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Introduction

Hydrogen-transfer reactions have emerged as important
transformations in organic synthesis over the past two de-
cades.[1] The use of chiral ligands in these reactions have led
to useful enantioselective transfer hydrogenations.[1b,2,3]

Many of the transition-metal catalysts used for these trans-
fer hydrogenations have also found applications in enantio-
selective hydrogenation of ketones by H2.

[1c,4] These catalysts
are often so-called metal–ligand bifunctional catalysts, which
transfer hydrogen fast to aldehydes, ketones, and imines. In
the hydrogen transfer from these catalysts to a ketone or an
imine a hydrogen on the metal adds as a hydride (to
carbon) and a hydrogen on the ligand adds as a proton (to
the heteroatom).[5] One frequently used metal–ligand bifunc-
tional catalyst is the so-called Shvo catalyst (1),[6] which has
found applications in hydrogen-transfer reactions[7] and has
served as a racemization catalyst in enzyme-based dynamic
kinetic resolution.[8] The Shvo catalyst 1 dissociates into 2
and A in solution at elevated temperature.
The mechanism of the reduction of aldehydes and ketones

by hydride 2 as well as the dehydrogenation of alcohols by
complex A has been studied.[9,10] In both cases the measured

deuterium isotope effects show that the reactions are con-
certed. In the hydrogenation the OH proton and Ru hydride
of 2 are transferred from the catalyst to the substrate at the
same time and in the dehydrogenation the O-H and C-H hy-
drogens of the alcohol are simultaneously transferred to the
oxygen and the Ru center of A, respectively. These results
are best explained by an outer-sphere hydrogen transfer
without coordination of the substrate but do not completely
rule out coordination followed by concerted transfer of the
two hydrogens. However, in the ketone reduction the inner-
sphere pathway would require a h5!h3 ring slip induced by
coordination, which seems less likely. For the reversed reac-
tion, dehydrogenation of the alcohol, coordination of the al-
cohol most likely occurs in A but the subsequent b-elimina-
tion would require a h5!h3 ring slip.
For the corresponding reduction of imines by Ru hydride

2 and dehydrogenation of amines to imines by coordinative-
ly unsaturated A, the question concerning outer-sphere
versus inner-sphere hydrogen transfer is still controver-
sial.[11,12] There is a consensus that the imine/amine reactions
are different from the corresponding ketone/alcohol reac-
tions. For the former type of reactions a stepwise hydrogen
transfer occurs depending on the amine/imine employed.[13]
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In stoichiometric reduction of imines to amines a complex
with the coordinated amine product is formed. In the outer-
sphere mechanism it was suggested that after delivery of the
two hydrogens to the imine, the amine formed would com-
bine with Ru species A, while in the inner-sphere pathway
the nitrogen is coordinated to ruthenium throughout the re-
action. One of the first attempts to distinguish between
these two pathways was to use an added amine as an exter-
nal trap. The imine was reduced by Ru hydride 2 in the
presence of the added amine since competition between
newly formed amine and added amine trap is expect-
ed.[11a,12–14] The failure of the added external amine to form
a ruthenium amine complex supports an inner-sphere path-
way and would seem to rule out the outer-sphere pathway.
However, a solvent cage effect was proposed for the outer-
sphere pathway to account for these results.[11,13] In the
latter mechanism the newly
formed amine would only
slowly dissociate out of the
cage and subsequent coordina-
tion to the metal would be
faster than dissociation.
In the present study we have

investigated a possible cage
effect in the reduction of 4-ami-
nocyclohexanone by Ru hy-
dride 2. This reduction leads to
the ruthenium amine complex
of 4-aminocyclohexanol. If the
reduced amino alcohol stays in
the solvent cage, trapping by an
external amine trap would be slow and the amine complex
of 4-aminocyclohexanol would predominate. If there were
no cage effect, there would be competition between the ex-
ternal amine trap and 4-aminocyclohexanol. Our experi-
ments show that there is no measurable cage effect in the
reduction of 4-aminocyclohexanone by 2.

Results

In our studies on a possible solvent cage effect in hydroge-
nation with 2 we used 4-benzylaminocyclohexanone (3) as
the substrate. Reaction of this ketoamine would produce 4-
(benzylamino)cyclohexanol (4), which after coordination to
the 16-electron complex A would give Ru amine complex 5.
This substrate was chosen since the alcohol moiety does not
form a stable coordination complex with Ru[15] and there-
fore failure of trapping by an external amine in this case
would occur only because of a cage effect. With a large cage
effect only Ru amine complex 5 would form and neither N-
cyclohexylbenzylamine nor unreacted 3 would coordinate to
ruthenium. Initially we used N-cyclohexylbenzylamine as an
added amine trap and preliminary experiments showed that
amine trapping products 6 and 7 were formed together with
Ru amine complex 5 (Scheme 1).
Unfortunately, ruthenium amine complex 6 overlaps with

one of the isomers of ruthenium amine complex 5 (the cis

isomer) in the 1H NMR spectrum, which made an accurate
analysis difficult. We therefore decided to use only the un-
reacted aminoketone 3 as the external amine trap
(Scheme 2).

Reaction of hydride 2 with aminoketone 3 in CD2Cl2 at
�20 8C was monitored by 1H NMR spectroscopy. Equimolar
amounts of ruthenium hydride 2 and aminoketone 3 as solu-
tions in CD2Cl2 were added to an NMR tube at �196 8C.
The components were not mixed at this temperature. The
NMR tube was then transferred to the �20 8C pre-cooled
probe of the NMR spectrometer and 1H NMR spectra were
run continuously.
In the reduction of ketones with hydride 2 the 16-electron

complex A is formed, which in the absence of nucleophiles
combines with ruthenium hydride 2 to give Shvo dimer 1.
(cf. Scheme 3). However, in the reaction in Scheme 3 com-
plex A can also react with the amine function in the reduced
amino alcohol as well as with the amine function of the ke-
toamine.
Thus the 16-electron complex (A) formed in the hydrogen

transfer from 2 to the ketone can produce three different
products (of which the ratio will depend on the magnitude
of the cage effect): i) Shvo dimer 1, ii) amino alcohol com-
plex 5, and iii) ketoamine complex 7. The second product,
amino alcohol complex 5, is formed as a cis/trans mixture.
The formation of all these products as well as the disappear-
ance of hydride 2 was monitored by 1H NMR spectroscopy
and the results are given in Figure 1.
The NMR analysis in Figure 1 shows that all three prod-

ucts 7, 5, and Shvo dimer 1 are formed in the reaction. From

Scheme 1.

Scheme 2.
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Figure 1 one can see that after a while about half of the un-
saturated complex A generated is quenched by hydride 2 to
give dimer 1, and that the other half of A has reacted with
the amine compounds to give amine complexes 5 and 7. It is
obvious from Figure 1 that there is not a strong cage effect.
With a strong cage effect complex 5 would have predomi-
nated and no Shvo dimer 1 would have been formed. One
could argue that the trapping of A by hydride 2 is much
more efficient than the reaction of hydride 2 with the newly
formed amino alcohol 5. However, a control experiment
showed that A reacts with N-cyclohexylbenzylamine and hy-
dride 2 with comparable rates.[17] Also the fact that complex
7 is the predominant amine complex supports the absence
of a large cage effect. With a large cage effect the ratio 5/7
would have been @1. As can be seen from Figure 1 keto-
amine complex 7 predominates over 5 at the early stage of
the reaction, but after a while a larger proportion of amino

alcohol complex 5 is formed.
From the ratio 5(cis+trans)/7 it
is obvious that there cannot be
any significant cage effect. In
an attempt to quantify a possi-
ble small cage effect we calcu-
lated the expected ratio 5(cis+
trans)/7[18] (assuming that there
is no cage effect) and compared
it with the observed ratio
5(cis+trans)/7 (Figure 2). Fig-
ure 2a shows that the observed
ratio was slightly larger than
the calculated ratio and this
would seem to indicate that
there is a small cage effect of
about 1.2–1.7. However, in the

calculations of the ratio 5(cis+trans)/7 we have assumed
that ketoamine complex 7 is stable and therefore not re-
duced to amino alcohol complex 5 by 2. A control experi-
ment, however, showed that this assumption is not cor-
rect.[19] Thus, when cyclohexanone and ketoamine complex 5
in a 1:1 ratio was allowed to react with hydride 2 they were
reduced with approximately the same rate. The predicted
ratio 5(cis+trans)/7 from a non-cage-effect scenario as well
as the actual ratio 5(cis+trans)/7 were therefore corrected
for the transformation of 7 ! 5 during the reaction.[20] The
expected ratio 5(cis+trans)/7 corrected for the reduction of
7 ! 5 and the observed ratio 5(cis+trans)/7 are given in Fig-
ure 2b. As can be seen from Figure 2b the calculated ratio
assuming no cage effect and the observed ratio are very sim-
ilar. From these data we conclude that there is no measura-
ble cage effect in the hydrogen transfer from hydride 2 to
ketoamine 3.

Scheme 3.

Figure 1. Relative concentration of Ru species over time in the reaction between Ru hydride 2 and aminoke-
tone 3 according to 1H NMR.[16] Ru-hydride 2 (0.074 mmol) and aminoketone 3 (0.074 mmol) in CD2Cl2 were
mixed at �196 8C and heated to �20 8C. The reaction was followed by 1H NMR at �20 8C.
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Discussion

It has been proposed that there is a strong cage effect in hy-
drogenation of imines by 2’,
where the amine does not
easily dissociate out from the
cage. This strong cage effect
was explained by a hydrogen
bonded intermediate D, in
which there is a hydrogen bond
between the newly formed
amine and the keto group of
complex A’. Breakage of the
hydrogen bond would give the
cage complex E.
It was argued that coordina-

tion of the amine to give an
amine complex was faster than
diffusion of the amine from the
cage E. This would explain why
an external amine does not
compete with the coordination
site at ruthenium.[11a,12–14] Also,
it was proposed that when
there is another amine function
present in cage bound amine,
for example, as in F and G, the
diamine stays in the cage
(Scheme 4, path a). As a conse-
quence both amine complexes
would form due to approxi-

mately equal probability of the two amines to coordinate to
ruthenium.
Hydrogenation of imine 8 by 2’, as previously reported by

Casey,[11a] afforded a 1:1 mixture of 9 and 10, which would
seem to support the cage hypothesis (Scheme 4, path a). An-
other explanation for the observed results, proposed by
us,[12] is that the reaction occurs via an inner-sphere pathway
to give a h2-amine complex, which could undergo intramo-
lecular nitrogen exchange via the benzene ring (Scheme 4,
path b). This was supported by experiments with an analo-
gous intramolecular amine trap with a cyclohexane linker
instead of the benzene linker, which gave only the amine
complex of the newly formed amine.[12] Casey has recently
shown that in the reduction of imines with some intramolec-
ular amine traps by 2’ a small amount (�10%) of the
amine complex from the trap amine was formed.[11b] This
was inferred as support for an outer-sphere pathway.[11b]

The results from the present study seem to be incompati-
ble with the outer-sphere pathway. According to the cage
hypothesis a hydrogen-bonded intermediate B would be

Figure 2. a) Actual (&) and expected (*) ratio between Ru-amine com-
plexes 5 and 7. b) Corrected actual (&) and expected (*) ratio between
Ru-amine complexes 5 and 7.

Scheme 4.
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formed in the reduction of aminoketone 3 by 2. Intermedi-
ate B would be in equilibrium with C.
It is known that alcohols form much stronger hydrogen

bonds than amines.[21] Intermediate B would therefore show
much stronger effect in keeping the hydrogen-bonded mole-
cule in the cage than any of the amine analogues D and F. If
there were a strong cage effect as hypothesized by
Casey,[11,13] it is remarkable that there is no observable cage
effect with intermediate C, which should be formed in the
reduction of ketone 3 by Ru hydride 2 after the hydrogen
bond is broken.
An alternative interpretation of the results, suggested by

one of the referees, is that because of the strong hydrogen
bond of the alcohol in B, trapping of A by ketoamine 3, free
amino alcohol 4 (from outside the cage) and Shvo hydride 2
(to give 1) could occur while 4 is still hydrogen-bonded. We
do not see how trapping of A by Shvo hydride 2 could take
place in the hydrogen-bonded complex B since this trapping
requires binding to the carbonyl oxygen of the cyclopenta-
dienyl ring. We consider this alternative mechanism less
likely and favor breaking of the hydrogen bond to give
“cage complex” C in line with previously proposed pathways
in the outer-sphere mechanism.[11]

Conclusion

Our results show that there is no measurable cage effect in
the reduction of 4-aminocyclohexanone 3 by Ru hydride 2.
If there were a cage effect, it would be expected to be larger
in ketone reduction than imine reduction, since alcohols
form stronger hydrogen bonds than amines.[21] Therefore,
the failure to observe ruthenium–amine complexes from ex-
ternally added amine traps in the reduction of imines[11a,12]

can not simply be explained by a cage effect.

Experimental Section

All reactions were performed under dry argon atmosphere in flame-dried
glassware. 1H and 13C NMR spectra were recorded at 400 or 500 MHz
and at 150 MHz, respectively. Chemical shifts (d) are reported in ppm,
using the residual solvent peak in CD2Cl2 (dH 5.32 and dC 54.00) or in
CDCl3 (dH 7.26) as internal standard. Coupling constants (J) are given in
Hz. Ru-dimer 1,[9] Ru hydride 2,[12] and 4-(benzylamino)cyclohexanone
(3)[9] were prepared according to literature procedures. Spectral data
were in accordance with the literature.

Reduction of 4-(benzylamino)cyclohexanone (3) by Ru-hydride 2 : A so-
lution of Ru-hydride 2 (0.25 mL, 0.15m in CD2Cl2, 0.037 mmol) was
added via a syringe into an NMR tube under argon atmosphere. After
three freeze–pump–thaw cycles the reaction mixture was frozen to
�196 8C. Aminoketone 3 (0.10 mL, 0.74m, 0.074 mmol) in CD2Cl2 was
added via a cannula to the frozen mixture to ensure that the components
did not mix. Additionally Ru-hydride 2 (0.25 mL, 0.15m in CD2Cl2,
0.037 mmol) was carefully added in the same way (while frozen). The
NMR tube was transferred into the spectrometer which had been pre-
cooled to �20 8C and t0 was set when the sample was inserted. At this
time and temperature the sample was still frozen (i.e., no field signal
could be observed even though the spectrometer indicated that the
sample was “down”). Within one minute the reaction mixture started to

thaw. After locking and shimming, the reaction was followed by integra-
tion of the peaks at d 0.55, 0.19, 0.00, �9.70 and �17.42 ppm correspond-
ing to Ru-amine complexes 7, trans-5, cis-5, Ru-hydride 2 and Ru-dimer
1, respectively.
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the corresponding amine. The concentrations [3] and [4] could not
be obtained directly by integration in the NMR spectrum due to
overlapping peaks. Instead they were obtained indirectly by calcula-

tions (see Supporting Information for details).
½5�
½7�=

Rt¼x

t¼0

½4�
½3�=dt (1)

[19] A graph for reduction of ketoamine complex 7 by Ru hydride 2 is
given in the Supporting Information.

[20] Since the rate of reduction of ketoamine 3 (d[3]/dt) and ketoamine
complex 7 (d[7]/dt) is approximately the same, d[3]/dt was deter-
mined in each point, which afforded d[7]/dt (d[7]/dt �d[3]/dt). [7]
was corrected by addition of this amount and [5] was corrected by

subtraction of the difference between measured [7] and corrected
[7] in each point. New actual and expected ratio 5/7 were then calcu-
lated (see Supporting Information for details).
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