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Novel Chiral PNNP Ligands with a Pyrrolidine Backbone -
Application in the Fe-Catalyzed Asymmetric Transfer

Hydrogenation of Ketones

Elisabet Mercadé,™ Ennio Zangrando,’™ Anna Clotet,® Carmen Claver,*!#< and

Cyril Godard*!!

/Abstract: The PNNP ligand (R,R)-{PPh;(2-C¢H,;)CH=N(pyrrol-
idine-NBn)-}, 2 was prepared by condensation between 2-di-
phenylphosphino benzaldehyde and the pyrrolidine-substi-
tuted diamine 1. Reduction with NaBH, in MeOH afforded (R,R)-
{PPh,(2-C¢H4)CH-NH(pyrrolidine-NBn)-}, 3. The corresponding
iron(ll) complexes [FeCl,(2)] (4), [Fe(CH5CN),(2)I1(BF,), (5) and
\[Fe(CH3CN)2(2)](PF6)2 (6) were synthesized and fully character-

ized by NMR, ESI-HRMS, and EA. DFT calculations for complexes\
[FeCl,(2)] (4) and [Fe(CH5CN),(2)]1(BF,4), (5) were carried out in
order to investigate the stability of related structures. The PNNP
ligands 2 and 3 in combination with Fe3(CO),, as iron source
were tested as catalysts in the asymmetric transfer hydrogen-
ation of a variety of ketones with conversions higher than 95 %
and enantioselectivities up to 97 %. Y,

Introduction

Homogeneous catalyst progress has traditionally focused on
the second- and third-row transition metals in combination
with simple ligands.!"! In general, these catalysts provide high
turnover frequencies (TOF) and product selectivities which are
difficult to achieve by the less active first-row transition met-
als.!” However, the limited availability of precious metals as well
as their high price and toxicity diminishes their attractiveness
and make desirable the search of more sustainable and eco-
nomically friendly alternatives.®

Chiral tetradentate ligands offer a great advantage in cataly-
sis due to their conformational and configurational rigidity aris-
ing from their chelation.”>! The first achiral tetradentate ligand
containing a N,P, donor scaffold was described by Rauchfuss
and co-workers in 1980.° Later, Pignolet and co-workers re-
ported the chiral version using the 2,2’-dimethyl-6,6"-diamino-
biphenyl as the chiral framework and its coordination to Rh(l)
and Ir(1).’! However, the most important breakthrough was car-
ried out by Noyori, Gao and lkariya in 1996, effectively applying
Ru-PNNP complexes in the asymmetric transfer hydrogenation
of ketones.I”? Recently, Mezzetti and co-workers prepared chiral
macrocyclic N,P, ligands containing two stereogenic phos-
phorus donor atoms and their related Fe(ll) complexes
(Scheme 1).[®
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Scheme 1. Selected PNNP and macrocyclic N,P, ligands.

In 2010, Beller and co-workers reported the use of a chiral
PNNP ligand with [EtsNH][HFe5(CO),4] as iron source for the
asymmetric transfer hydrogenation of ketimines with enantio-
selectivities up to 98 %."°! The group of Morris and co-workers
also developed a series of well-defined chiral Fe(ll)-PNNP com-
plexes which provided high activities and enantioselectivities
for the asymmetric transfer hydrogenation of C=0!'" and
C=NI" bonds.['Z

Modification in the diaminel’ backbone and the phos-
phinel’ framework lead to fine tuning of the properties of
these catalysts (Scheme 2). The complex [Fe(CH3CN)(CO)(A)]-
(BF,),, also indicated as first generation, reduces acetophenone
with 63 % enantioselectivity and a TOF of 1600 h=.1'% | ater, it
was demonstrated that this type of complexes form metallic
nanoparticles under catalytic conditions.'” Complexes
[Fe(Br)(CO)(B/C)1(BPh,), which constitute the second generation,
hydrogenate acetophenone with ee's up to 90 % with TOF's of
30000 and 26000 h~, respectively.'#*! The study of the mecha-
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nism provided evidence for the reduction of one of the imine
groups of the starting PNNP ligand during catalysis, giving a
highly active catalyst containing an amido and ene-amido func-
tionalities.['® The proposed structure of the amido (ene-amido)
catalyst was further supported by reaction with acid providing
a coordinated ligand that contained an amine and imine func-
tions."® In view of the excellent results obtained with this set
of iron(ll) complexes, the group of Morris and co-workers devel-
oped a third generation of iron(ll) catalyst containing an imine
and an amine function.['72! These new set of catalysts was ap-
plied in the asymmetric transfer hydrogenation of ketones and
imines with enantioselectivities up to 98 %. TOFs as high as
200 s7' were obtained with these new P-N-NH-P iron(ll) sys-
tems. It is worth mentioning that the third generation of iron(ll)
catalysts provided greater TOF values than ruthenium- and os-
mium-based (R,S)-Josiphos systems and the ruthenium-based
P-NH-NH-P complexes, which provided a TOF of 89 and 92 s7',
respectively.['819 Later, the same group showed in the asym-
metric transfer hydrogenation of acetophenone, the enantio-
meric excess ranged from 94 % (R) to 95 % (S) depending on
the nature of PR, and whether the precatalyst contained an
imine or amine donor.['”?! It should be pointed out that for all
generations, the presence of CO in the precatalyst structure was
a prerequisite in order to obtain active catalysts.[%
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Scheme 2. Chiral PNNP reported by Morris and co-workers in the ATH of
ketones.

In view of these results, it was thought that the introduction
of a pyrrolidine moiety in PNNP ligands could potentially allow
the anchoring of the ligand through the functionalization of
the NH group. Here, we report a preliminary study including
the synthesis of the novel PNNP ligands containing a chiral
pyrrolidine backbone, their coordination chemistry with Fe(ll)
and their application as catalysts in the asymmetric transfer
hydrogenation of ketones.

Results and Discussion

Synthesis of the PNNP Ligands 2 and 3

The chiral PNNP ligand 2 was synthesized by condensation of
diamine 1, which is accessible from L-tartaric acid? in four
steps, and the commercially available 2-diphenylphosphino
benzaldehyde in 84 % vyield. Reduction of the diimine with
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NaBH,; in MeOH afforded ligand 3 in quantitative yield
(Scheme 3). These new ligands were fully characterized by mul-
tinuclear NMR spectroscopy, ESI-HRMS and Elemental Analysis.
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Scheme 3. Synthesis of ligands 2 and 3. i) Benzylamine, xylene, reflux,
24 h. i) LiAIH,, THF, reflux, 48 h. iii) HNs, PPhs, DIAD, toluene, r.t., overnight.
iv) Pd/C, 1atm H,, EtOH, overnight.

In the "H NMR spectra of ligand 2, the formation of the li-
gand was confirmed by the detection of a doublet signal at
8.46 ppm corresponding to the CH=N moiety. In the case of
ligand 3, the disappearance of this signal and the detection of
a new signal at 3.84 ppm confirmed the reduction of the imine
fragment (CH,-NH), and thus the formation of ligand 3. In the
3TP{'"H} NMR spectrum, a singlet at -12.14 ppm appeared for
ligand 2 while that of 3 was observed at -16.21 ppm.

Synthesis of the Bis(chloride) Complex [FeCl,(2)] (4)

The pyrrolidine-based PNNP ligand reacts with FeCl, in CH,Cl,
at room temperature to give the new paramagnetic neutral
complex [FeCl,(2)] (4) whose formation is indicated by a color
change from yellow to pink-red (Scheme 4).
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Scheme 4. Synthesis of [FeCl,(2)] (4).

The "H NMR spectrum showed paramagnetically shifted res-
onances in the range -30 ppm to 110 ppm. Magnetic measure-
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ments (Gouy's method) revealed a magnetic effective moment
Uest = 5.0. In the 3P{"H} NMR spectrum at room temperature, a
singlet signal was observed at -0.65 ppm, which chemical shift
is in the range of the uncoordinated phosphines. For this rea-
son, a low temperature NMR study was performed (Figure 1).
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Figure 1. 3'P{"H} NMR spectrum of [FeCl,(2)] (4) at distinct temperatures.
(@) at r.t. (b) at =20 °C. (c) at -50 °C. (d) at -60 °C. (e) at -80 °C.

Upon lowering the temperature to -20 °C, a new signal was
detected at 26.7 ppm (Figure 1b). When the temperature was
further lowered from to -80 °C (Figure 1c—e), the signal origi-
nally detected at -0.65 ppm became broader and was displaced
to higher chemical shifts whereas the intensity of the signal at
26.7 ppm became sharper and was displaced to lower chemical
shifts. These observations indicated that at room temperature,
complex 4 is involved in a fluxional process resulting in the
detection of an average signal at -0.65 ppm while at low tem-
perature, only one of the phosphine moieties of the ligand is
coordinated to the Fe center.

Crystals suitable for X-ray diffraction were obtained by va-
pour diffusion from CH,Cl, in pentane at room temperature.
The X-ray diffraction analysis revealed the same coordination
mode of the ligand to the iron center in the solid state. Figure 2
shows the ORTEP view of complex [(PNN)FeCl,] (4).

In the solid state the coordination geometry of the iron atom
in the chiral PNNP-iron complex 4 is best described as a
strongly distorted trigonal bipyramidal (tbp) where N2 and P1
ligand donors occupy the apical positions, while N1 and chlor-
ine atoms are located in the equatorial plane. Deviations from
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Figure 2. ORTEP drawing of complex [FeCl,(2)] (4) (ellipsoids at 50 % probabil-
ity). Solvent molecule omitted for clarity and only partial labeling scheme is
illustrated.

the ideal tbp geometry are evidenced in particular by the N(2)-
Fe-P(1) and N(1)-Fe-ClI(1) bond angles of 148.56 and 138.9°,
respectively. Similar geometries have been detected in other
structurally characterized complexes of type [(PNN)FeX,]1.2" The
Fe-N(1) and Fe-N(2) bond lengths are equivalent [2.212(5) A],
while the Fe-Cl distances are significantly different of
2.3719(17) vs. 2.2572(18) A. Finally the Fe-P(1) bond length of
2.4729(15) A is in agreement with values detected in other pre-
viously reported complexes of type [(PNN)FeCl,].l2" Selected
bond lengths and distances of complex [FeCl,(2)] (4) are listed
in Table 1.

Table 1. Computed and experimental (Exp) selected bond lengths and non-
bonding distances (A) and angles (deg) for tbp-N1N2 structure of [FeCl,(2,)]
and [FeCl,(2)] complexes.

FeCl,(2y) FeCl,(2) Exp.

d [A] d Al dIA]
Fe-N(1) 2.223 2.156 2.212(5)
Fe-N(2) 2.333 2.324 2.212(5)
Fe-CI(1) 2.359 2.386 2.3719(17)
Fe-Cl(2) 2.361 2.280 2.2572(18)
Fe-P(1) 2.556 2442 2.4729(15)
Fe-N(3) 4.793 4.834 4.828(1)
Fe-P(2) 7.820 7.874 8.306(1)

01 0[] 0[]
N(1)-Fe-N(2) 77.5 76.4 75.58(17)
N(1)-Fe-Cl(1) 130.8 145.2 138.89(15)
N(1)-Fe-Cl(2) 102.0 100.1 110.86(15)
N(2)-Fe-Cl(1) 92.9 88.0 92.81(13)
N(2)-Fe-Cl(2) 96.7 105.0 104.22(9)
N(1)-Fe-P(1) 82.3 81.0 79.94(13)
N(2)-Fe-P(1) 157.8 142.7 148.56(11)
Cl(1)-Fe-Cl(2) 127.1 114.0 110.21(7)

In order to further investigate the stability of related struc-
tures for complex 4, DFT calculations were carried out on the
following coordination geometries: (a) a tbp structure (tbp-
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N1N2) with one imine and the pyrrolidine nitrogen coordinated
to the iron center, (b) a symmetric tbp structure (tbp-N1N3)
with both imines coordinated to the iron center, (c) an octahe-
dral (oct-N1N3) and (d) tetrahedral (td-N1N3) species (Figure 3).
Calculations were carried out using B3LYP functional, dichloro-
methane as solvent and for each geometry, various multiplici-
ties were considered. To reduce computational cost, the phenyl
substituents on phosphorus atoms were first replaced with
hydrogen atoms (2).

a) ::‘ui,.:v‘t.'

B
®
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In agreement with the experimental results, the most stable
structure was the quintuplet tbp-N1N2 complex. Quintuplet
(2S + 1 = 5) is also the lowest energy state for the other struc-
tures. The tbp-N1N3, oct-N1N3 and td-N1N3 structures fall in
a narrow energy range (5-7 kcal mol™") (Table 2). When the
phenyl substituents at the phosphorus atoms were included in
the computed structure for the singlet and quintuplet states
(Table 1 and Table 2), the quintuplet state of tbp-N1N2 struc-
ture remained the most stable isomer while the oct-like (oct-

9 »

b) %0\.‘% }

J

0.’ P2

Figure 3. Atom labels for [FeCl,(2,)] (a) tbp-N1N2, (b) tpb-N1N3, (c) oct-N1N3, and (d) td-N1N3 structures. Hydrogen atoms are omitted for clarity. Phenyl

groups attached to P are not displayed.
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N1N3) structure lied 4.7 kcal mol~! above in energy and in this
case, the singlet state was preferred. With these parameters, the
energy of the quintuplet state of tbp-N1N3 structure compared
to that of the tbp-N1N2 increases by 13 kcal mol™'. Interest-
ingly, only a singlet structure very high in energy converged for
the td-like structure, indicating that this type of coordination
geometry can be discarded.

Table 2. Computed relative energies [kcal mol~'] of complexes [FeCl,(2,,)] and
[FeCl,(2)] with different multiplicities (2S + 1).

25+ 1 tbp-NIN2  oct-N1N3 tbp-N1N3 td-N1N3
[FeCl,(2)] 1 29.7 14.8 333 48.1

3 14.0 193 22.8 384

5 0.0 7.1 7.2 5.1

7 425 56.0 53.2 57.0
[FeCl,(2)] 1 19.8 4.7 28.5 44.1

5 0.0 7.2 13.0 -

Synthesis of the bis(acetonitrile) complexes [Fe(CH3CN),(2)1-
(BF,), (5) and [Fe(CH3CN),(2)1(PF¢), (6). The pyrrolidine-base
PNNP ligand 2 reacts with Fe(BF,),-6H,0 in CH5CN to form the
diamagnetic dicationic complex 5 (81 % yield) whose formation
is indicated by a color change from yellow to orange (Scheme 5).
In the presence of NaPFg [Fe(CH5CN),(2)1(BF,), (5) reacts in
CH,Cl, at room temperature to provide the diamagnetic dicat-
ionic complex [Fe(CH3CN),(2)]1(PF), (6) in 90 % yield (Scheme 5).
The 3'P{'"H} NMR spectra of both complexes contained two mu-
tually coupled doublet signals at ca. 51 and 52 (%Jp.pr = 42-44 H2),
indicating the presence of two slightly inequivalent phosphine
moieties in the complex. These chemical shifts were similar to
those observed by Morris and co-workers for the iron(ll) PNNP
complexes [Fe(MeCN),(A)] (BF,), (51.8), although in that case, a
singlet signal was reported.['°?

- R

N I'N
7NfF\,N7
& e
= AT
N L By

Fe(BF,);-6H,0 Phy N P
PPh; PhP CHyCN

2 81% yield

\I\
5

NaPFg

90% yield CH,Cly

Scheme 5. Formation of [Fe(CH5CN),(2)1(BF,),
(6).

(5) and [Fe(CH5CN),(2)1(PF¢),

Crystals suitable for X-ray diffraction were obtained by vapour
diffusion of pentane into a CH,Cl, solution containing complex
6. To our surprise, the X-ray structural analysis revealed a Fe(lll)
complex, [Fe(CH3CN),(2)1(PFs)s, where the ligand 2 is coordinated
to the iron center in a tetradentate manner. This fact is tentatively
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attributed to an oxidation of the Fe during the course of the
crystallization since no sign of paramagnetism was observed in
the NMR spectra of the complex 6. The molecular structure of
this complex is displayed in Figure 4, while the coordination
bond lengths and angles are reported in Table 3.

Figure 4. ORTEP drawing of the complex [Fe(CH3CN),(2)1(PF)s (ellipsoid prob-
ability at 50 %). Solvent molecules and anions are omitted and only a partial
labeling scheme is shown for clarity.

Table 3. Selected bond lengths [A] and angles [deg] for complex
[Fe(CH3CN)»(2)](PFe)s.

Bond lengths

Fe-N(1) 2.042(4) Fe-N(5) 1.923(5)
Fe-N(2) 2.039(4) Fe-P(1) 2.2573(14)
Fe-N(4) 1.905(6) Fe-P(2) 2.2800(13)
Bond angles

N(1)-Fe-N(2) 83.96(17) N(1)-Fe-P(2) 172.88(14)
N(4)-Fe-N(5) 173.3(2) N(2)-Fe-P(1) 172.32(12)
P(1)-Fe-P(2) 97.51(5) N(2)-Fe-P(2) 89.76(11)
N(1)-Fe-N(4) 87.9(2) N(4)-Fe-P(1) 91.12(16)
N(1)-Fe-N(5) 86.5(2) N(4)-Fe-P(2) 88.35(14)
N(2)-Fe-N(4) 86.6(2) N(5)-Fe-P(1) 92.52(16)
N(2)-Fe-N(5) 89.1(2) N(5)-Fe-P(2) 96.73(15)
N(1)-Fe-P(1) 88.63(13)

In this complex, the iron center exhibits a distorted octahedral
geometry where equatorial positions are occupied by the P,N,
donor set of the ligand 2 and linearly coordinated CH;CN mole-
cules are at axial positions. The Fe-N(imine) bond lengths are
comparable within their esd's [2.042(4) and 2.039(4) A, as well
as the Fe-NCCHj; distances, of 1.905(6) and 1.923(5) A. On the
other hand, the values of the Fe-P bond lengths are significantly
different [2.2573(14) and 2.2800(13) AJ. This Fe(lll) complex crys-
tallizes with a disordered lattice molecule of pentane beside the
PF¢ anions.
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Attempted Synthesis of the Acetonitrilecarbonyl Complex
[Fe(CHsCN)(CO)(2)1(BF ), (7)

The reaction was carried out using the standard procedure de-
scribed for this transformation.!'® The complex [Fe(CH;CN),(2)]-
(BF4), (5) was reacted in acetone under CO atmosphere (1atm)
at room temperature for 16 h. However, the resulting 3'P{'H}
NMR spectrum only revealed the presence of the starting ligand
2. Various strategies were tested to obtain complex 7, however,
all attempts proved unsuccessful (Scheme 6).

ey e
Iw
AN,
=N"_|_N= =N"_|_N=
NN CO (1atm) N L
P P - P~ 1°P
Phy n Phy

Phy n Phy Acetone i
Il |
5 7

Scheme 6. Attempted synthesis of complex [Fe(CH3CN)(CO)(2)1(BF,), (7).

We performed DFT calculations, using B3LYP functional and
acetone as solvent, for different structures and multiplicities of
the complexes [Fe(CH3CN),(21)1?" and [Fe(CH;CN)(CO)(2)1%*. The
most stable structure is the low spin (singlet) oct structure for
both complexes, in agreement with experimental results for
bis(acetonitrile) complex. The quintuplet-tbpN1N2 structure only
lies 5.8 kcal mol™" higher in energy for [Fe(CH5CN),(2)]%* but is
20.0 kcal mol™" higher in the case of [Fe(CH;CN)3(CO)(2,,)1%*.

Other computed structures of [Fe(CH;CN),(2,)]%* calculated
were between 9 and 19 kcal mol™' higher in energy than the
singlet oct structure (see supporting information for details).

Finally, the computed free energy for the substitution reaction
(Scheme 4) is of -3.2 kcal mol~'. Consequently, from a thermo-
dynamic point of view, [Fe(CH3CN)(CO)(2,)]** could be obtained.
It was therefore concluded that the impossibility to obtain this
complex from 5 must arise from kinetic issues. Unraveling kinetic
aspects is out of the scope of the present work.

Asymmetric transfer hydrogenation (ATH) of ketones. The
bis(acetonitrile) complexes [Fe(CH3CN),(2)I(BF;), (5) and
[Fe(CH3CN),(2)1(PFg), (6) were tested as catalyst precursors in the
asymmetric transfer hydrogenation of ketones in isopropanol.
However, both complexes were inactive in this transformation, in
agreement with the reports by Morris and co-workers.['#3 These
authors indeed reported that a carbonyl ligand is necessary to
make these types of iron complexes active.

The use of in situ catalytic systems using the PNNP ligand 2
with various iron precursors was therefore investigated for the
asymmetric transfer hydrogenation of isobutyrophenone
(Table 4). As expected, using Fe(BF,4),6H,0 (entry 1) as precursor,
no conversion was observed. However, the use of the iron carb-
onyl cluster Fe3(CO),, as metal source achieved high conversion
and excellent enantioselectivity for this transformation (entry 2).
It is important to note that for blank experiments, namely in the
absence of ligand (entry 3) or of iron source (entry 4), no reaction
was observed. When the iron hydride carbonyl cluster complex
[EtsNH][HFe3(CO),;] was tested, isobutyrophenone was trans-
formed with 98 % conversion and 97 % ee (entry 5). This feature
might suggest that a similar active catalyst is formed when the
iron carbonyl cluster Fe3(CO),, or the iron hydride carbonyl clus-
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ter [Et;NH][HFe5(CO),,] are used. In view of the results obtained
with the iron carbonyl clusters, other iron(0) carbonyl precursors
were tested (entries 6 and 7). Nevertheless, when Fe,(CO)y or
Fe(CO)s were used, no conversion was obtained. When Fe(CO)s
was used with a ligand/Fe ratio of 1:3 (entry 8) or a combination
of Fe(CO)s/Fe,(CO)y (1:1) (entry 9), no relevant conversion was
achieved either. It should be mentioned that Gao and co-workers
reported similar observation in the asymmetric transfer hyd-
rogenation of ketones catalyzed by PNHNHP ligands.??

Table 4. Asymmetric transfer hydrogenation of isobutyrophenone catalyzed
by Fe/2. Screening of iron precursors.

o HO H
Fe/2 )
- .
KOH, ‘PrOH, 70°C

Entry Iron precursor Conv. [%)]™ ee [%]™®!
1 Fe(BF ;),-6H,0 0 -
2 Fes(CO)1s 97 9%
3 Fe;(CO);,@ 0 _
4 - 0 -
5 [Et;NH][HFe5(CO) 1] 98 97
6 Fe,(CO)s <5 85
7 Fe(CO)s™ 0 _
8 Fe(CO)5® 8 50
9 Fe,(CO)o/Fe(CO)s <5 10

[a] General conditions: Fe/2/KOH = 1:1:8; 0.0068 mmol of Fe, 0.0068 mmol of
2, 0.054 mmol of KOH, 0.136 mmol of isobutyrophenone, 3 mL of iPrOH,
time = 16 h, temperature = 70 °C. [b] Conversion and enantiomeric excess
was calculated by GC using a ChirasilDex CB column. [c] No ligand used. [d]
Ligand/Fe = 1:1. [e] Ligand/Fe = 1:3.

The nature and the amount of base in the catalytic reaction
using the iron carbonyl cluster Fe3(CO),, as iron source were ex-
amined (Table 5). The best results were obtained when KOH was
used as base, with 97 % conversion and 96 % of enantioselec-
tivity (entry 1). The use of NaOH considerably lowered the con-
version whereas the enantioselectivity was maintained (entry 2).
When the basicity was increased, lower conversions were also
observed although the enantiomeric ratio remained high (entry
3). However, when NaOiPr was used, no activity was observed
(entry 4). Decreasing the amount of KOH from a ratio of 1:8 to
1:1 had a strong impact on the activity while the enantioselec-
tivity slightly decreased (entry 7-9).

The effect of the temperature and catalyst loading was also
examined obtaining an optimal temperature of 70 °C and 5 mol-
% of catalyst loading (see supporting information for details).

Monitoring of the performance of the catalytic systems con-
taining the PNNP ligands 2 and 3 using 5 mol-% of catalyst
loading, Fes(CO),, as iron source, at 70 °C of temperature and
16 h of reaction time is depicted in Scheme 7. It should be
pointed out that both systems exhibited similar enantioselectivi-
ties (= 97 %) while displayed very distinct activities. Comparing
the initial turnover frequencies (TOF h™') of both systems at ca.
15 % of conversion, the Fe3(CO);,/2 catalytic system is three
times more active (TOF: 4.8 h7") than its diamino analogue
{Fe5(CO),,/3} (TOF: 1.5 h7"). After 500 minutes, the Fe;(C0);»/2
system provided a conversion of 95 % whereas the Fe3(CO),,/3
system only exhibited ca. 40 % conversion.
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Table 5. Asymmetric transfer hydrogenation of isobutyrophenone catalyzed
by Fe5(CO),,/2. Optimization of the base.l?!

o HO H
Fe3(C0)12/2

KOH, 'PrOH, 70°C

Entry Base L/Base Conv.[%]™! ee [%]™
1 KOH 1:8 97 96

2 NaOH 1:8 46 91

3 KOtBu 1:8 70 86

4 NaOiPr 1:8 0 -

5 - - 0

6 KOH 1:10 98 97

7 KOH 1:4 38 89

8 KOH 1:2 32 86

9 KOH 1:1 25 83

[a] General conditions: Fe;(CO);,/2/KOH= 1:1:8; 0.0068 mmol of Fe;(CO);,,
0.0068 mmol of 2, 0.054 mmol of KOH, 0.136 mmol of isobutyrophenone,
3 mL of iPrOH, time = 16 h, temperature = 70 °C. [b] Conversion and enantio-
meric excess was calculated by GC using a ChirasilDex CB column.
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Scheme 7. Catalytic performance of Fe3(C0O);,/2 vs. Fe3(C0O);./3.

Asymmetric Transfer Hydrogenation (ATH) of Ketones:
Substrate Scope

Based on the reaction conditions, the scope and limitation of
the Fe3(CO),,/2 catalytic system were explored in the asymmetric
transfer hydrogenation of a variety of ketones. The results are
summarized in Figure 5.

The hydrogenation of acetophenone provided high conver-
sion towards the corresponding alcohol together with a modest
enantioselectivity (35 % ee). Upon increasing the steric bulk at
the aliphatic position of the ketone, an increase of the enantio-
meric excess was observed (Me < Et < iPr = tBu) with enantio-
selectivities up to 96 % in the case of isobutyrophenone. Follow-
ing the same trend, isovalerophenone exhibited high conversion
(94 %) and enantioselectivities in a range between isobutyro-
phenone and tert-butyl phenyl ketone (73 % ee). It has to be
mentioned that replacing the phenyl group of the acetophenone
by the naphthalene ring gave similar results in terms of conver-
sion as well as enantiomeric excess. Then, the reduction of cyclic
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Figure 5. Scope and limitations of the asymmetric transfer hydrogenation of
a variety of ketones catalyzed by the Fe3(CO);,/2 system. General conditions:
Fes(CO);5/2/KOH= 1:1:8; 0.0068 mmol of Fes(CO);, 0.0068 mmol of 2,
0.054 mmol of KOH, 0.136 mmol of Ketone3 mL of iPrOH, time = 16 h, tem-
perature = 70 °C. Conversion and enantiomeric excess were calculated by GC
using a ChirasilDex CB column.

phenyl ketones and ketones containing annulated-rings was car-
ried out. The reduction of cyclobutyl phenyl ketone provided
high conversion and enantioselectivities. However, when more
flexible rings were located in the a-position of the ketone, such
as cyclopentyl and cyclohexyl phenyl ketone, lower conversions
were observed although the ee's remained unchanged or even
increased in the case of cyclohexyl phenyl ketone up to 97 %.
Finally, when the 3,4-dihydronaphthalen-1(2H)-one was em-
ployed as substrate, low conversion was obtained and the enan-
tioselection was moderate.

Mechanistic Observations

Previous studies conducted by the groups of Morris!'>23! and
Gao?¥ with similar Fe-N,P, and Fe;(CO);5/(NH)4P, (Scheme 8)
catalytic systems, have proven to be heterogeneous rather than
homogeneous, involving iron nanoparticles as the active catalytic
species. Various poisoning agents such as phosphines, sulfides,
or mercury have been used in order to differentiate an homoge-
neous process from a heterogeneous one.”*! In this regard, we
have chosen Hg(0) to carry out the poisoning experiment, a
poison usually used to distinguish homogeneous catalysis from
catalysis by metal particles.

First of all, the reaction mixture is cloudy throughout the en-
tire ATH process, as previously seen by other groups.?* In our
case, the use of 3eq of Hg was sufficient to stop the ATH com-
pletely. This result is in agreement with the previous work re-
ported by Gao and co-workers with similar in situ systems.[?4
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Scheme 8. Previous heterogeneous Fe-N,P, and Fes(CO);,/(NH),P, catalytic
systems reported for the ATH and AH of ketones respectively.

Consequently, it is suggested that the ATH catalyzed by
Fe3(CO),,/2 is probably heterogeneous, having 2-modified iron
particles acting as active catalyst.

Conclusions

The novel PNNP ligands 2 and 3 containing a pyrrolidine scaffold
have been synthesized and fully characterized by NMR, ESI-HRMS
and EA. The incorporation of the pyrrolidine backbone could po-
tentially allow the anchoring of the ligand through the function-
alization of the NH group. The reaction between ligand 2 and
iron(ll) precursors enables the synthesis of monomeric complexes
stable and paramagnetic in the case of complex [FeCl,(2)] (4) or
diamagnetic in the case of [Fe(CH5CN),(2)] (BF,), (5) and
[Fe(CH5CN),(2)] (PFg), (6). The obtained iron(ll) complexes were
characterized by NMR, ESI-HRMS, EA and by X-ray diffraction for
4 and 6. DFT calculations were carried out for complex [FeCl,(2)]
(4) in order to investigate the stability of different coordination
isomers, obtaining the quintuplet tbp-N1N2 as the most stable
complex. Similarly, theoretical computation for [Fe(CH5CN),(2)]
(BF4), (5) indicated the low spin (singlet) oct-N1N3 complex as
the most stable species. The impossibility to obtain complex
[Fe(CH3CN)(CO)(2)] (BF,), (7) was attributed to kinetic arguments.
The PNNP ligands 2 and 3 were used in combination with
Fes(CO),; in the asymmetric transfer hydrogenation of a variety
of ketones and provided low to high conversions (21-97 %) and
enantioselectivities (32-97 %) depending of the substrate. Upon
increasing the steric bulk at the aliphatic position of the ketone,
higher enantioselectivities were achieved, up to 97 % when iso-
butyrophenone was used as substrate. From a mechanistic point
of view, it is suggested that the Fe;(CO),,/2 system is probably
heterogeneous, in nature. The introduction of the pyrrolidine
thus did not affect substantially the asymmetric induction, when
compared with the results previously reported using related li-
gands.

Experimental Section

General Considerations: All preparations and manipulations were
carried out under an oxygen-free nitrogen atmosphere using conven-
tional Schlenk techniques or inside a glovebox. Solvents were puri-
fied by the system Braun MB SPS-800 and stored under nitrogen
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atmosphere. CH;CN, iPrOH and MeOH were dried, distilled and de-
gassed using standard procedure.?®! Deuterated solvents were de-
gassed via three freeze-pump-thaw cycles and kept in the glovebox
over 4A molecular sieves. Reagents were purchased from Aldrich, Alfa
Aesar and Strem. 'H, '3C, 3P, "B and "°F NMR spectra were recorded
on a Varian Mercury VX 400 (400 MHz, 100.6 MHz, 162 MHz,
128.5 MHz and 376.8 MHz respectively). Chemical shift values for 'H
and "3C were referred to internal SiMe, (0.0 ppm) and for 3'P was
referred to H3PO, (85 % solution in D,O, 0 ppm). 2D correlation spec-
tra (gCOSY, gHSQC and gHMBC) were visualized using VNMR pro-
gram (Varian®). Enantiomeric ratios were determined by GC analysis.
Gas chromatography analyses were carried out in a Hewlett-Packard
HP 6890 gas chromatograph, using the CP Chirasil-Dex CB chiral col-
umn. ESI-HMRS and EA were performed at the Serveis Tecnics de
Recerca from the Universitat de Girona (Spain).

Synthesis of (2): 2-(diphenylphosphino)benzaldehyde (0.155g,
0.53 mmol) was added to 4 mL of dry and degassed toluene pro-
vided with molecular sieves. Then, (3R4R)-3,4-diamino-1-benzyl-
pyrrolidine (1) (49.7 mg, 0.26 mmol) was added to the mixture. This
solution was allowed to stir overnight at 90 °C. The reaction mixture
was filtered under nitrogen atmosphere and collected by vacuum
filtration. Recrystallization with cool MeOH in a glovebox afforded a
yellow solid in 84 % yield. "H-NMR (CD,Cl,, 400 MHz, 6 in ppm): 8.45
(d, 2H, J = 4Hz, HC=N), 7.80 (m, 2H, Ar-), 7.38 (m, 2H, Ar-), 7.33 (d,
4H, J = 8Hz, Ar-), 7.29-7.18 (m, 23H, Ar-), 6.85 (m, 2H, Ar-), 3.59 (d,
1H, J = 4Hz, -CH,-Ph, -CH,-), 3.55 (d, 1H, J = 4Hz, -CH,-Ph, -CH,-),
3.48 (quint, 2H, J = 4Hz, -CH-), 2.70 (dd, 2H, J = 4 & 8Hz, -CH,-), 2.46
(dd, 2H, J = 4 & 8Hz, -CH,-). '3C{"H}-NMR (CD,Cl,, 100.6 MHz, d in
ppm): 1594 (d, Jep = 16Hz, HC=N), 134.2, 134.0, 133.8, 133.5, 129.9,
128.8, 128.7, 128.5, 128.4, 128.3, 128.1, 126.8, overlapped signals, 75.8
(-CH-), 60.4 (-CH,"), 60.2 (-CH,Ph). 3'P{"H}-NMR (CD,Cl, 16TMHz, 6 in
ppm): —=12.14. ESI-HRMS: Calculated for C4oH43N3P,: Exact: (M: 735.29;
[M + H]*: 736.29); Experimental ([M + H]*: 736.2997). Elemental Anal-
ysis: Calculated for C4oH43NsP»: C, 79.98; H, 5.89; N, 5.71; found C,
79.09; H, 5.73; N, 5.37.

Synthesis of (3): (2) (90 mg, 0.12 mmol) was dissolved in 5 mL of
dry methanol. Then, NaBH, (28 mg, 0.73 mmol) was added under
nitrogen atmosphere. The reaction was refluxed with stirring under
nitrogen for 24 h. The solution was cooled to room temperature and
deoxygenated H,O (3 mL) was added to destroy the excess of NaBH,.
The mixture solution was extracted with deoxygenated CH,Cl, (3 mL
% 3). The organic layer was dried with anhydrous MgSO, and evapo-
ration under vacuum afforded the product in 95 % yield. "H-NMR
(CD,Cl,, 400 MHz, ¢ in ppm): 7.45-7.42 (m, 3H, Ar-), 7.32-7.19 (m,
26H, Ar-), 7.16-712 (m, 2H, Ar-), 6.87-6.84 (m, 2H, Ar-), 3.84 (qd, 4H,
J =12 & 4Hz, CH,-NH, -CH,-), 3.43 (s, 2H, -CH,-Ph, -CH,-), 2.80 (quint,
2H, J = 4Hz, -CH-), 2.55 (dd, 2H, J = 4 & 12Hz, -CH,-), 2.11 (dd, 2H,
J = 4 & 12Hz, -CH,). "*C{'"H}-NMR (CD,Cl,, 100.6 MHz, ¢ in ppm):
145.0 (d, Zep = 24.1Hz, Ar-, -C-), 139.4 (CH,Ph, Ar-, -C-), 137.2 (d,
Yep = 11.1Hz, PPh,, Ar-, -C-), 137.1 (d, YJep = 11.1Hz, PPh,, Ar-, -C-),
135.9 (d, YJep = 11.1Hz, Ar-, -C-), 133.9 (d, J = 2Hz, Ar-, -CH-), 133.8
(d, J = 2Hz, Ar-, -CH-), 133.5 (Ar-, -CH-), 129.3 (d, J = 5Hz, Ar-, -CH-),
128.9 (Ar-, -CH-), 128.8 (Ar-, -CH-), 128.7 (d, J = 3Hz, Ar-, -CH-), 128.6
(d, J = 3Hz, Ar-, -CH-), 1285 (d, J = 3Hz, Ar-, -CH-), 128.1 (Ar-, -CH-),
127.1 (Ar-, -CH-), 126.7 (Ar-, -CH-), overlapped signals, 64.3 (CH-NH,
-CH-), 60.2 (CH,-Ph, -CH,), 59.7 (CH,-CH-NH, -CH,), 50.8 (d, 3Jcp =
21.1Hz, CH,-NH, -CH,-). 3'P{'"HINMR (CD,Cl, 161MHz, & in ppm):
-16.21. ESI-HRMS: Calculated for C4oH45N3P5: Exact: (M: 739.32; [M +
HI*: 740.32); Experimental (M + HI*: 740.37).

Synthesis of [Fe(Cl),(2)] (4): Iron dichloride anhydrous (12 mg, ex-
cess) dissolved in 1 mL of CH,Cl, was added to a solution of (R,R)-
{PPh,(2-C¢H4)CH=N(pyrrolidine-NBn)-}, (2) (50 mg, 0.068 mmol) in
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3 mL of CH,Cl,. The mixture was allowed to stir at room temperature
for 48 h to which a change of color was appreciated from pale yellow
to pink-red. The mixture was filtered via cannula under nitrogen at-
mosphere and ether was added to the pink-red solution to force the
product precipitation. The product was isolated as a pink-red solid in
70 % of yield. Crystals suitable for X-ray diffraction were ground by
vapor diffusion of pentane into CH,Cl, solution of the complex. 'H-
NMR (CD,Cl,, 400 MHz, ¢ in ppm): 105.08, 85.55, 72.60, 60.50, 16.48,
1543, 12.66, 10.33, 9.94, 8.04, 7.56, 7.32, 7.22, 6.87, 6.72, 6.54, 6.17,
6.02, -1.01, -7.17, -30.37. 3'"P{'"H}-NMR at r.t. (CD,Cl,, 161MHz, ¢ in
ppm): —-0.694. 3'P{'"H}-NMR at -80 °C (CD,Cl, 161TMHz, & in ppm):
23.83 & 5.32 (bs). ESI-HRMS: Calculated for C,oHs3FeNsP,Cly: Exact:
(M: 861.1659, M - ClI: 826.1970); Experimental (M — Cl: 826.1986).
Elemental Analysis: Calculated for C,soH43FeNsP,Cl,-0.5CH,Cly: C,
65.69; H, 4.90; N, 4.64; found C, 65.89; H, 4.66; N, 4.16.

Synthesis of [Fe(MeCN),(2)1(BF,), (5): (2) (0.135 mmol) in 4 mL of
MeCN was added to a solution of Fe(BF,),:6H,O (0.133 mmol) in
1 mL of MeCN. After stirring for 3 h, the red solution was evaporated
to dryness. Then, 1 mL of CH,Cl, was added to re-dissolve the deep
red powder. Ether (8 mL) was added to the solution and a precipitate
started to form. The solid was filtered under nitrogen via cannula
and washed repeatedly with ether to afford an orange solid in 81 %
yield. "H-NMR (CD,Cl,, 400 MHz, ¢ in ppm): 8.82-8.77 (m, 2H, CH=
CN), 8.06-7.96 (m, 3H, Ar-), 7.77-7.21 (m, 21H, Ar-), 6.99 (t, 1H, J =
8Hz, Ar-), 6.88 (t, TH, J = 8Hz, Ar-), 6.79-6.68 (m, 5H, Ar-), 6.43 (t, 2H,
J =8Hz Ar-), 5.32 (s, 2H, CH,-Ph, -CH;-), 4.98-4.92 (m, 1H, -CH-), 4.80-
4.71 (m, 2H, -CH,-), 4.55-4.50 (m, TH, -CH,-), 4.19-4.07 (m, 2H, -CH,-),
1.87 (s, 3H, CH3CN, -CH5), 1.76 (s, 3H, CH3CN, -CH3). 3'P{"H}-NMR
(CD,Cl,, 161MHz, ¢ in ppm): 52.32 (d, Jp.p = 42Hz) and 51.65 Upp =
42Hz). "B{'H}-NMR (CD,Cl, 128.51MHz, 6 in ppm): -1.03. "9F{'H}-
NMR (CD,Cl, 376.8MHz, 6 in ppm): -150.05. ESI-HRMS: Calculated for
Cs3HaoB,FgFeNsP,: Exact: [M: 1047.2871, M - (CH5CN),(BF,),/Z:
395.6136]; Experimental [M - (CH5CN),(BF,),:/Z: 395.6146]. Elemental
Analysis: Calculated for Cs3H49B5FgFeNsP»3CH,Cly: C, 51.65; H, 4.26;
N, 5.38; found C, 51.62; H, 4.49; N, 5.61.

Synthesis of [Fe(MeCN),(2)I(PFs), (6): NaPFs (16 mg, 0.095 mmol)
was added to a solution of 5 (50 mg, 0.047 mmol) in dichloro-
methane (4 mL). After stirring for 1 h the resulting orange mixture
was filtered through a small pad of Celite and the solvents evapo-
rated to dryness to give 6 as an orange solid in 90 % yield. "H-NMR
(CD,Cl,, 400 MHz, d in ppm): 8.80 (br s, TH, CH=CN), 8.71 (br s, TH,
CH=CN), 8.04-7.97 (m, 2H, Ar-), 7.78-7.20 (m, 22H, Ar-), 7.02 (t, TH,
J = 8Hz, Ar-), 6.87 (t, 1H, J = 8Hz, Ar-), 6.80-6.71 (m, 5H, Ar-), 6.36 (t,
2H, J = 8Hz, Ar-), 5.21-5.14 (m, 1H, -CH-), 4.82-4.76 (m, 4H, -CH,-),
4.55-4.50 (m, 1H, -CH-), 4.13-4.08 (m, 2H, -CH,-), 1.86 (s, 3H, CH5CN,
-CH3), 1.75 (s, 3H, CH5CN, -CHs). 3'P{"H}-NMR (CD5Cl,, 161MHz, ¢ in
ppm): 51.98 (d, Jo.p = 43.7Hz), 51.13(d, Jp.p = 43.7Hz), ~144.3 (sept,
Jpp = 712.8Hz, PF). "F{'"H}-NMR (CD,Cl,, 376.8MHz, 6 in ppm): -71.5
(d, 6F, Jr.p = 712.8Hz, PFg). ESI-HRMS: Calculated for Cs3HaoF1,FeNsPy:
Exact: [M: 1163.2096, M — (CH3CN),(PFg)-/Z: 395.6136]; Experimental
[M = (CH3CN),(PFe)»/Z: 395.6130]. Elemental Analysis: Calculated for
Cs3HaoF1,FeNsP,+3CH,Cly: C, 47.42; H, 3.91; N, 4.94; found C, 47.32;
H, 3.21; N, 4.81.

General Procedure for the Asymmetric Transfer Hydrogenation
of Ketones: In a typical experiment, inside the glovebox Fe3(CO),,
(3.4 mg, 0.0068 mmol), (2) (5 mg, 0.0068 mmol) were placed in a
tube equipped with a Teflon-coated magnetic stirring bar. Isopropyl
alcohol (3 mL) was then added and the mixture was stirred at 70 °C
for 30 min. An appropriate amount of KOH was then added, and the
mixture was continually stirred for another 15 min. Ketone was then
introduced and the mixture was stirred at 70 °C for the required
reaction time. Conversion and enantiomeric ratios were calculated by
GC using the ChirasilDex CB chiral column.
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Procedure for the Asymmetric Transfer Hydrogenation of Iso-
butyrophenone in Presence of Mercury: Fe3(CO);, (34 mg,
0.0068 mmol), (2) (5 mg, 0.0068 mmol) were placed in a tube
equipped with a Teflon-coated magnetic stirring bar. Isopropyl alco-
hol (3 mL) was then added and the mixture was stirred at 70 °C for
30 min. KOH (3.05 mg, 0.054 mmol) was then added, and the mixture
was continually stirred for another 15 min. Isobutyrophenone
(204 pL, 0.136 mmol) was then introduced and the mixture was
stirred at 70 °C for 5 h. An aliquot was taken under N, and analyzed
by GC using the ChirasilDex CB chiral column. At the same time, Hg
was added to the reaction and left to stir at 70 °C for 10 h. After
cooling down to room temperature, a sample was carefully taken
from the top of the reaction mixture, the rest of which was quenched
with sulfur and collected in a special bottle.

Computational Details: All calculations were performed using Gaus-
sian 09.127] For [FelL’(24)] complexes, B3LYP density functional was
used and the basis set was SDD for iron atom (including relativistic
core potentials) and 6-31++G(d,p) for Cl, P, N, O, C and H atoms. We
used B97D density functional (which includes dispersion) for [FeCl,(2)]
complex calculations and all atoms were treated with 6-31++G(d,p) all
electron basis set. Solvent effects were included using the Polarizable
Continuum Model (PCM) with the integral equation formalism variant
(IEFPCM). Solvent was dichloromethane for bis(chloride) complex and
acetone for acetonitrile complexes, CO and CH;CN free molecules.
Calculated structures were generated by J mol.[28]

X-ray Crystallography: X-ray diffraction data for compounds 4 and
6 were collected at the X-ray diffraction beamline of synchrotron
Elettra (Trieste) at 100(2) K, with 4 = 0.7000 and 0.8000 A, respec-
tively. Cell refinement, indexing, and scaling of the data sets were
carried out using the CCP4 software suite.?! Both the structures
were solved by direct methods and refined by a full-matrix least-
squares procedure based on F? using SHELXL-97.530

The AF map revealed a molecule of CH,Cl, (refined at half occu-
pancy) in 4, while a disordered penthane molecule and a residual
refined as water (H atoms not fixed) were detected in the unit cell
of 6. All non-hydrogen atoms were refined anisotropically. The
hydrogen atoms were placed at calculated positions and treated
using the appropriate riding models. Crystal data and details of
refinement are given in Supporting information.

CCDC 1941308 (for 4), and 1941306 (for 6) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre.

Supporting Information (see footnote on the first page of this
article): Associated details, product characterization data, crystallo-
graphic data for 4 and 6, and 'H, '3C, 3'P, "'B and '°F spectra are
available.
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PNNP ligands containing a pyrrolidine
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ordination chemistry to iron was inves-
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