Practical synthesis of enantiopure benzylamines by catalytic
hydrogenation or transfer hydrogenation reactions in isopropanol
using a Ru-pybox catalyst
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The screening of a family of complexes of formula [RuClz(R-pybox)(L)] (R-pybox = Ph-, Pr or indane-pybox; L = monodentate

P, N or C ligand) in the enantioselective hydrogenation of N-aryl imines indicates a strong influence of the R pybox

substituents and the L ligand in the process. A comparison indicates that best results are obtained with complex [RuClz(Ph-

pybox)(PPh(OMe).)] which provided values of 99 % ee for the reduction of several imines derived from aryl alkyl ketones.

Worth to note, this complex is capable to reduce mentioned imines under transfer hydrogenation conditions using

isopropanol as a hydrogen donor with equally high enantioselectivities.

Introduction

The development of efficient catalysts for the asymmetric
hydrogenation of ketimines? is a topic of high interest due to
the paramount importance of chiral amines in the
pharmaceutical, agrochemical and fragrances industries.222c
lllustrative examples are pharmaceutical compounds A
(Cinacalcet, Figure 1),29 B (NPS R-568)2¢ and C (Rivastigmine),f
while D (S-Salsolidine) is a naturally occurring alkaloid.?s
Moreover, E (S-Metholachlor)?" is used as an herbicide and F is
a potent sweetener.?

A breakthrough in this area arose with the industrial synthesis
of compound E, which included the asymmetric hydrogenation
of a ketimine by an extremely active Ir catalyst as a key step.2"
Thereafter, remarkable progresses have been achieved in the
hydrogenation of ketimines with Ir catalysts3 as well as with
catalysts based on other metals (e.g. Ti, Fe, Ru, Rh, Pd).*
Notwithstanding this vast amount of research, the range of
substrates that can be reduced with high levels of
enantioselectivity is still narrow and the synthetic
implementation of this type of hydrogenation looks far from its
potential, keeping a high interest on the study of new catalytic
systems. At this regard, some promising results have been
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Figure 1 Examples of relevant chiral amines with common names in brackets.

Morris has reported a moderate enantioselectivity (ca. 70 % ee)
using complexes based on BINAP diphosphine and DPEN or
DACH diamines in the hydrogenation of 1-methylbenzyliden
aniline.5 Likewise, Cobley and coworkers have obtained up to 94
% ee in the hydrogenation of the latter substrate using a catalyst
based on Et-Duphos and DACH ligands.® In addition, Ohkuma
reported that [RuBr(Xyl-
skewphos)(DPEN)] leads to a highly enantioselective catalyst
(91-99 % ee) for the hydrogenation of a wide variety of aryl
imines derived from aryl-alkyl ketones.” Moreover, we have
shown that complexes based on phosphine-phosphite and
DPEN ligands also provide high enantioselectivities (93-96 % ee)

and coworkers have
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in the latter type of hydrogenations.?2 Worth to mention in this
context, Fan and coworkers have described an alternative
system based on a Ru arene diamine complex and Boc,0 or a
chiral phosphoric acid as additives.®

On the other hand, enantioselective hydrogen transfer
reactions provide an operationally simpler and convenient
alternative to hydrogenation for the synthesis of chiral amines,
as they do not require pressurized hydrogen and the
corresponding costly equipment.l® Moreover, the use of
isopropanol for these reactions may even be a superior
approach to the use of formic acid or its mixture with
triethylamine,! if the nature of the byproducts formed or the
unnecessary control of pH in the former case are considered.
However, the use of isopropanol for the asymmetric reduction
of imines has only found a limited success to date.1214 For
instance, catalysts described by the groups of Morris and Beller
efficiently reduced N-phosphinyl imines with high
enantioselectivities, while these catalysts did not show activity
in the case of unactivated N-aryl imines.12 13 On the other hand,
a chiral acid cocatalyst was required for the attainment of good
activity and high enantioselectivity in the Ir catalyzed transfer
hydrogenation of N-aryl imines using alcohols.’> Moreover,
Backvall has reported an efficient non-asymmetric reduction of
imines using Shvo catalyst,'® while Hayashi and Dou have
developed chiral versions of the latter, which displayed activity
in the reduction of N-aryl imines with isopropanol but with
moderate enantioselectivities.’

In a preliminary communication we reported that complexes
[RuCly(Ph-pybox)(L)] (L = P(OMe)s and P(OEt)s, Figure 2) are
capable to reduce some N-aryl imines with high
enantioselectivity both under hydrogenation and transfer
hydrogenation conditions in isopropanol,’® thus constituting
the first example of an imine asymmetric
hydrogenation/transfer hydrogenation network, reminiscent of
those described for ketones in the literature.® Despite the
fundamental interest of this finding, the synthetic relevance of
these reactions was limited, since catalysts only displayed
enough activity to complete reactions with S/C = 100 with a
small number of imines, depicting a rather narrow substrate
scope. Committed to find a more synthetically useful catalyst
we aborded a broad study covering a wide range of [RuCl,(R-
pybox)(L)] complexes, differing in the nature of the
monodentate ancillary ligand L and the R pybox substituents for
the two kind of reductions. The results of this study, which we
present in this full paper, have allowed us to find a superior
catalyst both in terms of activity and substrate scope for the two
types of processes, useful to prepare a sort of important chiral
amines in enantiopure form.

Results and discussion

Range of catalyst precursors and substrates examined

For the present study, a wide set of Ru catalyst precursors
bearing pybox and diverse monodentate P, N and C ligands for
the hydrogenation transfer

enantioselective and
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Figure 2 Structures of Ru complexes used in the present study

hydrogenation of imines has been examined (Figure 2). In
addition to phosphine and phosphite derivatives of Ph-pybox
and indane-pybox ligands (1b-1g, 3d and 3g) used in our
preliminary work, we have prepared phosphinite (1h-1i, 2h-2i
and 3i) and phosphonite derivatives (1j, 2j and 3j), as well as
isonitrile (1k, 1) and acetonitrile (1m) complexes for the
present study, to examine in detail the influence of the L ligand
in these catalytic processes. New compounds have been
prepared in good yield from the corresponding ethylene
derivatives trans-[RuCly(R-pybox)(C;H4)] {R-pybox = Ph-pybox
(1a), Pr-pybox (2a) and indane-pybox (3a)} and L ligands,
although different reaction conditions were required
depending on the combination of R-pybox and L ligands (see
supporting for details).

Complexes 1-3 showed in 'H and 13C{*H} NMR spectra only one
set of signals for the two oxazoline fragments, indicative of a G,
symmetric structure. Accordingly, these complexes should
possess two chloro ligands in mutually trans positions, while the
L ligand should occupy a coordination position trans to the
pyridine fragment. This stereochemistry has been confirmed by
single-crystal X-ray analysis in the case of representative
complexes 1d and 3j (Figures 3 and 4). While Ru-N distances and
N-Ru-N angles observed fall in the range observed for other
related Ru(ll) pybox complexes,2° an interesting aspect of these
structures upon comparison regards the shape of the chiral
cavity formed by the pybox ligand around the Ru atom. Thus,
the two complexes differ in the inclination of the oxazoline aryl
substituents with respect to the equatorial plane of the
complex. For 1d Ru(1)-N(1)-C(7)-C(6) and Ru(1)-N(3)-C(17)-
C(18) torsions amounted -71(1) and -74.9(11) deg. In contrast,
for 3j values of 89.7(11) and 80.7(9) deg were obtained for
Ru(1)-N(1)-C(9)-C(1) and Ru(1)-N(3)-C(17)-C(25), respectively.
Accordingly, a higher steric interaction between
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Figure 4. ORTEP drawing of the complex 3j (hydrogen atoms are omitted for clarity).
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provided full conversion (entries 8, 10), while 1i afforded a
slightly lower value (94 %, entry 9). Moreover, excellent values
of enantioselectivity, between 95 and 99 % ee, were obtained
with the three complexes.

these aryl substituents and ligands occupying axial positions is
expected for complexes bearing indane-pybox ligands, as
shown by the distances between Cl and aryl Cipso atoms (4.22(1)
and 4.23(1) Aiin 1d; 4.08(1) and 3.97(1) A in 3j). As well, the lack
of aryl rotation in the indane pybox ligand should enhance this
steric effect.

Regarding the range of substrates, we have considered a wide
variety of N-aryl imines 4a-4p (Figure 5). In addition, to explore
alternative N protecting groups N-benzyl and N-allyl substrates
4q and 4u, respectively, have been included in the set. As well,
N-propyl imine 4r was considered to investigate the influence
of the N-aryl substituent in the reaction, while 4s was chosen as
a representative example of challenging imines from dialkyl
ketones. Finally 4t, as well as 4u, were examined to investigate
the selectivity of these catalysts to reduce C=N over C=C bonds.

Screening of complexes 1-3 in the hydrogenation of imine 4a

Our preliminary study on the hydrogenation of representative
4a with Ph-pybox catalyst precursors 1a-1g (20 bar H,, 'PrOH, 60
°C, S/C/B = 100/1/5, KO'Bu as base),’® indicated a critical
influence of the L ligand in the process (entries 1-7, Table 1.
Thus, best results (95-99 % conv, 97-99 % ee; entries 4-5) were
provided by catalysts bearing P(OMe)s and P(OEt); ligands,
superior to other phosphite derivatives (entries 6, 7). In sharp
contrast, phosphine derivatives showed very low conversion
values (entries 2, 3).

To fill the range of electronic properties of the phosphorus
ancillary ligand we have included herein catalyst precursors
bearing phosphinite (1h, 1i) and phosphonite (1j) ligands, with
intermediate basicity between that of phosphines and
phosphites {i.e. PPh; > PPh,(OMe), PPh,(OEt) > PPh(OMe); >
P(OMe)s, P(OEt)s}. Satisfyingly, catalyst precursors 1h and 1j
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Figure 5 Structure of imine substrates 4 covered in the present study.

Table 1. Hydrogenation of 4a with [RuCl,(Ph-pybox)(L)] complexes?

NI,Ph Hy in-Ph

Ph)\ 1, base Ph)*\
4a 5a

Entry Cat. L Conv® % ee’

1 1a CaHa 4 n.d.
2 1b PPhs 22 n.d.
3 1c PPh.Me 17 n.d.
4 1d P(OMe)s 95 99 ($)
5 le P(OEt)s 99 97 ()
6 1f P(OPr)s 11 n.d.
7 1g P(OCH)sCEt 87 92 (S)
8 1h PPh,(OMe) >99 97 ()
9 1i PPh2(OEt) 94 95 ($)
10 1j PPh(OMe), >99 99 ($)
11 1k CNBn 27 62 (R)
12 1l CNCy 32 46 (R)
13 im MeCN 7 n.d.

aConditions: 20 bar Ha, 60 °C, 'PrOH, S/C/B = 100/1/5, [S] = 0.15 M, using KO'Bu
dissolved in PrOH as a base, reaction time 24 h. bPConversion was determined by
1H NMR. ¢Enantiomeric excess analyzed by HPLC (n. d. = not determined), product
configuration in brackets.
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Upon the positive influence of mw-acidic P ligands, isonitrile
derivatives (1k, 1) were also tested as potentially useful
catalysts. However, expectations, they
displayed both low levels of conversion and enantioselectivity
(entries 11, 12). In addition, complex 1m bearing donor
acetonitrile ligand, provided a very low conversion (entry 13).
As well, a derivative of a NHC type ligand [RuCl,(Ph-pybox)(1,3-
dimethylimidazol-2-ylidene)] unsatisfactory
performance (45 % conv, 22 % ee; not shown in Table 1).21

contrary to our

displayed an

An alternative element for catalyst modulation corresponds to
the pybox ligand and at this regard we have studied the 'Pr- and
indane-pybox analogues of the best catalysts of series 1. First,
results obtained with 'Pr-pybox derivatives 2d and 2h-2j (entries
1-4, Table 2) showed a catalyst performance far from shown by
the corresponding Ph-pybox analogues, exhibiting only low to
moderate conversions (24-51 %) and poor enantioselectivities
(up to 26 % ee). For the series of indane-pybox complexes,
complexes with P(OMe)s and PPh(OMe); ligands (entries 5 and
8, respectively) behave similarly to their Ph-pybox counterparts,
while P(OCH,)sCEt (3g, entry 6) and PPh,(OEt) complexes (3i,
entry 7) were less active and enantioselective than 1g and 1i,
respectively.

Overall, this screening shows two important features of the
catalyst design. First, best results are obtained with © acidic
phosphorus L ligands. Second, the presence of aromatic
substituents in the oxazoline fragments of the pybox ligands
strongly favours both catalyst activity and high
enantioselectivity.

After the positive results obtained with some of the catalysts at
S/C = 100, we next examined their utility at higher substrate to
catalyst ratios (Table 3). Thus, when catalyst precursors 1d, 1e
and 1h were tested at S/C = 500 under otherwise standard
reaction conditions, uncompleted reactions were observed
(entries 1-3). In contrast, 1j and 3j provided full conversion and
an excellent enantioselectivity (98-99 % ee, entries 4, 7) under
these reaction conditions. For reactions performed at S/C =
1000 1j still displayed a relatively good conversion (85 %, entry
5), while for 3j it decreased significantly (entry 8). Finally, 1j
showed a moderate conversion at S/C = 2000 (43 %, entry 6) but
without an erosion on enantioselectivity.

Scope of catalysts 1 in the hydrogenation of imines 4

Following the unsatisfactory substrate scope by 1d in the
hydrogenation of diverse imines 4 (a more complete screening
can be found in the supplementary material), we alternatively
examined the scope of 1j. Gratifyingly, this catalyst precursor
provided a remarkable improvement in activity with most of
substrates examined. Accordingly, 4b (entry 1, Table 4), 4d-4e
(entries 3, 4), 4i (entry 8) and 4k-4p (entries 10-15) completed
the reaction under our standard conditions. As well, the catalyst
is effective for demanding ortho substituted imines.” Thus 4j
was efficiently reduced under the same reaction conditions
(entry 9), whereas the corresponding hydrogenation of 2-Me
substituted imine 4h is slower (60 % conversion, entry 6), but
just an increase in reaction temperature (70 °C) and substrate
concentration ([S] = 0.30 M) led the reaction to completion
(entry 7). In sharp contrast, chloro- and bromo-substituted
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imines exhibited a poor performance. Thus, low conversion
values were observed for 4c (44 %, 79 % ee; entry 2) and 4f (25
%, entry 5), while no reaction was detected for 4g. This is a
general feature of this catalytic system and 1i showed similar
results (40 % conv and 61 % ee for 4c; 13 % conv for 4f; data not
included in Table 4), likewise 1d did not show reaction with
these substrates. This lack of reactivity has also been observed
under transfer hydrogenation conditions (see below for further
comments).

Moreover, 1j displayed an outstanding enantioselectivity for
the reactive substrates and corresponding amines 5 were
obtained with 99 % ee. In addition, to explore the synthetic
potential of the present catalytic system, an experiment to
provide a higher productivity of the chiral amine using a more
practical high substrate concentration prepared.
Satisfyingly, the hydrogenation of 4l using 6 mmol of substrate
(1.53 g) at a S/C ratio of 500 ([S] = 2 M, IPA-toluene 1:1) under
20 bar H; at 60 °C quantitatively provided amine 5l in 24 h with
a 98 % ee.

was

Table 2. Hydrogenation of 4a with iPr- and indane-pybox catalysts?

_Ph ~Ph
J - A
Ph 2 or 3, base Ph™,
4a 5a
Entry Cat. R L Conv® % eec
1 2d iPr P(OMe)s 24 6 (R)
2 2h iPr PPh2(OMe) 38 3(S)
3 2i iPr PPh;(OEt) 51 4(S)
4 2j iPr PPh(OMe). 33 26 (R)
5 3d indane P(OMe)s 95 95 (R)
6 3g indane P(OCH.)sCEt 79 63 (R)
7 3i indane PPh>(OEt) 58 80 (R)
8 3j indane PPh(OMe). >99 99 (R)

aConditions: 20 bar Hy, 60 ° C, iPrOH, S/C/B = 100/1/5, [S] = 0.15 M, using KO'Bu
dissolved in 'PrOH as a base, reaction time 24 h. ®Conversion was determined by
IH NMR. cEnantiomeric excess analyzed by HPLC, product configuration in
brackets.

Table 3. Hydrogenation of 4a at low catalyst loadings?

_Ph _Ph
N‘ H, HN
Ph)\ 1 0r 3, KO'Bu PR,
4a 5a
Entry Cat. s/C Conv® % eec
1 1d 500 87 98 (5)
2 le 500 65 97 (S)
3 1h 500 88 92 (S)
44 1j 500 >99 99 (S)
5 1j 1000 85 97 (5)
6 1j 2000 43 99 (5)
7 EY 500 >99 98 (R)
8 3j 1000 44 87 (R)

aConditions: 20 bar Ha, 60 °C, 'PrOH, C/B = 1/5, [S] = 0.75-3.0 M, using KO'Bu
dissolved in iPrOH as a base, reaction time 24 h. bConversion was determined by
1H NMR. °Enantiomeric excess analyzed by HPLC, product configuration in
brackets. 991 % isolated yield.
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As a final recall, considering the easy deprotection of N-anisyl
amines,?? the obtention of enantiopure 5l, 5m, 50 and 5p has a
considerable interest since the corresponding primary amines
are suitable precursors for compounds B,2¢ D,28 A2d and F?
(Figure 1), respectively.

Alternatively, the change of the N-Ph or N—An group by an N-
benzyl, N-propyl or N-allyl one produced an important decrease
in substrate reactivity. Thus, only low conversion values were
obtained in the hydrogenation of 4q and 4r with catalyst
precursors 1d and 1j (entries 1-4, Table 5). On the other hand,
the hydrogenation of 4u mainly showed the reduction of the
olefin bond (Scheme 1)23 and 4r/5r ratios of 68/32 and 70/30
were obtained with 1d and 1j, respectively.?* With regard to this
reaction it should also be noticed that the allyl substrate fully
isomerizes to the corresponding enamine 4u’ (Z/E = 45:55 ratio,
Scheme 2) under basic conditions.?> Therefore, aside from a
direct reduction of the allyl fragment, catalysts generated by 1d
and 1j should reduce any 4u’ generated in the reaction to give
4r, which remains as the main product due to its low reactivity.
As well, 1j and 1d completely hydrogenate the olefin bond of
a,pB-unsaturated imine 4t, to give a mixture of the phenethyl
imine (4t’) and amine (5t) in 4t’/5t ratios of 49:51 and 70:30,
respectively (Scheme 3), while the allyl amine resulting from the
C=N reduction of 4t was not observed.

Table 4. Hydrogenation of imines 4b-4p with catalyst precursor 1j2

Nl/\/ KO'Bu, PrOH )N@ )N‘\
)\ Ph +  pn
Ph 60°C, 24 h

4u Z-4u" (45 %) E-4u' (55 %)

Scheme 2. Isomerization of 4u under basic conditions.

1/KO'Bu

_ =

NJ~An
/\)‘\
Ph” XX

4t 4t 5t

N"An
A
Ph

20 bar H, "

Scheme 3. Products observed in the reduction of o,f3-unsaturated imine 4t.

Table 5. Hydrogenation of 4q and 4r with [RuCl,(Ph-pybox)(L)] complexes?

_R _R
)N‘\ - jl\
Ph 1, base Ph™,
4n-o R =Bn (5q), "Pr (5r)
Entry Cat. Imine Conv®
1 1d 4q 45
2 1j 4q 30
3 1d ar 44
4 1j ar 32

aConditions: 20 bar Hz, 60 °C, PrOH, S/C/B = 100/1/5, [S] = 0.15 M, using KO'Bu
dissolved in 'PrOH as a base, reaction time 24 h. ®Conversion was determined by
1H NMR.

Table 6. Hydrogenation of imine 4s with [RuCl,(R-pybox)(L)]?

_Ar _Ar
N| Hy HN
Ar/kR 1, base Ar” = 'R
4 5

Entry Cat. Imine (Ar, Ar’,R) Conv® % ee®
1 1j 4b (4-F-Ph, Ph, Me) >99 (84) 99 ()

2 1j 4c (4-CI-Ph, Ph, Me) 44 79 (8)
3 1j 4d (3-MeO-Ph, Ph, Me) >99 (88) 99 ()
4 1j 4e (Ph, An, Me) >99 (91) 99 ()
5 1j 4f (4-Br-Ph, An, Me) 25 n. d.
6 1j 4h (2-Me-Ph, An, Me) 60 97 (S)
74 1j 4h (2-Me-Ph, An, Me) 99 (91) 99 ()
8 1j 4i (4-Me-Ph, An, Me) >99 (75) 99 ()
1j 4j (2-F-Ph, An, Me) 98 (92) 99 ()

10 1j 4k (4-CFs-Ph, An, Me) >99 (93) 99 (5)
11 1j 41 (3-MeO-Ph, An, Me) >99 (93) 99 ()
12 1j 4m (3,4-(MeO).-Ph, An, Me) >99 (63) 99 ()
13 1j 4n (2-naphthyl, An, Me) >99 (80) 99 (S)
14 1j 40 (1-naphthyl, An, Me) >99 (73) 99 ()
15 1j 4p (Ph, An, Et) >99 (80) 99 (5)

_An _An
5§ - J§
Pr 1-3, base P

4s 5s

Entry Cat. R L Conv® % ee’
1 1d Ph P(OMe)s 17 44
2 1h Ph PPh2(OMe) 19 5
3 1j Ph PPh(OMe). 33 51
4 2h iPr PPh2(OMe) 14 10
5 2j iPr PPh(OMe); 16 5
6 3i indane PPhy(OEt) 23 30
7 3j indane PPh(OMe). 20 32
8¢ 1j indane PPh(OMe), 61 0

aConditions: 20 bar Ha, 60 °C, iPrOH, S/C/B = 100/1/5, [S] = 0.15 M, using KO'Bu
dissolved in 'PrOH as a base, reaction time 24 h, unless otherwise stated.
bConversion was determined by H NMR, isolated yields in brackets. cEnantiomeric
excess analyzed by HPLC (n. d. = not determined), configuration in brackets. 9[S] =
0.30 M, 70 °C.

/\%
/l\ )\
+
Ph 20 bar H, Ph Ph™
4u 4r 5r

Scheme 1. Products observed in the reduction of N-allyl imine 4u.

aConditions: 20 bar Hy, 60 °C unless otherwise stated, 'PrOH, S/C/B = 100/1/5, [S] =
0.15 M, using KO!Bu dissolved in iPrOH as a base, reaction time 24 h. PConversion
was determined by 'H NMR. cEnantiomeric excess analyzed by HPLC. 9Reaction
performed at 70 °C.

A rather challenging type of prochiral imines for asymmetric
hydrogenation is that constituted by those proceeding from
dialkyl ketones.338 We have selected 4s as a representative
example of this type of substrates and we have examined its
hydrogenation with diverse catalyst precursors under our
standard conditions. Disappointingly, only low to moderate
conversion values were observed (17-33 %, entries 1-7, Table
6). Best values of conversion and enantioselectivity were
observed with catalyst from 1j (33 % conv, 51 % ee; entry 3),
while an increase in the reaction temperature increased the
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conversion up to 61 % but unfortunately led to a racemic
compound (entry 8).

Transfer hydrogenation of imines 4 using ‘PrOH

To comparatively analyze the performance of complexes 1-3 in
the reduction of 4a under transfer hydrogenation conditions (1
bar N3, 'PrOH, S/C/B = 100/1/5, 60 °C, 24 h), we have completed
our preliminary screening!® with data corresponding to the
novel complexes (Table 7). Among these results, phosphite
complexes 1d, 1e and 3d (entries 2, 4 and 16, respectively) and
phosphonite complex 1j (entry 8) completed reactions with 99
% ee, while phosphinite complexes 1h, 1i and 3i only provided
low to moderate conversions (entries 6, 7 and 18, respectively).
Worth to note, Pr-pybox catalysts showed better
enantioselectivities under transfer hydrogenation conditions
than under hydrogenation ones, while for 2j a significant
enhancement on conversion was also observed (entry 15).
Regarding reactions prepared at lower catalyst loadings (S/C =
500) it should be added that 1d and 1j showed lower conversion
values (entries 3 and 9, respectively) than in the corresponding
hydrogenation reactions.

A preliminary analysis of the substrate scope of the transfer
hydrogenation reaction with 1d showed a good performance
with some imines 4. Thus it provided full conversion and 99 %
ee for substrates 4d-4e (entries 3-4, Table 8), 4i-4m (entries 6-

Table 7. Transfer hydrogenation of 4a with [RuCl,(R-pybox)(L)] complexes?

9), while for 4b near identical results than in the corresponding
hydrogenation were obtained (93 % conv, 98 % ee; entry 1).
However, the reduction of substrates 4n-4p with 1d showed
rather low conversion values (entries 10-12).

Moreover, 1j exhibited an outstanding performance giving high
conversion and enantioselectivities ranging from 97 to 99 % ee
for imines 4b, 4d-4e and 4i-40 (entries 13, 15-16 and 18-23),
while 4p showed a significantly lower conversion that under
hydrogenation conditions (entry 24).

In contrast, halogenated substrates 4c and 4f constitute a
limitation of the catalytic system. It has been mentioned before
the negligible observed under
hydrogenation conditions with several -catalysts.
observations have been made under transfer hydrogenation
ones (entries 2, 5, 14 and 17). We do not have a definite
explanation for it, but this phenomenon seems associated to
the particular hydrogenation of imines 4c and 4f (and
presumibly for other bromo- and chloroaryl imines) with these
catalysts since some catalysts 1 are capable to reduce 2-, 3- and
4-bromo acetophenone under hydrogen transfer conditions
similar to those used here with high TOF.26 Moreover, in view of

low to conversions

Parallel

_Ph _Ph
/N|K iProH ﬂ\‘\
Ph 1-3, base Ph™,
4a 5a
Entry Cat. R L Conv® % ee’
1 1b Ph PPhs <5 n.d.
2 1d Ph P(OMe)s >99 99 (S)
3d 1d Ph P(OMe)s 48 99 (S)
4 le Ph P(OEt)s >99 99 (S)
5 1g Ph P(OCH2)sCEt 84 95 (S)
6 1h Ph PPh,(OMe) 59 91 (S)
7 1i Ph PPh,(OEt) 19 71(8)
8 1j Ph PPh(OMe): >99 99 (S)
9d 1j Ph PPh(OMe): 58 99 (S)
10 1k Ph CNBn 4 n.d.
11 1l Ph CNCy 6 n. d.
12 im Ph MeCN <5 n. d.
13 2h iPr PPh,(OMe) 42 30 (R)
14 2i iPr PPh2(OEt) 41 15 (R)
15 2j iPr PPh(OMe), 98 71(R)
16 3d indane P(OMe)s >99 99 (R)
17 3g indane P(OCH.)sCEt 63 76 (R)
18 3i indane PPh(OEt) 4 n.d.
19 3j indane PPh(OMe). 85 97 (R)

aConditions: 1 bar N2, 60 °C, 'PrOH, S/C/B = 100/1/5, [S] = 0.15 M, using KO'Bu
dissolved in 'PrOH as a base, reaction time 24 h, unless otherwise stated.
bConversion was determined by H NMR. cEnantiomeric excess analyzed by HPLC
(n. d. = not determined), product configuration in brackets. 95/C/B = 500/1/5, [S] =
0.75 M.
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the good conversion obtained with
Table 8. Transfer hydrogenation of imines 4 with 1d and 1j catalyst precursors?
_Ar _Ar
N PrOH HN

Ar)\R 1, base Ar” 'R

4 5
Entry Cat. Imine (Ar, Ar’, R) Conv® % ee®
1 1d 4b (4-F-Ph, Ph, Me) 93 98 (S)
1d 4c (4-CI-Ph, Ph, Me) <5 n.d.

3 1d 4d (3-MeO-Ph, Ph, Me) >99 99 (S)
4 1d 4e (Ph, An, Me) >99 99 (S)
5 1d 4f (4-Br-Ph, An, Me) <5 n.d.
6 1d 4i (4-Me-Ph, An, Me) >99 99 (S)
7 1d 4k (4-CFs-Ph, An, Me) >99 99 (S)
8 1d 41 (3-MeO-Ph, An, Me) >99 99 (S)
9 1d 4m (3,4-(Me0):-Ph, An, Me) >99 99 (S)
10 1d 4n (2-naphthyl, An, Me) 15 n.d.
11 1d 40 (1-naphthyl, An, Me) 4 n.d.
12 id 4p (Ph, An, Et) 12 n.d.
13 1j 4b (4-F-Ph, Ph, Me) >99 (87) 99 (S)
14 1j 4c (4-CI-Ph, Ph, Me) <5 n.d.
15 1j 4d (3-MeO-Ph, Ph, Me) >99 (93) 99 (5)
16 1j 4e (Ph, An, Me) >99 (91) 99 (S)
17 1j 4f (4-Br-Ph, An, Me) <5 n.d.
18 1j 4i (4-Me-Ph, An, Me) >99 (91) 99 (S)
19 1j 4k (4-CFs-Ph, An, Me) >99 (99) 99 (S)
20 1j 41 (3-MeO-Ph, An, Me) >99 (98) 99 (S)
21 1j 4m (3,4-(MeO)2-Ph, An, Me) >99 (65) 99 (S)
22 1j 4n (2-naphthyl, An, Me) >99 (98) 99 (S)
23 1j 40 (1-naphthyl, An, Me) 92 97 ()
24 1j 4p (Ph, An, Et) 34 86 (S)

aConditions: 1 bar N2, 60 °C, iPrOH, S/C/B = 100/1/5, [S] = 0.15 M, using KO'Bu
dissolved in 'PrOH as a base, reaction time 24 h. ®Conversion was determined by
IH NMR, isolated yields for selected reactions in brackets. Enantiomeric excess
analyzed by HPLC (n. d. = not determined), configuration in brackets.
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substrates 4b and 4k (entries 1, 7, 13 and 19), the lack of
reactivity shown by 4c and 4f may not be attributed to the
electron-withdrawing properties of the halogen
substituent.

On the other hand, in the reduction of N-allyl imine 4u under
transfer hydrogenation conditions using 1d, the mixture of
products mainly corresponded to enamine 4u’ (4u:Z-4u’:E-
4u’:4r = 26:37:30:7), while only a small amount of imine 4r was
detected. Similar results were observed in the reaction using 1j
(4u:Z-4u’:E-4u’:4r = 17:44:32:7). Worth to note, the enamine
Z:E ratios (55:45 and 58:42 for 1d and 1j, respectively) are rather
similar to that obtained in the reaction in absence of metal
complex, in good accord with a formation of the enamine by the
base catalyzed reaction. Thus, these results indicate a low
reactivity of the enamine under hydrogen transfer conditions.

aryl

Mechanistic considerations

The surprisingly similar performance under both hydrogenation
and transfer hydrogenation conditions shown by precatalysts
1d and 1e in the reduction of 4a, committed us to demonstrate
in our preliminary communication the distinct nature of the
hydrogen donor in the two types of reactions (i.e. hydrogen and
iPrOH, respectively). At that regard, particularly clear was the
different labelling observed in reactions performed in
(CH3),CHOD (Scheme 4).18 To complete these observations, it
looks of interest to investigate if isopropanol is needed for the
reduction under hydrogenation conditions. It should be noticed
in this context that base wused in the present
hydrogenation/transfer hydrogenation reactions is KO'Bu
dissolved in 'PrOH, which actually corresponds to KOiPr.1%2 A
convenient alternative to the latter is commercially available
NaOiPr. To check the suitability of this base, a control
experiment with NaO'Pr in 'PrOH in a S/C/B = 100:1:5 was first
prepared. This reaction provided (S)-5a with full conversion and
with 99 % ee, demonstrating the effectiveness of the sodium
base. Subsequent hydrogenations prepared under these
reaction conditions, but using toluene or a toluene/tBuOH (1:1)
mixture as solvents, notably showed a complete reaction and
the same enantioselectivity. This indicates that a protonation
step by an alcohol is not needed to complete the hydrogenation
catalytic cycle, nor the requisite hydride is generated in this
cycle from a ruthenium isopropoxide.?’

In addition we have performed diverse experiments with
several complexes 1 and different amounts of base (either
KO®Bu or NaOiPr) and reaction conditions, trying to observe the
purported hydride intermediates. These attempts
unfortunately led to complex mixtures which have precluded us
to give more conclusive mechanistic information.
Notwithstanding that, the lack of NH groups in compounds 1
and the ability of catalysts from 1d and 1j to reduce C=C bonds,
which does not match with the typical reactivity of a catalyst
operating by an outer-sphere mechanism,28 seems to suggest
an inner sphere mechanism in the present case, involving a
hydride imine complex (H, Scheme 5).2% 30 Subsequent imine
insertion should provide an unsaturated amine complex (I)
which either under hydrogenation or transfer hydrogenation
conditions should regenerate the starting hydride G. Upon

literature information,?? the intermediacy of hydrogen complex
(J) and alkoxide (K) can tentatively be proposed, respectively,
under these reaction conditions.

H OD
20 bar D, (88 %) D, pHPN
Ph
1d, KO'Bu, 60 °C
99 % ee
S/C/B = 100/1/5
_Ph
N
)‘\
Ph H OD NHPh
0
4a 1 bar N, (98%) H/’c,
Ph
\¢
1d, KO'Bu, 60 °C 99 % ee

S/C/B = 100/1/5

Scheme 4. Deuterium labelling observed in the reduction of 4a with 1d.

[Rul*—!
_Ar
HN /IL WAr
N R G
J
Hydrogenation
AF
N X
[Ru]*—H Ar)‘\ (Rul™-H [errfl]
| . Insertion
N Ar N JAr
u] AP j/ A j\\
G H
H |
Transfer
Hydrogenation OH

o
A [Ru]*—o)\ A

[Ru]* = [Ru(Ph-pybox)P]*

Scheme 5. Schematic mechanism proposed for the reduction of imines 4.
(a) (b)
G 2 Q

‘o NS

Figure 6. Proposed structures for transition states for the imine insertion step (charge
and P ligand have been omitted for clarity).

nz

On the other hand, the rather similar enantioselectivitites
offered by complexes 1d and 1j in the reduction of diverse
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imines 4 under hydrogenation and hydrogen transfer
conditions, point to a common (or essentially very similar)
enantiodetermining step for both types of processes.1®¢ A
plausible proposal for this step is the mentioned imine insertion
step.272- 2% Upon this assumption, a reasonable stereochemical
model to explain product configuration considers coordination
of the hydride and imine trans to the pyridine and the P ligand,
respectively in complex H (Figure 6). Due to the prochiral nature
of the imine, two possible diastereomers for the transition
states of the imine insertion step are then possible. These
species differ in the interaction between the C-aryl of the imine
and the Ph pybox substituents, and upon this interaction, a
preferential formation of the S amine should be expected from
1j (Figure 6a).3! Following analogous considerations, the
formation of the R amine from indane-pybox catalysts can also

be explained.

Conclusions

In the reduction of imines 4 under hydrogenation and transfer
hydrogenation conditions with Ru complexes of formula
[RuCly(R-pybox)(L)], a critical influence of the R pybox
substituent and the L ancillary ligand has been observed. First,
better enantioselectivities were provided by catalysts based on
Ph-pybox and indane-pybox over those based on Pr-pybox
ligands. Regarding ligand L, -catalysts bearing m-acidic
phosphorus ligands provided a significantly better performance
both in enantioselectivity and catalyst activity over those
bearing PPhs, isonitriles or MeCN ligands. Overall, the best
catalyst along the series possess Ph-pybox and PPh(OMe);
ligands (1j). This catalyst clearly outperformed our previous best
example (found in our preliminary communication) based on a
P(OMe); ligand (1d). Thus, 1j was able to provide the highly
enantioselective reduction of a wide variety of N-aryl imines 4
derived from aryl alkyl ketones with exceedingly high
enantioselectivities, including synthetically relevant substrates
41, 4m, 40 and 4p. Worth to note, finally, 1j is the more
catalyst to date for the transfer
hydrogenations of these imines in isopropanol.

enantioselective
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