst. Exhaustive catalyst poi-

soning is caused by the reaction with secondary amine, alcohol, and 
water to give  5 and  6.  For the first time, we reveal  the inherence of  
MH(CO) fragment to alcohol dehydrogenation catalysts, that is gen-
erated from an alcohol during precatalyst activation.

EXPERIMENTAL SECTION
Materials  and Methods. Complex  1 was synthesized according to 
published  procedure.21 CDCl3 and  CD2Cl2 were  purchased  from 
Cambridge  Isotope  Laboratories  and  were  dried  and  distilled  over 
CaH2.  All  alcohols  and  amines  were  purchased  from  commercial 
sources and were dried and distilled over CaH2 as well. Tyramine was 
sublimed in vacuum. Hexane, CH2Cl2, Et2O, and THF were dried us-
ing a solvent purification system. HPLC grade hexane and ethyl ac-
etate (EDM Millipore) were used without purification for chromato-
graphic isolation of  A –  F  on Teledyne CombiFlash instrument with 
“RediSep Rf Gold Amine” columns. All reactions were conducted un-
der nitrogen either in a Vacuum Atmospheres glovebox (0-5 ppm O2 

for all manipulations) or outside the glovebox in a closed reactor.  1H, 
13C, 19F, and 31P NMR spectra were acquired on Varian Mercury 400, 
VNMRS-500, and VNMRS-600 spectrometers and processed using 
MestReNova 12.0.1. All chemical shifts are reported in ppm and refer-
enced to the residual 1H or 13C solvent peaks. Following abbreviations 
are used: (s) singlet, (bs s) broad singlet, (d) doublet, (t) triplet, (dd) 
doublet  of doublets,  etc.  NMR spectra of all  metal  complexes were 
taken in 8” J. Young tubes (Wilmad or Norell) with Teflon valve plugs. 
GC-MS analyses were performed on Thermo Scientific Focus DSQ II 
instrument.  MALDI-MS  spectra  were  acquired  on  Bruker  Autoflex 
Speed  MALDI  Mass  Spectrometer.  Elemental  analyses  were  con-
ducted  on  Flash  2000  CHNS  Elemental  Analyzer.  Infrared  spectra 
were recorded on Bruker OPUS FTIR spectrometer.  Electronic ab-
sorption  spectra  were  acquired  on  Perkin-Elmer  UV-Vis-NIR  spec-
trometer.  Cyclic voltammetry experiments were carried out using a 
Pine potentiostat in a single compartment cell under nitrogen.
General Procedure for Coupling of Amines and Alcohols. A mix-
ture of primary amine (2.0 mmol), alcohol, and complex 1 (see table 
2) was stirred for required period in a closed reactor at 110 oC. Then, 
all volatile components were removed under vacuum, and the product 
was purified by flash column chromatography (SiO2, hexane/ethyl ac-
etate gradient).
1-(Butylamino)hexane (A). Yellow oil (0.28 g, 90%). 1H NMR (400 
MHz, CDCl3): δ 2.58 (t, J = 7.3 Hz, 2H, CH2), 2.57 (t, J = 7.3 Hz, 2H, 
CH2), 1.52 – 1.40 (m, 4H, 2CH2), 1.38 – 1.21 (m, 8H, 4CH2), 1.04 
(br s, 1H, NH), 0.94 – 0.84 (m, 6H, 2CH3).  13C NMR (101 MHz, 
CDCl3):  δ  50.34,  49.98,  32.49,  31.95,  30.33,  27.25,  22.76,  20.68, 
14.18, 14.16. IR (PE film, cm-1): 2927, 1467, 1131, 892. GC-MS: m/z 
calcd. for [C10H23N]+ 157.18, found 157.15.
4-(2-(Butylamino)ethyl)phenol (B).  Colorless  crystals  (0.27  g, 
70%). 1H NMR (500 MHz, CDCl3): δ 7.03 (d, J = 8.2 Hz, 2H, ArH), 
6.71 (d, J = 8.2 Hz, 2H, ArH), 4.26 (br s, 2H, NH, OH), 2.88 (t, J = 6.8 
Hz, 2H, CH2), 2.75 (t,  J = 6.8 Hz, 2H, CH2), 2.64 (t,  J = 7.4 Hz, 2H, 
CH2), 1.47 (p,  J = 7.5 Hz, 2H, CH2), 1.29 (h,  J = 7.0 Hz, 2H, CH2), 
0.88 (t, J = 7.3 Hz, 3H, CH3). 13C NMR (126 MHz, CDCl3): δ 155.55, 
130.46,  129.86, 115.93, 50.98,  49.48,  34.91, 31.78, 20.59,  14.06.  IR 
(KBr, cm-1): 1618, 1598, 1520, 1465, 1379, 1255, 1109, 831. MALDI-
MS: m/z calcd. for [C12H20NO]+ 194.15, found 194.44.
N-(3,4-Dimethoxyphenethyl)butan-1-amine (C). Yellow oil (0.39 
g, 83%).  1H NMR (600 MHz, CDCl3): δ 6.82 – 6.78 (m, 1H, ArH), 
6.76 – 6.72 (m, 2H, ArH), 3.86 (s,  3H, OMe), 3.85 (s, 3H, OMe),  
2.85 (t, J = 7.1 Hz, 2H, CH2), 2.75 (t, J = 7.1 Hz, 2H, CH2), 2.61 (t, J = 
7.4 Hz, 2H, CH2), 1.44 (p, J = 7.2 Hz, 2H, CH2), 1.31 (h, J = 7.7 Hz, 



2H,  CH2),  0.89  (t,  J =  7.4  Hz,  3H,  CH3).  13C  NMR  (151  MHz, 
CDCl3):  δ  149.02,  147.53,  132.91,  120.66,  112.12,  111.45,  56.05, 
55.94,  51.53,  49.81,  36.15,  32.41,  20.63,  14.14.  IR  (PE  film,  cm-1): 
1594,  1519,  1466,  1421,  1264,  1240,  1159,  1143,  1033,  809,  766. 
MALDI-MS: m/z calcd. for [C14H24NO2]+ 238.18, found 238.64.
2-(2-(Butylamino)ethyl)pyridine (D). Yellow oil (0.29 g, 81%). 1H 
NMR (600 MHz, CDCl3): δ 8.50 (d, J = 4.8 Hz, 1H, ArH), 7.55 (td, J 
= 7.6, 1.8 Hz, 1H, ArH), 7.14 (d, J = 7.8 Hz, 1H, ArH), 7.08 (ddd, J = 
7.5, 4.9, 0.9 Hz, 1H, ArH), 3.01 – 2.92 (m, 4H, 2CH2), 2.60 (t, J = 7.3 
Hz, 2H, CH2), 1.43 (p, J = 7.3 Hz, 2H, CH2), 1.29 (h, J = 7.6 Hz, 3H, 
NH,  CH2),  0.86  (t,  J =  7.4  Hz,  3H,  CH3).  13C  NMR  (151  MHz, 
CDCl3):  δ  160.52,  149.48,  136.40,  123.36,  121.28,  49.72,  49.62, 
38.75, 32.38, 20.59, 14.10. IR (PE film, cm-1): 1594, 1573, 1476, 1438, 
1130, 751. GC-MS: m/z calcd. for [C11H18N2]+ 178.15, found 178.10.
3-(2-(Hexylamino)ethyl)thiophene (E).  Colorless  oil  (0.17  g, 
62%). 1H NMR (500 MHz, CDCl3): δ 7.30 – 7.24 (m, 1H, ArH), 7.03 
– 6.94 (m, 2H, ArH), 2.92 – 2.80 (m, 4H, 2CH2), 2.61 (t, J = 7.3 Hz, 
2H, CH2), 1.46 (p, J = 7.0 Hz, 2H, CH2), 1.37 – 1.22 (m, 6H, 3CH2), 
1.04 (br s, 1H, NH), 0.88 (t,  J = 6.6 Hz, 3H, CH3).  13C NMR (126 
MHz, CDCl3): δ 140.62, 128.31, 125.65, 120.99, 50.55, 50.07, 31.91, 
30.99,  30.24,  27.18,  22.75,  14.18.  IR  (PE  film,  cm-1):  1732,  1464, 
1129,  774.  MALDI-MS:  m/z calcd.  for  [C12H22NS]+ 212.15,  found 
212.51.
3-(2-(Butylamino)ethyl)indole (F). Yellow solid (0.32 g, 74%).  1H 
NMR (600 MHz, CDCl3): δ 8.66 (br s, 1H, NH), 7.60 (d, J = 7.9 Hz, 
1H, ArH), 7.35 (d, J = 8.1 Hz, 1H, ArH), 7.16 (t, J = 7.6 Hz, 1H, ArH), 
7.08 (t, J = 7.5 Hz, 1H, ArH), 7.01 (s, 1H, ArH), 3.90 (br s, 1H, NH),  
3.09 (t, J = 7.2 Hz, 2H, CH2), 3.01 (t, J = 7.2 Hz, 2H, CH2), 2.69 (t, J = 
7.8 Hz, 2H, CH2), 1.54 (p, J = 7.6 Hz, 2H, CH2), 1.28 (h, J = 7.4 Hz, 
2H,  CH2),  0.86  (t,  J =  7.4  Hz,  3H,  CH3).  13C  NMR  (151  MHz, 
CDCl3):  δ  136.55,  127.29,  122.59,  122.09,  119.39,  118.76,  112.48, 
111.45, 49.21, 48.90, 30.67, 24.52, 20.41, 13.90. IR (KBr, cm -1): 3289, 
2729, 1626, 1456, 1358, 1237, 1107, 748. MALDI-MS: m/z calcd. for 
[C14H21N2]+ 217.17, found 217.52.
[Ru(OTf )(η6-C10H14)(PyCH2PBut

2)]OTf (2). Complex 1 (100 mg, 
1.54 x 10-4 mol) and AgOTf (39 mg, 1.54 x 10-4 mol) were stirred in 
CH2Cl2 (4 mL) for 1 hour at 25 oC. Then, the solution was filtered and 
treated with Et2O (10 mL) to induce crystallization of the product. 
Orange flakes were filtered, washed with Et2O, and dried in vacuum 
(108 mg, 92%). 1H NMR (500 MHz, CD2Cl2): δ 9.52 (d, J = 5.9 Hz, 
1H, Py), 7.93 (t, J = 7.9 Hz, 1H, Py), 7.60 – 7.45 (m, 2H, Py), 6.70 (d,  
J = 6.4 Hz, 1H, C6H4), 6.65 (d, J = 5.5 Hz, 1H, C6H4), 6.48 (d, J = 6.4 
Hz, 1H, C6H4), 5.84 (d, J = 5.9 Hz, 1H, C6H4), 3.47 (dd, J = 16.9, 13.9 
Hz, 1H, CH2), 3.13 (dd, J = 16.8, 7.9 Hz, 1H, CH2), 2.76 (hept, J = 7.0 
Hz, 1H, Pri), 2.13 (s, 3H, CH3), 1.51 (d, J = 14.6 Hz, 9H, But), 1.34 (d, 
J = 6.8 Hz, 3H, Pri), 1.31 – 1.23 (m, 12H, Pr i,  But).  13C{1H} NMR 
(151  MHz,  CD2Cl2):  δ  164.3 (d,  J =  3.2 Hz),  158.5,  141.7,  125.5, 
125.1 (d, J = 8.6 Hz), 106.3, 99.7, 93.7, 89.7, 87.6, 81.7, 38.9 (m), 32.2 
(d, J = 21.1 Hz), 31.4, 30.2 (d, J = 2.6 Hz), 30.0 (d, J = 2.4 Hz), 23.9, 
21.3,  18.6.  31P{1H}  NMR  (202  MHz,  CD2Cl2):  δ  90.65.  19F  NMR 
(564 MHz, CD2Cl2): δ –78.66 (s, 3F, RuOTf), –78.82 (s, 3F, TfO -). 
IR  (KBr,  cm-1):  2978,  1613,  1479,  1330,  1274,  1234,  1204,  1163, 
1033,  1003,  640,  518.  MALDI-MS:  m/z calcd  for 
[C25H38F3NO3PRuS]+ 622.13,  found  622.28.  Anal.  calcd  for 
C26H38F6NO6PRuS2:  C  40.52,  H  4.97,  N  1.82.  Found:  C  40.43,  H 
5.21, N 1.80.
[RuH(η6-C10H14)(PyCH2PBut

2)]OTf (3). Complex 2 (100 mg, 1.30 
x 10-4 mol) and 2-propanol (4 mL) were heated in a closed reactor at 
110 oC for 1 hour. Then, the solvent was removed in vacuum (oil bath,  
60 oC) to give a dark-yellow oil. Upon its crystallization from CH 2Cl2–

Et2O two fractions of crystals were obtained: orange unreacted com-
plex  2 and yellow product  3. The crystals were filtered, washed with 
Et2O,  and  dried  in  vacuum  (40  mg,  50%).  1H  NMR  (600  MHz, 
CD2Cl2): δ 8.64 (d, J = 5.8 Hz, 1H, Py), 7.65 (t,  J = 7.6 Hz, 1H, Py), 
7.38 (d, J = 7.8 Hz, 1H, Py), 7.11 (t, J = 6.7 Hz, 1H, Py), 5.91 (d, J = 
6.1 Hz, 1H, C6H4), 5.81 (d, J = 6.0 Hz, 1H, C6H4), 5.61 (d, J = 6.2 Hz, 
1H, C6H4), 4.81 (d, J = 6.0 Hz, 1H, C6H4), 3.38 (dd, J = 16.9, 10.3 Hz, 
1H, CH2), 3.09 (dd, J = 16.9, 7.7 Hz, 1H, CH2), 2.71 (hept, J = 6.8 Hz, 
1H, Pri), 2.34 (s, 3H, CH3), 1.34 (d, J = 7.0 Hz, 3H, Pri), 1.33 (d, J = 
7.0 Hz, 3H, Pri), 1.29 (d, J = 14.0 Hz, 9H, But), 1.25 (d, J = 13.2 Hz, 
9H, But), –8.65 (d,  2JPH = 42.8 Hz, 1H, RuH).  13C{1H} NMR (151 
MHz, CD2Cl2): δ 163.0 (d, J = 3.1 Hz), 157.6, 138.2, 124.0, 123.8 (d, J 
= 8.8 Hz), 117.8, 105.9, 95.4, 88.5, 87.9 (d, J = 6.5 Hz), 77.7, 38.2 (d, J 
= 10.7 Hz), 36.5 (d, J = 26.1 Hz), 35.7 (d, J = 24.8 Hz), 32.8, 30.3 (d, J 
= 3.1 Hz), 29.5 (d,  J = 4.5 Hz), 24.7, 23.0, 19.7.  31P{1H} NMR (243 
MHz,  CD2Cl2):  δ  109.75  (d,  J =  11.8  Hz).  19F  NMR  (564  MHz, 
CD2Cl2): δ –78.84. IR (KBr, cm-1): 2976, 2023 (νRuH), 1477, 1281, 
1265, 1154, 1034, 639. MALDI-MS:  m/z calcd for [C24H39NPRu]+ 

474.19, found 474.30. Anal. calcd for C25H39F3NO3PRuS: C 48.22, H 
6.31, N 2.25. Found: C 48.33, H 6.37, N 2.23.
[Ru3H2Cl2(CO)(PyCH2PBut

2)2{µ-(C5H3N)CH2PBut
2}]OTf  (4). 

Complex  1 (2.00 g, 3.04 x 10-3 mol), 1-butanol (42 mL, 0.459 mol), 
and 1-aminohexane (1.54 g, 1.52 x 10-2 mol) were stirred under N2 in 
a closed reactor at 110  oC for 1 hour. The orange suspension turned 
dark-green. All volatile components were removed from the hot solu-
tion  under  vacuum.  The  evacuated  reactor  was  transferred inside  a 
glovebox. The remains of organic materials were extracted by tritura-
tion with hexane and then with Et2O to give dark-green precipitate. It 
was filtered and washed with Et2O. The material contains 4 and 5. The 
solid was recrystallized twice from CH2Cl2–Et2O affording the prod-
uct as black-green crystals (808 mg, 63%). Crystals suitable for X-ray 
analysis were obtained by slow evaporation of CH2Cl2–Et2O solution. 
1H NMR (600 MHz, CD2Cl2): δ 8.64 (d, J = 5.4 Hz, 1H, Py), 8.30 (d, 
J = 5.7 Hz, 1H, Py), 7.71 (d, J = 7.8 Hz, 1H, Py), 7.62 (t,  J = 7.5 Hz, 
1H, Py), 7.29 (t, J = 7.4 Hz, 1H, Py), 7.24 (d, J = 7.5 Hz, 1H, Py), 6.90 
(t,  J = 6.5 Hz, 1H, Py), 6.80 – 6.70 (m, 3H, C5H3N, Py), 6.11 (d, J = 
7.7 Hz, 1H, C5H3N), 3.71 (dd, J = 16.7, 11.1 Hz, 1H, CH2), 3.60 (dd, J 
= 17.3, 11.7 Hz, 1H, CH2), 3.48 – 3.29 (m, 3H, CH2), 3.07 (dd,  J = 
16.6, 7.9 Hz, 1H, CH2), 1.73 (d, J = 14.4 Hz, 9H, But), 1.34 (d, J = 13.4 
Hz, 9H, But), 1.23 (d, J = 12.7 Hz, 9H, But), 1.17 (d, J = 13.3 Hz, 9H, 
But), 0.96 (d, J = 13.5 Hz, 9H, But), 0.90 (d, J = 12.4 Hz, 9H, But), –
16.50 (ddd,  2JPH = 51.6, 27.3, 9.1 Hz, 1H, RuH), –21.36 (dd,  2JPH = 
20.0, 4.5 Hz, 1H, RuH). 13C{1H} NMR (151 MHz, CD2Cl2): δ 205.9 
(d,  J =  12.1 Hz), 189.0,  168.2,  165.6,  164.1 (d,  J = 5.4 Hz), 156.8, 
154.6, 135.7, 133.8, 131.2, 130.1, 124.0 (d,  J = 9.0 Hz), 122.3, 121.8 
(d, J = 9.4 Hz), 121.6, 115.5 (d, J = 8.8 Hz), 38.3 (d, J = 18.4 Hz), 38.1 
(d, J = 19.9 Hz), 37.2 (d, J = 11.0 Hz), 36.7 (d, J = 22.0 Hz), 35.5 (d, J 
= 19.8 Hz), 34.7 (d,  J = 14.5 Hz), 34.5 (d,  J = 11.3 Hz), 30.8, 30.7, 
29.8, 29.1, 28.6, 28.5. 31P{1H} NMR (243 MHz, CD2Cl2): δ 128.34, 
116.38, 89.76. 19F NMR (564 MHz, CD2Cl2): δ –78.89. IR (KBr, cm-

1): 2957, 2908, 2875, 1941 (νCO), 1273, 1035, 639. UV-Vis (CH2Cl2; 
λmax,  nm  (ε,  M-1 cm-1)):  293  (15772),  420  (16409),  586  (4362). 
MALDI-MS:  m/z calcd  for  [C43H73Cl2N3OP3Ru3]+ 1115.15,  found 
1114.71. Anal. calcd for C44H73Cl2F3N3O4P3Ru3S: C 41.80, H 5.82, N 
3.32. Found: C 41.60, H 5.88, N 3.25.
trans-[Ru2HCl(CO)2(PyCH2PBut

2)2(µ-O2CPrn)]Cl  (5). A brown-
yellow  CH2Cl2–Et2O  solution,  obtained  in  the  synthesis  of  4,  was 
evaporated to dryness and treated with THF. Concentration of the re-
sulting solution afforded yellow crystals  of  5·½THF. They were fil-
tered, washed with THF, and dried in vacuum. Yellow crystalline pow-



der (57 mg, 3%). 1H NMR (600 MHz, CD2Cl2): δ 9.01 (d, J = 5.4 Hz, 
1H, Py), 8.98 (d, J = 5.4 Hz, 1H, Py), 7.96 – 7.88 (m, 2H, Py), 7.88 –  
7.80 (m, 2H, Py), 7.29 (t, J = 6.3 Hz, 1H, Py), 7.16 (t, J = 6.3 Hz, 1H, 
Py), 4.07 (dd, J = 16.7, 9.2 Hz, 1H, CH2), 3.93 (dd, J = 16.8, 10.2 Hz, 
1H, CH2), 3.75 (dd,  J = 16.6, 10.3 Hz, 1H, CH2), 3.69 (dd, J = 16.7, 
9.9 Hz, 1H, CH2), 2.09 (dt, J = 14.1, 7.0 Hz, 1H, CH2CO2), 2.00 (dt, J 
= 15.8, 7.8 Hz, 1H, CH2CO2), 1.44 (d, J = 14.0 Hz, 9H, But), 1.40 (d, J 
= 14.2 Hz, 9H, But), 1.38 (d, J = 14.0 Hz, 9H, But), 1.33 – 1.23 (m, 2H, 
CH2), 1.18 (d, J = 13.6 Hz, 9H, But), 0.61 (t, J = 7.3 Hz, 3H, CH3), –
15.34 (dd, 2JPH = 44.7, 12.5 Hz, 1H, RuH). 13C{1H} NMR (151 MHz, 
CD2Cl2): δ 204.01 (d, 2JCP = 12.9 Hz, CO), 203.69 (d, 2JCP = 15.0 Hz, 
CO), 186.34 (CO2), 165.95 (d,  J = 3.7 Hz), 163.45 (d,  J = 1.6 Hz), 
158.30, 155.46, 139.55, 139.42, 125.55 (d, J = 8.4 Hz), 124.78 (d, J = 
8.4 Hz), 123.95, 123.47, 40.23, 37.92 (d,  J = 22.4 Hz), 37.79 (d,  J = 
18.7 Hz), 37.62 (d, J = 14.1 Hz), 37.38 (d, J = 17.0 Hz), 36.45 (d, J = 
20.9 Hz), 35.09 (d, J = 18.7 Hz), 30.07 (d, J = 2.6 Hz), 29.85 (d, J = 3.0 
Hz), 29.50 (d, J = 2.7 Hz), 29.32 (d, J = 2.6 Hz), 19.31, 13.66. 31P{1H} 
NMR (243 MHz,  CD2Cl2):  δ  108.22,  93.26.  IR (KBr,  cm-1):  2975, 
2911,  2878,  1967  (νCO),  1937  (νCO),  1558  (νCOO),  1478,  1432. 
MALDI-MS:  m/z calcd  for  [C34H56ClN2O4P2Ru2]+ 857.15,  found 
857.01.  Anal.  calcd  for  C72H120Cl4N4O9P4Ru4:  C  46.60,  H  6.52,  N 
3.02. Found: C 46.21, H 6.48, N 2.97.
cis-[Ru2HCl(CO)2(PyCH2PBut

2)2(µ-O2CPrn)]OTf (6). Complex 1 
(200 mg, 3.04 x 10-4 mol), 1-butanol (4 mL, 0.044 mol), and 1-amino-
hexane (308 mg, 3.04 x 10-3 mol) were stirred under N2 in a closed re-
actor at 110 oC for 24 hours. The orange suspension turned brown. All 
volatile components were removed from the hot solution under vac-
uum to give a brown paste containing 5 and 6. The following manipu-
lations were performed inside a glovebox. To enable crystallization of 
6, organic and Ru-containing by-products were separated by column 
chromatography on “RediSep Rf reversed-phase C18” silica dried in 
an oven at 120 oC. The reaction mixture was dissolved in CH2Cl2, fil-
tered, and dry loaded on the sorbent. A column (d = 1.5 cm) was filled 
with the sorbent (10 mL) in Et2O and the dry loaded mixture. Elution 
with Et2O gave a yellow band containing mostly organic by-products. 
Then,  elution with  Et2O–CH2Cl2 (9 :  1) gave another yellow band 
containing  5 and  6. The process was completed by washing the col-
umn with CH2Cl2 that gave the final portion of 5 and 6. At this point a 
green-colored band of  4 should remain on the column.  The Et2O–
CH2Cl2 and CH2Cl2 solutions were combined and after a few days the 
product crystallized as 6·CH2Cl2. The orange crystals were separated, 
washed with Et2O, and dried in vacuum (30 mg, 18%). Crystals suit-
able for X-ray analysis were obtained by slow evaporation of CH2Cl2–
Et2O solution.  1H NMR (600 MHz, CD2Cl2): δ 9.06 (d,  J = 5.8 Hz, 
2H, Py), 7.93 (t, J = 8.0 Hz, 2H, Py), 7.73 (d, J = 7.9 Hz, 2H, Py), 7.33 
(t, J = 6.7 Hz, 2H, Py), 3.83 (dd, J = 16.8, 10.9 Hz, 2H, CH2), 3.57 (dd, 
J = 16.9, 8.5 Hz, 2H, CH2), 2.16 (t, J = 7.5 Hz, 2H, CH2), 1.48 (d, J = 
14.2 Hz, 18H, 2But), 1.39 (h, J = 7.4 Hz, 2H, CH2), 1.13 (d, J = 13.6 
Hz, 18H, 2But), 0.79 (t,  J = 7.4 Hz, 3H, CH3), –21.07 (t,  2JPH = 10.2 
Hz, 1H, RuH). 13C{1H} NMR (151 MHz, CD2Cl2): δ 202.8 (d, 2JCP = 
17.3 Hz, CO), 186.6 (CO2), 163.3, 155.8, 139.4, 124.3 (d, J = 8.2 Hz), 
124.2, 40.6, 38.1 (d,  J = 14.6 Hz), 37.6 (d,  J = 22.7 Hz), 37.3 (d,  J = 
22.2 Hz), 30.5 (d, J = 2.7 Hz), 29.4 (d, J = 2.6 Hz), 19.6, 13.8. 31P{1H} 
NMR (243 MHz, CD2Cl2): δ 104.65 (d,  J = 9.0 Hz). 19F NMR (564 
MHz, CD2Cl2): δ –78.94.  IR (KBr,  cm-1): 2974, 1975 (νCO),  1944, 
1559  (νCOO),  1283,  1262,  1027,  633.  MALDI-MS:  m/z calcd  for 
[C34H56ClN2O4P2Ru2]+ 857.15, found 857.21.
[Ru3H2Cl2(CO)(PyCH2PBut

2)2{(C5H3N)CH2PBut
2}](OTf )2 (8). 

Complex  4 (20 mg, 1.58 x 10-5 mol) and AgOTf (5 mg, 1.94 x 10-5 

mol) were stirred in CH2Cl2 (4 mL) for 1 hour at 25 oC. Dark-green 

solution  turned  dark-blue,  then  it  was  filtered.  The  solvent  was  re-
moved in vacuum giving a blue oil. It was dissolved in THF (2 mL)  
and shortly  after  the product  crystallized  as  8·THF. It  was  filtered, 
washed with THF, then with hexane, and dried in vacuum. Black crys-
talline powder (16 mg, 73%). IR (KBr, cm-1): 2961, 1971 (νCO), 1820, 
1479, 1436, 1277, 1157, 1034, 828, 639. UV-Vis (CH2Cl2; λmax, nm (ε, 
M-1 cm-1)):  305  (14043),  357  (9165),  605  (4465),  730  (3629). 
MALDI-MS:  m/z calcd  for  [C43H73Cl2N3OP3Ru3]+ 1115.15,  found 
1114.72. Anal. calcd for C49H81Cl2F6N3O8P3Ru3S2: C 39.62, H 5.50, N 
2.83. Found: C 39.99, H 5.54, N 2.77.
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