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drastically. This feature can be attributed to the presence of the long alkyl
chain at the pyrrolidine moiety which may interfere during the catalytic

performance due to their inherent flexibility.

Table 3.11. Asymmetric transfer hydrogenation of iso-butyrophenone catalyzed by
3xx46, 3xx47 and 3xx65."

o HO H
Fe3(CO)qo/ligand :
eI
KOH, 'PrOH, 70°C
3xx75 3xx76

CysH Ph
r 157131 r
N N

Ph
p
- ) )

=N N= =N N= NH HN
C iPth thPi C C iPth thPi C PPh, F’thi C

3xx46 3xx47 3xx65
Entry Ligand Conv. (%)™ ee (%)
1 3xx46 5 29
2 3xx47 97 96
3 3xx65 58 97

[a] General conditions: Fe;(CO);,/Ligand/KOH= 1:1:8; 0.0068mmol of Fe;(CO);,,
0.0068mmol of ligand, 0.054mmol of KOH, 3ml of 'PrOH, time = 16h,
temperature = 70 °C. [b] Conversion was calculated by '"H NMR. [c] Enantiomeric
excess was calculated by GC using a ChirasilDex CB column.

Having found ligand 3xx47 as efficient ligand, we next examined the effect
of the catalyst loading in the reaction (Table 3.12). When the catalyst
loading was decreased from 20mol% to Smol% (entry 1-3), conversions and
enantioselectivities were retained. However, diminishing the catalyst
loading down to 1mol% (entry 5) led to a strong decrease in conversion,

although the enantioselectivity remained high.
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Table 3.12. Asymmetric transfer hydrogenation of iso-butyrophenone catalyzed by

3xx47 at various catalyst loadings.""

oPh
o HO, H N
Q)H/ Fe3(CO)4,/3xx47 @/ 7NS—7/N7
- KOH, 'PrOH, 70°C e PP:2 'j_‘,zp
Cat. loading /bl o/ lel
Entry (mol%) Conv. (%) ee (%)
1 20 100 95
2 10 92 97
3 5 97 96
4 2.5 58 89
5 1 41 89

[a] General conditions: Fe;(CO);,/3xx47/KOH= 1:1:8; 0.0068mmol of Fe;(CO);,,
0.0068mmol of 3xx47, 0.054mmol of KOH, 3ml of PrOH, time = 16h,
temperature = 70 °C. [b] Conversion was calculated by '"H NMR. [c] Enantiomeric
excess was calculated by GC using a ChirasilDex CB column.

The study of the temperature was also conducted at Smol% of catalyst
loading using KOH as base and Fe;(CO);, as iron source. Nevertheless,
decreasing the temperature from 70 °C to 50 °C a drastic decreased in
conversion was observed from 97% to 6% whereas the enantiomeric excess

was preserved.

We next examined a series of iron precursors with different oxidation states
(0, +2) (Table 3.13). Using the monometallic Fe(BF,),-6H,O (entry 1) as
precursor, no conversion was observed. However, the application of the iron
carbonyl cluster Fe;(CO);, achieved high conversion and excellent
enantioselectivity for this transformation (entry 2). It is important to note
that without the ligand (entry 3) or the iron source (entry 9), no reaction was
observed. We also tested the iron hydride carbonyl cluster complex

[Et;NH][HFe;(CO),;] which converted iso-butyrophenone in 98%
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conversion and 97% enantiomeric excess (entry 8). This feature might
suggest that a similar active catalyst is formed either using the iron carbonyl
cluster Fe;(CO),, or the iron hydride carbonyl cluster [Et;NH][HFe;(CO),4].
In view of the results obtained with the iron carbonyl clusters, other iron (0)
carbonyl precursors were tested (entries 4-6). Nevertheless, either using
Fe,(CO)y or Fe(CO)s as iron souce did not proved to be effective for this
transformation. It is worth mentioning that Gao and co-workers also
observed the same feature using the iron carbonyl cluster Fe,(CO)y
compared to the use of Fe3(CO);, as iron source in the asymmetric transfer
hydrogenation of ketones catalyzed by P-NH-NH-P ligands.* We also tried
the use of Fe(CO)s in a ratio of 1:3 ligand/Fe in order construct a similar
catalytic system that using the iron carbonyl cluster Fe;(CO),,, however no
conversion was observed (entry 6). A combination of Fe(CO)s, Fey(CO)y
was also tested and as well in this case the conversion was very low. As
very similar results were obtain using either Fe3(CO);, or
[Et;NH][HFe;(CO),;] as iron source, we decided to continue the
optimization using the iron carbonyl cluster Fe;(CO);, due to its commercial

availability.

It should be pointed out the importance of the carbonyl unit in the structure
of the iron precursor as it can be related to the fact that the use of, for
instance, the chiral PNNP-iron complex 3xx67 (which contained a bis-
acetonitrile moiety) was inactive for this transformation. However, the
complexes of the type [(PNNP)(CH;CN)(CO)] were highly active not only

in the asymmetric transfer hydrogenation of ketones but also of imines.'*>'*
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Table 3.13. Asymmetric transfer hydrogenation of iso-butyrophenone catalyzed by

3xx47 using a series of iron precursors. "

rPh
©)OH/ Fe/3xx47 dg%/ NSEZN
3xx75 ron Fron e 3xx76 CKPP” Ph?D@
3xx47
Entry Iron precursor Conv. (%)™ ee (%)
1 Fe(BF,), 6H,0O 0 -
2 Fe;(CO), 97 96
3 Fe;(CO),," 0 -
4 Fe,(CO), <5 85
5 Fe(CO)s 8 50
6 Fe(CO)s" 0 -
7 Fe,(CO)o/Fe(CO)s <5 10
8 [Et;NH][HFe3(CO)y] 98 97
9 - 0 -

[a] General conditions: Fe/3xx47/KOH= 1:1:8; 0.0068mmol of Fe, 0.0068mmol of
3xx47, 0.054mmol of KOH, 3ml of PrOH, time = 16h, temperature = 70 °C. [b]
Conversion was calculated by '"H NMR. [c] Enantiomeric excess was calculated by
GC using a ChirasilDex CB column. [d] No ligand used. [e] Ligand/Fe 1:3. [f]
Ligand/Fe 1:1.

The study of different bases was performed as well as the equivalents
employed (Table 3.14). The best results were obtained when KOH was used
as base, with 97% conversion and 96% of enantioselectivity (entry 2). Using
NaOH instead of KOH lowered the conversion considerably whereas the
enantioselectivity was maintained (entry 1). When the basicity of the base
applied was increased, lower conversions were also observed although
again the enantiomeric ratio remained high (entry 3). However, when

NaO'Pr was used, the reaction did not take place (entry 4).
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Having found KOH as optimal base, we next examined the effect of the
amount of base used. Decreasing the amount of base from a ligand/Fe ratio
of 1:8 to 1:4 did a strong impact in the activity whereas the
enantioselectivity remained high (entry 7). Consequently, at lower ligand/Fe

ratios the conversion remained low (entries 8 and 9).

Table 3.14. Asymmetric transfer hydrogenation of iso-butyrophenone catalyzed by

3xx47 using a series of bases and different equivalents.

rPh
©j.ﬁ/ Fe3(CO)2/3xx47 O;B%/ 7NSDN7
s Base, 'PrOH, 70°C s CKPPhZ thD@
3xx47
Entry Base pka L/Base Conv. (%)™ ee (%)

1 NaOH 13.8 1:8 46 91
2 KOH 13.5 1:8 97 96
3 KO'Bu 17 1:8 70 86
4 NaO'Pr 16.5 1:8 0 -
5 - - 0 -
6 KOH 13.5 1:10 98 97
7 KOH 13.5 1:4 38 89
8 KOH 13.5 1:2 32 86
9 KOH 13.5 1:1 25 83

[a] General conditions: Fe;(CO),»/3xx47/Base= 1:1:X; 0.0068mmol of Fe,
0.0068mmol of 3xx47, 3ml of 'PrOH, time = 16h, temperature = 70 °C. [b]
Conversion was calculated by 'H NMR.[c] Enantiomeric excess was calculated by
GC using a ChirasilDex CB column.

The ligand/Fe;(CO),, ratio was also studied (Table 3.15). When the
ligand/Fe;(CO);, used was 0.5:1 almost no conversion was observed
(entryl). Increasing the ligand/Fe;(CO), ratio to 0.75:1, provided moderate

conversion together with high enantioselectivity (entry 2). However,
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excellent conversions and enantiomeric ratios were achieved when a
ligand/Fe;(CO),, of 1:1 was applied (entry 3). Higher ligand/Fe;(CO);,
ratios showed a decrease in conversion as well as in the enantioselectivity of
the process which might be attributed to an agglomeration of ligands around
the metal precursor (entries 4 and 5). As the optimum ratio between
ligand/Fe;(CO);, seemed to be a 1:1 ratio , we speculated that at least one
ligand is coordinated to the cluster in order to generate the active species

responsible for the catalysis.

Table 3.15. Asymmetric transfer hydrogenation of iso-butyrophenone catalyzed by
3xx47 using a different ligand/Fe;(CO), ratios.™

Ph
r
0 HO H N
Fe3(CO)4,/3xx47 ratio S NS—ZN*
Base, 'PrOH, 70°C @( b
3xx75 3xx76 PPh PhoP
3xx47

Entry Ligand (eq) Fe3(CO);; (eq) Conv (%)™ ee (%)

1 0.5 1 <5 70
2 0.75 1 71 97
3 1 1 97 96
4 2 1 92 85
5 3 1 72 82

[a] General conditions: Fe3;(CO);»/3xx47/KOH= 1:1:8; 0.0068mmol of Fe,
0.054mmol of KOH, 3ml of 'PrOH, time = 16h, temperature = 70 °C. [b]
Conversion was calculated by 'H NMR. [¢] Enantiomeric excess was calculated by
GC using a ChirasilDex CB column.

The analysis of the reaction time was also analyzed using the iron carbonyl
cluster ~ Fe3(CO);;, and the iron hydride carbonyl cluster
[Et;NH][HFe;(CO)y;] (Figure 3.22). Both precursors provided similar

results being the optimal reaction time of the two at Sh. However, slightly
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higher TOF (h™) (calculated at 2h) were obtained for the iron hydride
carbonyl cluster [Et;NH][HFe;(CO),;] than for Fes(CO);,, 7.6(h™) and

6.4(h™) respectively.
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Figure 3.22. Graphic conversion vs time in the asymmetric hydrogenation of iso-

butyrophenone catalyzed by 3xx47 using Fe;(CO), or [ENH][HFe;(CO),4].

Based on the reaction conditions, the scope and limitations of the
3xx47/Fe;(CO),, catalytic system were explored with a wide range of
ketones (Table 3.16). First of all, the hydrogenation of acetophenone
provided high conversions whereas the enantioselectivity was modest.
Then, the reduction of more hindered ketones was investigated. When the
methyl group of acetophenone was replaced by an ethyl, the enantiomeric
excess increased significantly (3xx78). Following the same trend, iso-
butyrophenone (3xx76), iso-valerophenone (3xx79) and fert-butyl diphenyl
ketone (3xx80) showed the better enantioselectivities of the serie. This
tendency was also observed by Morris and co-workers using a

[(PNNP)(CH;CN)(CO)] complex.'™ Replacing the phenyl group of the



90 | CHAPTER 3

acetophenone by the naphthalene ring gave similar results in terms of
conversion and enantioselectivity (3xx77 and 3xx81). However, in the case
of methyl 2,4,6-trimetrylphenyl ketone no reaction was observed, even at
longer reaction times (3xx82). Replacing the methyl group of the
acetophenone by a trifluoromethyl group provided full conversion while the
racemic alcohol was obtained (3xx77 and 3xx83). Finally, both electron
withdrawing and electron donating substituent patterns on the aromatic ring
provided similar conversions and enantioselectivities, compared to those of

the acetophenone (3xx84, 3xx85 and 3xx77).

Table 3.16. Scope of the asymmetric transfer hydrogenation of ketones catalyzed

by 3xx47.1%
Ph
e
N
HO H
‘ AN R Fe3(CO) ,/3xx47 ‘ AN R NS;/N_
N =
R KOH, 'ProH s @( b
70°C, 5h PPh, Ph,P
3xx47
3xx77 3xx78 3xx79 3xx76 3xx80
90% conv. 79% conv. 94% conv. 97% conv. 82% conv.
35% ee 59% ee 73% ee 96% ee 95% ee
HO H HO H HO H HO H HO H
15? e Y
Cl MeO
3xx81 3xx82 3xx83 3xx84 3xx85
82% conv. 0% conv. 100% conv. 98% conv. 93% conv.
32% ee rac- 15% ee 27% ee

[a] General conditions: Fe3;(CO);»/3xx47/KOH= 1:1:8; 0.0068mmol of Fe,
0.0068mmol of 3xx47, 0.054mmol of KOH, 3ml of ‘PrOH, time = 5h, temperature
= 70 °C. Conversion was calculated by 'H NMR. Enantiomeric excess was
calculated by GC using a ChirasilDex CB column.
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Then, the reduction of cyclic phenyl ketones and ketones containing
annulated-rings was carried out (Table 3.17). When the rigid cyclopropyl
phenyl ketone was tested, only 8% conversion towards 3xx86 was obtained
in moderate enantiomeric excess. On the contrary, when more flexible rings
were located in the o-position of the ketone, high conversions and
enantiomeric ratios were obtained (3xx87, 3xx88 and 3xx89). When ketones
containing annulated-rings were tested, low conversions were obtained with

moderate enantioselectivities (3xx90 and 3xx91).

Table 3.17. Scope of the asymmetric transfer hydrogenation of ketones catalyzed

by 3xx47.1%
Ph
f
HO, H SN7
‘ AN R Fe3(CO)12/3xx47 ‘ RS R _N /Nf
A A KOH, 'PrOH A
R R PPh, Ph,P
70°C, 5h 2712
3xx47
HO H HO H HO H HO H
3xx86 3xx87 3xx88 3xx89
8% conv. 91% conv.p 21% conv.? 77% conv.
66% ee 86% ee 86% ee 97% ee
HO H HO H
3xx90 3xx91
30% conv. 28% conv.
61% ee 77% ee

[a] General conditions: Fe;(CO);,/3xx47/KOH= 1:1:8; 0.0068mmol of Fe,
0.0068mmol of 3xx47, 0.054mmol of KOH, 3ml of PrOH, time = 5h, temperature
= 70 °C. Conversion was calculated by 'H NMR. Enantiomeric excess was
calculated by GC using a ChirasilDex CB column. * Time=16h.
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Turning to heteroaromatic methyl ketones, low conversions were observed
in all cases (3xx92, 3xx93 and 3xx94) whereas the enantioselectivity is
comparable to the obtained for 1-phenylethanol 3xx77. In the case of
phenyl-2-pyridyl ketone, complete conversion towards the corresponding

alcohol (3xx95) was obtained although as a racemic product.

Table 3.18. Scope of the asymmetric transfer hydrogenation of ketones catalyzed

by 3xx47.1%
Ph
¢
o} HO, H N
Fe3(CO)4o/3xx47 S S—‘
| Xr R e3(CO)12 | X R N N=
R AP KOH, 'PrOH e @( D
70°C, 5h PPh, Ph,P
3xx47
HO H HO H HO H HO H
oo O T
_N \ (0] \ S ‘ N/
3xx92 3xx93 3xx94 3xx95
27% conv. 34% conv. 13% conv. 100% conv.
27% ee 11% ee 29% ee Rac

[a] General conditions: Fe;(CO);»/3xx47/KOH= 1:1:8; 0.0068mmol of Fe,
0.0068mmol of 3xx47, 0.054mmol of KOH, 3ml of 'PrOH, time = 5h, temperature
= 70 °C. Conversion was calculated by 'H NMR. Enantiomeric excess was
calculated by GC using a ChirasilDex CB column.

Finally, we investigated other substrates (Table 3.19) such as 3-
phenylpropan-2-ol 3xx96 and 4-phenylbutan-2-ol 3xx97. Low conversions
were obtained when increasing the chain lengths between the phenyl ring
and the ketone moiety (3xx77, 3xx96 and 3xx97) as well as the
enantioselectivity was affected. We also tried the hydrogenation of methyl
benzoylformate, observing very low conversion and enantioselectivity
although chemioselective reduction of the ketone moiety was detected

(3xx98). Finally, we also test an imine and a 1,1-disubstituted olefin but no
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conversion was detected, and the starting material was recovered unreacted
(3xx99 and 3xx100). In contrast, (diphenylphosphinyl)(1-phenylethylidene)
imine was converted into the corresponding amine 3xx101 in moderate
conversion and enantioselectivity. Beller and co-workers also reported the
efficiency of a PNNP/[Et;NH][HFe;(CO);;] system that catalyzed the
asymmetric transfer hydrogenation of diphenylphosphinyl imines but

completely inactive for the asymmetric transfer hydrogenation of imines. "

Table 3.19. Scope of the asymmetric transfer hydrogenation of ketones catalyzed

by 3xx2.1

Ph
r
0 HO, H N
| AN R Fe3(CO)qo/3xx47 | e R NS_:/N*
- e . =
R KOH, 'ProH R @( D
3xx47
HO, H HO H |
< < (0]
HO H o
3xx96 3xx97 3xx98 3xx99
63% conv. 29% conv. 12% conv. 0% conv.
9% ee 11% ee 13% ee

(e}
i
/@ P Ph
N HN Ph
\ J.H

3xx100 3xx101
0% conv. 50% conv.
50% eel®!

[a] General conditions: Fe;(CO);»/3xx47/KOH= 1:1:8; 0.0068mmol of Fe,
0.0068mmol of 3xx47, 0.054mmol of KOH, 3ml of ‘PrOH, time = 16h, temperature
= 70 °C. Conversion was calculated by 'H NMR. Enantiomeric excess was
calculated by GC using a ChirasilDex CB column. [b] Enantiomeric excess
calculated by HPLC.
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3.3.6. MECHANISTIC CONSIDERATIONS

In 2012 the group of Morris and co-workers reported the use of Fe(Il)
PNNP complexes having a 6,5,6 system that catalyzes the asymmetric
transfer hydrogenation of ketones via formation of iron nanoparticles.** The
authors reported several methods for determining whether the catalyst was
heterogeneous or homogeneous such as the mercury poisoning test.
Nevertheless, the addition of Hg(0) is not always a reliable method due to
the fact that iron does not form an stable amalgam with mercury.® Other
well known methods involves the use of substoichiometric amounts of small
phosphines and sulphides such as PPh; and CS, as poisoning agents, X-ray
Photoelectron Spectroscopy (XPS), Scanning Transmission Electron
Microscopy (STEM) or Superconducting Quantum Interference Device

(SQUID) 61,62,63,64,65

After a methodical analysis by STEM, SQUID and XPS, the authors
postulated that Fe(0) NPs were being formed during catalysis when a Fe(II)-
PNNP complex was used (Figure 3.23). The STEM showed NPs around 4.5
nm in diameter, the SQUID showed that the catalytic mixture contained
primarily a superparamagnetic species and the XPS analysis confirmed the
formation of Fe(0) species. In addition, several poisoning agents were
tested, being the PMe3 the most effective, stopping the reaction with only a

10% loading of poison relative to the catalyst.

Following the same trend, in 2014 the group of Gao and co-workers
reported the use of a macrocyclic ligand (NH),P, in combination with
Fe;(CO),, as iron source for the asymmetric hydrogenation of ketones
which also involves the formation of iron NPs as active catalytic species

(Figure 3.23).""® The authors confirmed the existence of particles via
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Dynamic Light Scattering (DLS) and via distinct poisoning agents such as
phosphines (PPh;) or mercury which immediately stopped the reaction.

Morris, 2012 Gao, 2014

o ©(”::HB%

Fe3(CO)42/(NH)4P;,

Fe-PNNP

Figure 3.23. Previous heterogeneous Fe-PNNP and Fe;(CO),,/(NH),P, systems

reported by Morris and Gao respectively.

With all these antecedents in hand, we decided to run a simple poisoning
test using Hg(0) as poisoning agent in order to ascertain whether our 3xx47/

Fe;(CO),, catalytic system is homogeneous or heterogeneous.

In our case, the use of 3eq of Hg was sufficient to stop the ATH completely.
This result is in agreement with the previous work reported by Gao and co-
workers with similar in situ systems.'"® Consequently, it is suggested that
the ATH catalyzed by 3xx47/Fe;(CO);; is probably heterogeneous, having

3xx47-modified iron particles acting as active catalyst.

3.4. CONCLUSIONS

From the study described in this chapter, the following conclusions can be

extracted:
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Vi)

vii)

Two chiral diamine derivatives, 3xx48 and 3xx49, based on a
pyrrolidine moiety were synthesized in four steps from L-(+)-Tartaric
acid.

The PNNP ligands 3xx46, 3xx47 and 3xx63 were synthesized and
characterized obtaining moderate to excellent yields.

The corresponding chiral PNNP iron(II) complexes were synthesized
and fully characterized by NMR, ESI-HRMS and EA. The X-ray
structures of complexes 3xx68, 3xx72 and 3xx73 were also obtained.
The new set of PNNP ligands 3xx46, 3xx47 and 3xx63 in combination
with Fe;(CO),, as iron source efficiently catalyzes the asymmetric
transfer hydrogenation of a wide range of substrates being the 3xx47/
Fe;(CO);, the most active of the series.

The 3xx47/ Fe;(CO)j, catalytic system catalyzes the asymmetric
transfer hydrogenation of iso-butyrophenone, iso-valerophenone and
tert-butyl diphenyl ketone having bulky groups at the alkylic position
with high conversions (82-97%) and enantiomeric excesses (73-96%)
towards the corresponding chiral alcohol at Smol% of catalyst loading,
T =70° C and 5h of reaction.

The 3xx47/ Fe;(CO)j, catalytic system catalyzes the asymmetric
transfer hydrogenation of cyclic phenyl ketones and ketones containing
annulated-rings with moderate to high conversions (21-91%) whereas
high enantiomeric ratios were obtained in all cases (61-97%) towards
the corresponding chiral alcohol at 5Smol% of catalyst loading, T = 70°
C and 5h of reaction.

Heteroaromatic methyl ketones were also hydrogenated but in this case
with low conversions although the enantioselectivity was comparable

to that obtained for 1-phenylethanol.

viii) The initial poisoning tests performed using Hg as poisoning agent,

suggested that the asymmetric transfer hydrogenation catalyzed by
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3xx47/Fe;(CO),, is probably heterogeneous, having 3xx47-modified

iron particles acting as active catalyst.

3.5. EXPERIMENTAL PART

GENERAL EXPERIMENTAL CONDITIONS

All preparations and manipulations were carried out under an oxygen-free
nitrogen atmosphere using conventional Schlenk techniques or inside a
glovebox. Solvents were purified by the system Braun MB SPS-800 and
stored under nitrogen atmosphere. CH;CN, PrOH and MeOH were dried,
distilled and degassed using standard procedure.*® Deuterated solvents were
degassed via three freeze-pump-thaw cycles and kept in the glovebox over
4A molecular sieves. Reagents were purchased from Aldrich, Alfa-Aesar

and Strem and were used as received.

'H, °C,*'P, "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 "*C were referred to internal
SiMe, (0.0 ppm) and for 3P was referred to H;PO, (85% solution in D,O, 0
ppm). 2D correlation spectra (gCOSY, gHSQC and gHMBC) were
visualized using VNMR program (Varian®). ESI-HMRS were run on an
Agilent” 1100 Series LC/MSD instrument. ESI-HRMS of the complexes
and EA were performed at the Serveis Técnics de Recerca from the

Universitat de Girona (Spain).

Reactions were monitored by TLC carried out on 0.25 mm E. Merck” silica
gel 60 Fys4 glass or aluminum plates. Developed TLC plates were visualized
under a short-wave UV lamp (254 nm) and by heating plates that were

dipped in potassium permanganate. Flash column chromatography was
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carried out using forced flow of the indicated solvent on Merck” silica gel

60 (230-400 mesh).

The enantiomeric ratios were determined by GC or HPLC analysis. Gas
chromatography analyses were carried out in a Hewlett-Packard HP 6890
gas chromatograph, using the appropriate chiral column (CP Chirasil-Dex
CB or B-ciclodex 120). HPLC analyses were carried out in a Merck-Hitachi
L-6200A liquid chromatograph, using the appropriate chiral column
(Chiralpack AD-H or Chiralpack OD-H).

Synthesis of diols 3xx52 and 3xx53

o L(+) tartaric acid (10g, 0.066mol) and benzylamine
HO,
\qéNJR (7.20ml, 0.066mol) or hexadecylamine (15.93g, 0.066mol)

HO"

o) were azeotropically dehydrated with boiling xylene in a

3xx52 3xx53 .
R=CisHy; R=ph ) Dean-Stark apparatus for 24h. After cooling at room

temperature, white precipitate was observed. The product was filtered off
and washed with hexane (when R=C;sH3;) or acetone (R=Ph) until white
crystals were obtained. Evaporation under reduced pressure of the
remaining acetone affords 3xx52 and 3xx53 as white cristalls in 89% and

90% yield respectively.
For 3xx52:

"H-NMR (CDCl;, 400 MHz, § in ppm): & = 4.08 (s, 2H, -CH-), 3.24-3.11
(m, 2H, =N-CH,-), 1.26-1.22 (m, 2H, =N-CH,-CH,), 0.95-0.93 (m, 26H),
0.56 (t, 3H, J=6.8Hz). “C{'H}-NMR (CDCl;, 100.6 MHz, & in ppm): & =
174.60 (2C, -C=0), 74.63 (2C, -CH-), 38.42 (=N-CH,-), 31.62 (=N-CH,-
CH,-), 29.36-29.24 (m, 10C,-CH;-), 29.14 (-CH,-), 29.04 (-CH,-), 28.80 (-
CH,-), 13.47 (-CH;). ESI-HRMS: Calculated for C,)H3;NO,: Exact: (M:
355.2723; [M+Na]": 378.2620); Experimental ((M+Na]": 378.2608).
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For 3xx53:

"H-NMR (MeOH-d4, 400 MHz, § in ppm): & = 7.32-7.27 (m, 5H, Ar-), 4.27
(s, 2H, -CH-), 3.98 (s, 2H, -CH,-). "C{'H}-NMR (MecOH-d4, 100.6 MHz,
o in ppm): 6 = 177.08 (2C, -C=0), 134.76 (Ar-, -C-), 130.04 (Ar-, -CH-),
129.94 (Ar-, -CH-), 129.86 (Ar-, -CH-), 74.21 (-CH-), 44.45 (-CH,-). ESI-
HRMS: Calculated for C;H;;NO,: Exact: (M: 221.0688; [M+H]":
222.0688); Experimental ([M+H]': 222.0766).

Synthesis of diols 3xx54 and 3xx55

A solution of 3xx52 or 3xx53 (0.072mol) in dry THF
(500ml)  was cooled to 0°C, and lithium

tetrahydroaluminate (0.216 mol) was added dropwise. The

resulting grey solution was heated at reflux for 48h and
then cooled to 0°C. Water was added carefully into the reaction mixture
until effervescence was no longer observed. The white gel was filtered off
and the resulting colourless solution was washed with ethyl ether (100ml x
3). The organic layer was washed with water, dried with anhydrous MgSQOy,
and filtered, and the solvent evaporated under reduced pressure to give
3xx54 as a white solid in 81% yield or 3xx55 as a beige solid in 52% yield.
In the case of 3xx55, repeatedly co-evaporation with ether is needed for the
solidification of the product. (Exposure to air and trituration of the product

with small amounts of ether helps in the solidification).
For 3xx54:

"H-NMR (CDCls, 400 MHz, & in ppm): & = 4.13-4.11 (bs, 2H, -CH-), 2.97
(dd, 2H, J=10 & 5.2Hz), 2.89-2.74 (bs, 2H, -OH), 2.50 (dd, 2H, J=72 &
3.6Hz), 2.47-2.40 (m, 2H, =N-CH,), 1.48-1.43 (m, 2H, =N-CH,-CH,), 1.28-
1.23 (m, 26H, -CH,-), 0.87 (t, 3H, J=6.8). “C{'H}-NMR (CDCls, 100.6
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MHz, § in ppm): & = 78.65 (2C, -CH-), 60.76 (2C, -CH;-), 56.62 (=N-CH,-
), 32.22 (=N-CH,-CH,-), 30.01-29.98 (m, 4C,-CH,-), 29.97 (-CH,-), 29.96
(-CH,-), 29.93 (-CH;-), 29.92 (-CH;-), 29.91(-CH,-), 29.82 (-CH,-), 29.66 (-
CH,-), 27.78 (-CH;-), 22.99 (-CH,-), 14.44 (-CH3). ESI-HRMS: Calculated
for CyH4NO;: Exact: (M: 327.3137; [M+H]+: 328.3137); Experimental
([M+H]": 328.3213).

For 3xx55:

"H-NMR (DMSO0, 400 MHz, § in ppm): & = 7.30-7.20 (m, 5H, Ar-), 3.86 (t,
2H, J=4.4Hz, -CH-), 3.56 (d, 1H, J=12.8Hz, -CH,-Ph, -CH,-), 3.44 (d, 1H,
J=12.8Hz, -CH,-Ph, -CH,-), 2.74 (dd, 2H, J=5.6 & 9.6Hz, -CH,-), 2.30 (dd,
2H, J=4.4 & 9.6Hz, -CH,-). "C{'H}-NMR (DMSO, 100.6 MHz, § in ppm):
8 = 139.45 (Ar-, -C-), 128.95 (Ar-, -CH-), 128.53 (Ar-, -CH-), 127.17 (Ar-,
-CH-), 78.03 (2C, -CH-), 61.22 (2C, -CH,-), 60.38 (=N-CH,-). ESI-HRMS:
Calculated for C;;H;sNO,: Exact: (M: 193.1103; [M+H]": 194.1 103);
Experimental ((M+H]": 194.1181).

Generation of HN;

In a three-necked flask fitted with an efficient stirrer, a thermometer and a
gas-exit tube was added sodium azide (8.19g, 0.126mmol), 8.2ml of warm
water and 70ml of dry toluene. The mixture was cooled to 0°C, and
sulphuric acid (3.5ml, 0.063mmol) was added dropwise with control of the
temperature to 0-5°C. Then, the organic layer was separated and dried over
sodium sulphate. The concentration of the solution of hydrazoic acid was
determined by transferring a 3ml sample of azidoic acid in an erlenmeyer,
shaking with distilled water and by titration with a 0.38M solution of
sodium hydroxide. The generated hydrazoic acid was kept below 0°C until

its use.
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Synthesis of diazides 3xx56 and 3xx57

To a magnetically stirred solution of triphenylphosphine
(3.54g, 0.014mol) in 3ml of dry toluene was added
dropwise diisopropyl azodicarboxylate (DIAD) (3.05ml,

0.016mol) with control of temperature around 0 °C. Then a
solution of 1.8M of azidoic acid (7.5ml, 0.014mol) was added dropwise
during 15 minutes. Formation of an orange-pink solid was observed and
allowed to stir until complete dissolution. Then, diol 3xx54 or 3xx55
(0.0027mol) in dry toluene (2ml) was added carefully. The reaction was
allowed to stir overnight at room temperature. The solution was
concentrated in vacuo and the residue was purified by column
chromatography (100:2.5, hexane:ether) to give 3xx56 as a white solid in
65% yield or 3xx57 as an incolor liquid in 53% yield.

For 3xx56:

"H-NMR (CDCls, 400 MHz, & in ppm): & = 3.87 (t, 2H, J=4Hz, -CH-), 2.95
(dd, 2H, J=10 & 6.4Hz, -CH,-), 2.57 (dd, 2H, J=10 & 4.8Hz, -CH,-), 2.48-
2.38 (m, 2H, =N-CH,), 1.48-1.42 (m, 2H, =N-CH,-CH,), 1.30-1.24 (m,
26H, -CH,-), 0.88 (t, 3H, J=6.8). "C{'"H}-NMR (CDCl;, 100.6 MHz, & in
ppm): & = 66.07 (2C, -CH-), 58.27 (2C, -CH,-), 55.91 (=N-CH,-), 32.30
(=N-CH,-CH,-), 31.28 (-CH,-), 30.08-30.05 (m, 4C,-CH,-), 30.03 (-CH,-),
29.98 (-CH,-), 29.94 (-CH,-), 29.86 (-CH,-), 29.73 (-CH,-), 28.66 (-CH,-),
27.69 (-CH,-), 23.06 (-CH»-), 14.49 (-CH3). ESI-HRMS: Calculated for
C,0H3oN7:  Exact: (M: 377.3267,; [M+H]+: 378.3267); Experimental
([M+H]": 378.3342).
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For 3xx57:

"H-NMR (CDCl;, 400 MHz, & in ppm): & = 7.31-7.20 (m, 5H, Ar-), 3.82 (t,
2H, J=4.8Hz, -CH-), 3.62 (d, 1H, J=12.8Hz, -CH,-Ph, -CH,-), 3.57 (d, 1H,
J=13.2Hz, -CH,-Ph, -CH,-), 2.94 (dd, 2H, J=6.4 & 10Hz, -CH,-), 2.55 (dd,
2H, J=4.8 & 10Hz, -CH,-). *C{'H}-NMR (CDCl;, 100.6 MHz, & in ppm):
8 =137.95 (-C-), 128.83 (Ar-, -CH-), 128.67 (Ar-, -CH-), 127.61 (Ar-, -CH-
), 65.97 (-CH-), 59.58 (-CH,-), 57.89 (-CH,-). ESI-HRMS: Calculated for
CyH3sN7: Exact:  (M: 243.1232; [M+H]: 244.1232); Experimental
([M+H]": 244.1304).

Synthesis of diamines 3xx48 and 3xx49

N To a stirred solution of 3xx56 or 3xx57 (1.67mmol) in
2N,

: R
/E)NJ ethanol (15ml), 10%Pd on charcoal (0.167mmol) was

H,N

348 3xxas| added and the mixture was hydrogenated at lbars of
R=CisHs;  R=Ph

pressure at room temperature for 16h. The catalyst was
filtered off through a pad of celite and washed with ethyl alcohol. Ethyl
alcohol was evaporated under reduced pressure to give 3xx48 or 3xx49 in
quantitative yield. In the case of 3xx49 repeatedly co-evaporations with
cther are needed for the solidification of the product. (Trituration of the

product with small amounts of ether helps in the solidification).
For 3xx48:

"H-NMR (CDCl;, 400 MHz, § in ppm): & = 3.09-3-01 (m, 2H, -CH-), 2.98-
2.90 (m, 2H, -CH,-), 2.48-2.29 (m, 6H, =N-CH,, -CH,-, -NH,), 1.53-1.41
(m, 2H, =N-CH,-CH,), 1.30-1.24 (m, 26H, -CH,-), 0.89(t, 3H, J=6.4).
BC{'H}-NMR (CDCl;, 100.6 MHz, & in ppm): & = 62.59 (2C, -CH,-),
61.12 (2C, -CH-), 56.88 (=N-CH>-), 32.15 (=N-CH,-CH,-), 30.00-29.76 (m,
8C,-CH,-), 30.03 (-CH,-), 29.59 (-CH,-), 28.63 (-CH,-), 27.77 (-CH,-),
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22.92 (-CH,-), 14.37 (-CH;). ESI-HRMS: Calculated for C,yH4N3: Exact:
(M: 325.3457; [M+H]": 326.3457); Experimental ((M+H]": 326.3554).

For 3xx49:

"H-NMR (CDCls, 400 MHz, & in ppm): & = 7.28-7.20 (m, 5H, Ar-), 3.61 (d,
1H, J=12.8Hz, -CH,-Ph, -CH,-), 3.54 (d, 1H, J=12.8Hz, -CH,-Ph, -CH,-),
3.01 (t, 2H, J=4.8Hz, -CH-), 2.90 (dd, 2H, J=6 & 9.2Hz, -CH,-), 2.27 (dd,
2H, J=4.8 & 9.2Hz, -CH,-), 1.58 (s, 4H, -NH,) “C{'H}-NMR (CDCl,
100.6 MHz, § in ppm): & = 138.93 (-C-), 128.94 (Ar-, -CH-), 128.43 (Ar-, -
CH-), 127.18 (Ar-, -CH-), 62.39 (-CH-), 61.23 (-CH,-), 60.49 (-CH,-). ESI-
HRMS: Calculated for C;H;N;: Exact: (M: 191.1422; [M+H]":
192.1422); Experimental ((M+H]": 192.1508).

Synthesis of chiral PNNP ligands 3xx46 and 3xx47

/ (R \ 2-(diphenylphosphino)benzaldehyde (0.155 g, 0.53
N mmol) was added to 4ml of dry and degassed

NS—ZN toluene provided with molecular sieves. Then,

oph, Phpij 3xx48 or 3xx49 (0.26mmol) was added to the

3xxd6  3xxd7 mixture. This solution was allowed to stir overnight

\ R=CisHs R=Ph ) at 90°C. The reaction mixture was filtrated under

nitrogen atmosphere and collected by vacuum filtration. Recrystalization
with cool MeOH in a glovebox afforded 3xx46 as a thick yellow liquid in
42% yield and 3xx47 as a yellow solid in 84% yield.

For 3xx46:

'H-NMR (CDCls, 400 MHz, § in ppm): & = 8.46 (d, 2H, J= 4, -CH=N),
7.77 (dd, 2H, J= 4 & 8Hz, -CH-), 7.38 (t, 2H, J=8Hz, -CH-), 7.29-7.12 (m,
22H, -CH-), 6.75 (dd, 2H, , J= 4 & 8Hz, -CH-), 3.49 (t, 2H, J= 4, -CH-),
2.68 (dd, 2H, , J= 4 & 8Hz, -CH,-), 2.43 (dd, 2H, J= 4 & 8Hz, -CH,-), 2.36-
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2.20 (m, 2H, -CH,-), 1.37-1.32 (m, 2H, -CH,-), 1.26-1.13 (m, 26H, -CH,-),
0.80 (t, 3H, J= 8, -CH;) . “C{'H}-NMR (CDCl;, 100.6 MHz, § in ppm): &
=159.1 (d, 2C, Jcp=17.1Hz, CH=N), 139.4 (d, 2C, Jcp=27.5Hz, -C-), 137.7
(d, 2C, Jcp=17.8Hz, -C-), 137.3 (d, 2C, Jcp=17.8Hz, -C-), 134.2, 134.0,
133.8, 133.4, 129.9, 129.0, 128.65, 128.6, 128.56, 128.5, 128.4, 128.2,
125.3, overlapped signals, 75.57 (2C, -CH=N), 60.49 (2C, -CH,-), 56.19
(=N-CH,-), 31.80 (=N-CH,-CH;-), 19.58 (bs, 9C,-CH,-), 29.24 (-CH,-),
28.64 (-CH,-), 27.45 (-CH,-), 22.58 (-CH,-), 13.78 (-CH;). *'P{'"H}-NMR
(CDCl;, 161MHz, 6 in ppm): -12.45. ESI-HRMS: Calculated for
CssHgoN;3P,: Exact: (M: 869.4967, [M+H]": 870.4967); Experimental
([IM+H]": 870.5097).

For 3xx47:

"H-NMR (CD,Cl,, 400 MHz, § in ppm): & = 8.45 (d, 2H, J=4Hz, HC=N),
7.80 (dd, 2H, J=4 & 8Hz, Ar-), 7.39-7.19 (m, 29H, Ar-), 6.85 (dd, 2H, J=4
& 8Hz, Ar-), 3.56 (d, 2H, J=4, -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,-).
BC{'H}-NMR (CD,Cl,, 100.6 MHz, & in ppm): & 159.4 (d, Jc,~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). *'P{'H}-NMR (CD,Cl, 161MHz, & in ppm): -12.14. ESI-HRMS:
Calculated for CgHgN3P,: Exact: (M: 735.2932; [M+H]": 736.2932);
Experimental ([M+H]": 736.2997). Elemental Analysis: Calculated for
CyoHiN;P,: C,79.98; H, 5.89; N, 5.71; Found: C, 79.09; H, 5.73; N, 5.37.
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Synthesis of chiral PNNP ligand 3xx65

3xx47 (90mg, 0.12mmol) was dissolved in Sml of

(© dry methanol. Then, NaBH, (28mg, 0.73mmol) was

Sb added under nitrogen atmosphere. The reaction was

NH HN refluxed with stirring under nitrogen for 24h. The
Cth Ph,P

solution was cooled to room temperature and H,O

(desoxigenated for 3h) 3ml was added to destroy the excess of NaBH,. The
mixture solution was extracted with CH,Cl, (desoxigenated 2h) (3mlx3).
The organic layer was dried over anhydrous MgSO, and evaporation under

vacuum affords 3xx65 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-), 7.16-7.12 (m, 2H, Ar-), 6.87-6.84 (m, 2H, Ar-), 3.86
(qd, 4H, -CH,-, J=12 & 4Hz, CH,-NH), 3.43 (s, 2H, -CH,-Ph, -CH,-), 2.80
(t, 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, *Jep= 24.1Hz, Ar-, -C-), 139.4 (CH,Ph, Ar-, -C-), 137.2 (d, "I
p=11.1Hz, PPh,, Ar-, -C-), 137.1 (d, 'Tcp=11.1Hz, PPh,, Ar-, -C-), 135.9 (d,
'Jep=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-), 128.5 (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, *Jc.p=21.1Hz, CH,-NH, -CH,-).
P{'H}INMR (CD,Cl, 161MHz, & in ppm): -16.21. ESI-HRMS:
Calculated for CyHusN3P,: Exact: (M: 739.3245; [M+H]": 740.3245);
Experimental ((M+H]": 740.3717).
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Synthesis of chiral PNNP iron(II) complexes 3xx66 and 3xx67

\ 3xx46 or 3xx47 (0.135mmol) in 4ml of

& ®Fy),| MeCN  was added to a solution of
N-NCMe 42

Gﬁgf\F';N; - Fe(BF,),6H,O (0.133mmol) in 1ml of

Ph, LCMe Ph, MeCN. After stirring for 3h, the red solution

3xx66  3xx67 was evaporated to dryness. Then, Iml of
R=CisHs;  R=Ph )

CH,Cl, was added to re-dissolve the deep
red powder. Hexane (4ml) was added to the solution and a precipitate
started to form. The solid was filtered under nitrogen via canula and washed
repeatedly with hexane to afford 3xx66 or 3xx67 as a deep red solid in 79%
yield and 81% of yield respectively.

For 3xx66:

"H-NMR (CDCl;, 400 MHz, § in ppm): & = 8.88 (br s, 1H, CH=CN), 8.82
(br s, 1H, CH=CN), 8.63 (br s, 2H, Ar-), 8.05 (br s, 2H, Ar-), 7.76-7.41 (m,
9H, Ar-), 7.24 (br s, 6H, Ar-), 6.99-6.51 (m, 9H, Ar-), 4.97-4.90 (m, 2H, -
CH-), 4.42 (br s, 2H, -CH,-), 3.94 (br s, 2H, -CH,-), 3.62 (br s, 2H, -CH,-),
1.90 (br s, 2H, -CH,-), 1.83 (s, 3H, -CH;, CH;CN), 1.80 (s, 3H, -CHj3,
CH;CN), 1.45-1.29 (m, 26H, -CH,-), 0.88 (br s, 3H, -CH3;) all signals are
broad. *'P{'H}-NMR (CDCl; 161MHz, & in ppm): 52.66. ""B{'"H}-NMR
(CD,Cl,, 128.51MHz, & in ppm): -1.10. "F{'H}-NMR (CD,Cl, 376.8MHz,
d in ppm): -150.24. ESI-HRMS: Calculated for Cy;H75B,FgFeNsP,: Exact:
(M: 1181.4905, M-(CH;CN)y(BF,)./Z: 462.7153); Experimental (M-
(CH;CN),(BE,),:/Z: 462.7153).

For 3xx67:

"H-NMR (CD,Cl, 400 MHz, § in ppm): 8 = 8.82 (br s, 1H, CH=CN), 8.77
(br s, 1H, CH=CN), 8.06-7.96 (m, 3H, Ar-), 7.75-7.21 (m, 20H, Ar-), 6.99-
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6.68 (m, 8H, Ar-), 6.43 (br s, 2H, Ar-), 5.34 (s, 2H, CH,-Ph, -CH,-), 4.95
(br's, 1H, -CH-), 4.80-4.71 (m, 2H, -CH,-), 4.55 (br s, 1H, -CH,-), 4.19-4.07
(m, 2H, -CH,-) all signals are broad. *'P{'"H}-NMR (CD,Cl, 161MHz, § in
ppm): 5232 (d, Jep= 42Hz) and 51.65 (Jop= 42Hz). "B{'H}-NMR
(CD,Cl,, 128.51MHz, & in ppm): -1.03. F{'H}-NMR (CD,Cl, 376.8MHz,
0 in ppm): -150.05. ESI-HRMS: Calculated for Cs;H49B,FgFeNsP,: Exact:
(M: 1047.2871, M-(CH;CN),(BF4),/Z: 395.6136); Experimental (M-
(CH3CN)y(BF,),:/Z:  395.6146). Elemental Analysis: Calculated for
Cs;HyB,FgFeNsP, - 3CH,Cl,: C, 51.65; H, 4.26; N, 5.38; Found
Cs;H B, FgFeNsP, - 3CH,Cl,: C, 51.62; H, 4.49; N, 5.61.

Synthesis of chiral PNNP iron(IT) complex 3xx68

NaPF¢ (16mg, 0.095mmol) was added to a

<F’h (PFe),| solution of 3xx67 (50mg, 0.047mmol) in
N\NCMe
N |~N7 dichloromethane (4ml). After stirring for 1h
Gﬁp: Fé\P . .
Ph, LCM Ph, the resulting orange mixture was filtered
e

through a small pad of Celite and evaporated

to dryness to give 3xx68 as an orange solid in 90% yield.

'"H-NMR (CD,Cl, 400 MHz, & in ppm): 5 = 8.80 (br s, IH, CH=CN), 8.71
(br s, 1H, CH=CN), 8.04-7.97 (m, 3H, Ar-), 7.78-7.20 (m, 22H, Ar-), 7.02-
6.71 (m, 7H, Ar-), 6.36 (br s, 1H, Ar-), 5.16 (br s, 1H, -CH-), 4.85 (br s, 2H,
-CH;-), 4.76 (s, 2H, CH,Ph, -CH,-), 4.52 (br s, 1H, -CH-), 4.13 (br s, 2H, -
CH,-) all signals are broad. *'P{'H}-NMR (CD,Cl, 161MHz, & in ppm):
51.98 (d, Jpp=43.7Hz), 51.13(d, Jpp= 43.7Hz), -144.3 (sept, Jpr= 712.8Hz,
PF,). "F{'"H}-NMR (CD,Cl, 376.8MHz, § in ppm): & = -71.5 (d, 6F, Jpp=
712.8Hz, PFs). ESI-HRMS: Calculated for Cs;HyF,FeNsP,: Exact: (M:
1163.2096, M-(CH;CN),(PF¢)/Z:  395.6136);  Experimental (M-
(CH3CN)y(PF¢),:/Z:  395.6130). Elemental Analysis: Calculated for
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C53H49F12FCN5P4 . 3CH2C12: C, 4742, H, 391, N, 494, Found
C53H49F12FCN5P4 . 3CH2C12: C, 4732, H, 321, N, 4.81.

Figure 3.24. Molecular structure of 3xx68.
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Table 3.20. Crystal data and details of refinement for 3xx68.

CssHesF1sFeNsOPs

Empirical formula
[Cs3sHyoF 1sFeNsPs,-CsHy,  H O]

Formula weight 1397.83
Temperature (K) 100(2)
Wavelength (A) 0.800
Crystal system Monoclinic
Space group P2,
a=11.9220(11), o= 90.00
Unit cell dimensions (A / °) b =14.7690(13), B = 98.505(10).
c = 18.0630(19), y=90.00
Volume (A%) 3145.5(5)
Z 2
Calculated Density (Mg/m®) 1.476
Absorption coefficient (mm™) 0.588
F(000) 1432
Theta range (°) for data collection 1.28 - 29.99
Index ranges -14<=h<14=,-18<=k<=18,-22<=I<=22
Reflections collected 12028
Data [1 > 26(])] 11346
Parameters 816
Goodness-of-fit on F2 1.025
Final R indices [I>20(])] R1=0.0649, wR2 = 0.1800
R indices (all data) R1=0.0678, wR2 = 0.1835

Largest diff. peak and hole (e/A’)  0.937,-0.910
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Synthesis of chiral PNNP iron(II) complex 3xx72

Iml of CH,Cl, was added to a solution of 3xx47
©\¢N:fN (50mg, 0.068mmol) in 3ml of CH,Cl,. The mixture

PPh, ~Cl

/ﬁ Iron dichloride anhydrous (12mg, excess) dissolved in

\
/Fe

— >ci | was allowed to stir at room temperature for 48h to
7

|
%:gth which a change of color was appreciated from pale
J yellow to pink-red. The mixture was filtered via

o

canula under nitrogen atmosphere and, ether was added to the pink-red

solution to force the product precipitation. 3xx72 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, 15.43, 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>'P{'H}-NMR at r.t. (CD,Cl, 161MHz, & in
ppm): & = -0.694. *'P{'H}NMR at -80°C (CD,Cl,, 161MHz, § in ppm): & =
23.83 & 5.32 (bs). ESI-HRMS: Calculated for CsHy;FeN;P,Cl,: Exact:
(M: 861.1659, M-Cl: 826.1970); Experimental (M-Cl: 826.1986).
Elemental Analysis: Calculated for CyHgFeNs;P,Cl© 0.5CH,Cl: C,
65.69; H, 4.90; N, 4.64; Found C4H4;FeN;P,Cl, - 0.5CH,Cl,: C, 65.89; H,
4.66; N, 4.16.
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Figure 3.25. Molecular structure of 3xx72.
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Table 3.21. Crystal data and details of refinement for 3xx72.

. Cy95H44Cl3FeN; P,
Empirical formula
[C4oH43CLFeN;P,, 0.5CH,Cl,]
Formula weight 905.02
Temperature (K) 293(2)
Wavelength (A) 0.7000
Crystal system Monoclinic
Space group P2,
a=9.3211(9), a=90.00.
Unit cell dimensions (A / °) b=16.0716(11), p =98.180(11).
c =15.8320(12), y = 90.00.
Volume (A%) 2347.6(3)
Z 2
Calculated Density (Mg/m’) 1.280
Absorption coefficient (mm™) 0.526
F(000) 938
Crystal size (mm”) 0.38x 0.35x0.12
Theta range (°) for data collection 6.72 -27.41
Index ranges -12<=h<=12, -20<=k<=19, 0<=1<=20
Reflections collected 10182
Parameters 529
Goodness-of-fit on F2 1.035
Final R indices [[>20(])] R1=10.0298, wR2 = 0.1906
R indices (all data) R1=10.0809, wR2 =0.1992

Largest diff. peak and hole (e/A’) 0.944, -0.848
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Synthesis of chiral PNNP iron(II) complex 3xx73

o Iron dichloride anhydrous (15mg, excess)

|C| Q /Fe\z\Pphz dissolved in Iml of CH,Cl, was added to a
thp/(':j\/ Ny O solution of 3xx74 (70mg, 0.10mmol) in 4ml of
@J CH,Cl,. The mixture was allowed to stir at room

temperature for 48h to which a change of color

was appreciated from pale yellow to pink-red. The mixture was filtered via
canula under nitrogen atmosphere and, ether was added to the pink-red
solution to force the product precipitation. 3xx73 was isolated as a pink-red
solid in 67% 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): & = 'P{'"H}-NMR (CD,Cl,,
161MHz, 6 in ppm): No phosphorus found in the range of -4000ppm to
+4000ppm. ESI-HRMS: Calculated for CyHyFe,N,P,Cly: Exact: (M:
910.0120, M-FeCls: 749.1705); Experimental (M: 749.1719).
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Figure 3.26. Molecular structure of 3xx73.
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Table 3.22. Crystal data and details of refinement for 3xx73.

Empirical formula

Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group

Unit cell dimensions (A / ©)

Volume (A%)

Z

Calculated Density (Mg/m®)
Absorption coefficient (mm™)
F(000)

Theta range (°) for data collection
Index ranges

Reflections collected

Parameters

Goodness-of-fit on F2

Final R indices [[>2o(])]

R indices (all data)

Largest diff. peak and hole (e/A’)

C4sHoClgFeNy Py
[C44H40Cl4Fe;N,P,, 1CH,CLL ]
997.15

100(2)

0.7000

Monoclinic

P2,

a = 11.9550(7), o = 90.00.

b = 7.4830(4), B = 92.509(10).
¢ = 25.6260(12), y = 90.00°.
2290.3(2)

2

1.446

1.087

1020

1.57-27.82

~15<=h<=15, 0<=k<=9, 0<=1<=34
5941

533

1.035

R1 = 0.0298, wR2 = 0.0764
R1=0.0319, wR2 = 0.0777
0.544, -0.761

General procedure for the asymmetric transfer hydrogenation reaction

In a typical experiment, inside the glovebox Fe;(CO)y; (3.4 mg, 0.0068

mmol), 3xx47 (5 mg, 0.0068 mmol) were placed in a tube equipped with a

Teflon-coated magnetic stirring bar. Isopropyl alcohol (3ml) 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
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min. Ketone was then introduced and the mixture was stirred at 70 °C for
the required reaction time. Conversion was calculated by 'H-NMR and

enantiomeric ratios by GC or HPLC.

Method 1: Gas chromatography. CP Chirasil-Dex CB, 25 m column,
internal diameter: 0.25 mm, film thickness: 0.25 um, carrier gas: 120 kPa
He, temperature: 130 °C for 10min, rate 10 °C/min to 180 °C and hold for

3min.

Method 2: Gas chromatography. CP Chirasil-Dex CB, 25 m column,
internal diameter: 0.25 mm, film thickness: 0.25 um, carrier gas: 120 kPa

He, temperature: 90 °C, rate 0.5 °C/min to 120 °C and hold for 3min.

Method 3: Gas chromatography. B-cyclodex 120, 30 m column, internal
diameter: 0.25 mm, film thickness: 0.25 pm, carrier gas: 120 kPa He,
temperature: 90 °C, rate 0.5 °C/min to 120 °C and hold for 3min.

Method 4: HPLC. Chiralpack AD-H column, hexanes:iPrOH = 95:5, flow:
1 mL/min, A: 245 nm.

Method 5: HPLC. Chiralpack OD-H column, hexanes:iPrOH = 99:1, flow:
1 mL/min, A: 245 nm.
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Product Method Re(tm?;:;n ¢ Product Method Re(tm?;:;n ¢
3xx76 2 35.73,36.22 3xx88 1 14.00, 14.10
3xx77 1 3.18,3.33 3xx89 1 15.71, 15.90
3xx78 1 4.75,4.87 3xx90 1 28.69, 29.45
3xx79 1 8.14, 8.70 3xx91 1 10.08, 10.37
3xx80 1 8.22, 8.86 3xx92 3 19.42,20.03
3xx81 1 16.19, 16.36 3xx93 1 4.29,4.46
3xx82 1 - 3xx94 1 2.62,2.75
3xx83 1 4.96,5.17 3xx95 4 -
3xx84 1 3.49,3.78 3xx96 2 7.30, 7.58
3xx85 1 9.26,9.83 3xx97 2 5.24,5.41
3xx86 1 7.30, 7.56 3xx98 2 34.44,38.15
3xx87 2 56.18, 56.48 3xx101 5 -

X-ray crystallography

Data collections of structures reported were carried out at the X-ray
diffraction beamline of the Elettra Synchrotron, Trieste (Italy), using the
rotating crystal method with a monochromatic wavelength of 0.7000 A, on a
Pilatus detector. Measurements were performed at 100(2) K using a
nitrogen stream cryo-cooler. Cell refinement, indexing and scaling of the
data set were performed using the CCP4 package,”’ and programs Denzo
and Scalepack.®® The structure was solved by direct methods and Fourier
analyses and refined by the full-matrix least-squares method based on F°
with all observed reflections.”” All the calculations were performed using

the WINGX SYSTEM, Ver 2013.3.”°
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4.1. INTRODUCTION

During the last century, the concentration of carbon dioxide (CO,) in the
atmosphere has been increasing continuously. This fact is clearly
demonstrated by the current CO, concentration of 386 ppm which is far
from the pre-industrial levels of 280 ppm.' Such drastic increase in CO,
concentration has been considered the main responsible for the augment in
earth’s temperature. Therefore, the reduction, capture, or utilization of CO,
release from industrial processes is one of the greatest scientific and

technological challenges of the 21st century (Figure 4.1).2

ﬁ Atmosphere

Generation

C@Capture

Co,

oo |

@ Storage

Utilization

Extraction ﬂ Reaction
Tecnological uses

Figure 4.1. Generation, capture and utilization of industrial CO,.
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4.1.1. USES OF CO,

CO; is an abundant, inexpensive, non-toxic and widely available renewable
carbon source. However, its use for the production of valuable chemicals is
often hampered due to its thermodynamic stability.>* The development of
chemical processes that can convert CO, into high added-value products is

thus an important goal for scientists.’

The reduction of CO, into carbon containing products requires significant
amounts of energy.® This energy can be economically produced by
renewable energy, such as solar power. In this regard, the group of Traynor
and Jensen have demonstrated the reduction of CO, using direct sunlight for
the production of CO and O,. Although this work is promising, further work

is required in this field.”

CO; can also be used as solvent, as alternative to organic solvents. A
supercritical fluid (SCF) is any substance above its critical temperature (T.)

and pressure (P.) (Figure 4.2).

Superecritical

region

= Liquid

3 Phase

=2

g Solid Phase Critical Point

Z

4 T,=31°C.

A P.=72.8 bar.
Triple Paint Gaseous Phase

Temperature (° C)

Figure 4.2. Qualitative representation of the CO, phase diagram.
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The T, for CO, is 304 K (31 °C) and P, is 72.8 bar (7.3 MPa) making the
supercritical region easily accessible.® The properties of a SCF have been
described as intermediate between gas and liquid having the advantages of
both phases: high diffusivity and low viscosity. ScCO, can be employed as
solvent for extraction and reactions. Interestingly, the solvent can be
recycled resulting in a nearly zero waste. Its inherent properties: nontoxic,
non-flammable, colourless makes scCO, an ideal extraction solvent for

natural products.

CO; can be used for the synthesis of organic products such as esters,

lactones, carbonates, methanol and urea among many others (Scheme 4.1).

(e}
Ao (R 2
O
) </k O 0% HCO,H CH4OH M
R n 2 3 HoN™ “NH,
Carbonates/Polycarbonates Urea
0 H,
/ \ NH;
R

R R-NH,
Ar/\
R " oH R-N=C=0
Alcohols COOH Isocyanates

Ar
Carboxylic acids

Scheme 4.1. Some examples of organic compounds produced from CO, utilization.



127 | CHAPTER 4

Approximately 90 Mt a” of CO, are used for such chemical syntheses;
nevertheless, CO, i1s also manufacture of urea and methanol. In
consequence, these processes might result in a net increase of CO,

emissions.

4.1.1.1. REACTIONS USING CO,

CO, is miscible with all gases in all proportion at above 304 K. Such
properties are highly useful for reactions involving gases such as

hydrogenation, hydroformylation and oxidation.’

The solubility of catalyst and reagent in the scCO, phase is an important
factor in homogeneous catalysis with scCO,, which frequently hamper their
commercial developments.'® A small number of industrial patents have been

registered in this area.

In the case of hydrogenation reaction, Poliakoff and co-workers investigated
the hydrogenation of a variety of aliphatic and aromatic substances in scCO,
which lead to the construction of a pilot plant for the Thomas Swan
Company in Durham (UK) by Chematur Engineering.'" This company is

also able to carry out Friedel-Craft acylation and alkylations.

scCO, has also been used in hydroformylation, for the production of
aldehydes from alkenes involving CO and H,."” Also in this case the
reaction is restricted by the solubility and transport of the gases. The use of
CO; as solvent had some beneficial effects such as reduction of the required
pressure and temperature, waste by-products and improved selectivity.’
Some patents can also be found in this field by the Thomas Swan

Company"’ and Mitsubishi Chemical Co."*
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As previously mentioned, CO, cannot be oxidized in presence of oxygen
and catalysts; therefore it can be used in oxidation reaction to eliminate the
solvent by-product waste. As example, CO, has been used in the conversion
of propylene into propylene oxide using a silver catalyst and O, which is

patented by the Lyondell Chemical Co.

CO; can also be employed in polymerization reactions. Polymers were
produced in around 50 Mt in the USA in 2001 .3 In this reaction CO, can be
employed as solvent, monomer and as nonsolvent. Nonetheless, it should be
pointed out that the use of CO, as solvent in polymerization reactions is
problematic, as the dissolution of polymers is very low due to its weak

solvating power.’

scCO, is an alternative solvent in biocatalysis when non-aquous media is
required. In particular, the stability of enzymes in scCO, and reaction rates
are similar to those observed when n-hexane or cyclohexane are used as

solvents.'®

From an industrial and environmental point of view, the production of
synthesis gas from the CO, reforming of CHy is considered an important
reaction. This reaction involves the use of the two most abundant
greenhouse gases to synthesis gas that is high in CO content which is highly
valuable for the synthesis of oxygenated products.'’

The use of CO, generated from industrial processes and power production
can help into the CO, mitigation. However, large-scale applications are

required in order to further reduce the impact of this greenhouse gas.
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4.1.2. COUPLING OF CO, WITH EPOXIDES

One of the most successful processes for the use of CO, is the coupling with

epoxides to produce polycarbonates and/or cyclic carbonates (Scheme 4.1).

o R o
o 0=C=0 M PN
AN —_— 0~ O andlor 9 O
R Catalyst >—/
Co-cat n R
P, T Polycarbonate Cyclic Carbonate

Scheme 4.1. Synthesis of polycarbonates and/or cyclic carbonates from CO,

and epoxides.

Organic carbonates are important synthetic targets as a result of:

a) Thermodynamics: synthetic targets should be chosen taking into
account the energy difference between the product and CO,. In this
regard, organic carbonates fulfil these criteria.

b) Environmental demand: phosgene is a reactive and available
reagent for the synthesis of organic carbonates and isocyanates.
However phosgene is highly toxic and corrosive which makes
desirable to avoid its use as a reagent. As consequence, the use of
CO, makes this process environmentally benign and 100% atom
economical."®

c) Market size: organic carbonates are industrially useful products. In
particular, the world annual production of aromatic polycarbonates
is about two million tons. As example, four industrial organic
carbonates are: dimethyl carbonate (DMC), diphenyl carbonate
(DPC), ethylene carbonate (EC) and propylene carbonate (PC).
DMC and DPC have open chain structure while EC and PC are

cyclic.
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4.1.2.1. APPLICATION OF ORGANIC CARBONATES

Polycarbonates, have various applications such as thermoplastics, packaging
materials, etc. due to their inherent properties which include durability, heat
resistance, strength, high transparency, electrical insulation and
compatibility with other polymers.'****' Cyclic carbonates can also be used
for numerous applications such as polar aprotic solvents, additives,
plasticizers, electrolyte solvents for lithium-ion batteries, precursors for
poly(carbonate) synthesis and more recently as useful intermediates in

organic synthesis (Figure 4.3)."72%%%

Lithium Bateries

Plasticizers

F

Intermediates in organic synthesis

Figure 4.3. Applications of cyclic carbonate products.
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4.1.2.2. INDUSTRIAL APPLICATIONS OF CYCLIC CARBONATES

The aim of this chapter is to synthesize cyclic carbonates, for this reason in
this section some industrial application of cyclic carbonates will be

presented.

Ethylene glycol (4xx1) is an important industrial chemical which has been
traditionally synthesized by hydrolysis of ethylene oxide (Scheme 4.2,
pathway A).> Nonetheless, the high reactivity of ethylene oxide has
impeded the isolation of ethylene glycol without being contaminated by
oligomers (4xx2), such as diethylene glycol and triethylene glycol. As
consequence, expensive purification of the crude product was needed. In
this regard, a process was developed by Mitsubishi Chemicals and Shell in
which ethylene oxide is first converted to ethylene carbonate (4xx3) and
then hydrolysis takes place to obtained the target ethylene glycol (Scheme
4.2, pathway B).** Although this is a two-step process, it has some
advantages compared to pathway A such as lower reactivity of the ethylene
carbonate (4xx3) when compared to the ethylene oxide which assures no
oligomers as by-products and makes the purification procedure for ethylene
glycol more convenient. Importantly, Shell has commercialized this process

(also called OMEGA process) making 750 kt per year.

Pathway B Pathway A

(0]

H,0 )k CO, o] H,0
HO/\/OH o Yo A 2 HO/\/OH + HO o r:’)H
4xx1 4xx3 4xx1 4xx2

Scheme 4.2. Synthetic pathways for the production of ethylene glycol (4xx1).

Aromatic polycarbonate 4xx4 can be prepared by reaction of bisphenol A
(4xx5) with phosgene. Nevertheless, as previously mentioned in section

4.1.2., phosgene is highly toxic and corrosive making desirable to find
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alternatives for its use. In this regard, the Asahi Kasei corporation
developed an alternative synthesis for polycarbonate 4xx4 avoiding the use
of phosgene (Scheme 4.3).”” This synthesis involves the use of diphenyl
carbonate (4xx6) as phosgene replacement which is produced by
transesterification of dimethyl carbonate (4xx7), which itself is produced
from ethylene carbonate (4xx3) which come from the reaction of CO, with
ethylene oxide. This process is used to prepare 50 kt of polycarbonate 4xx4
per year and also involves the production of ethylene glycol 4xx1 as co-

product.

o) Ag
[\ - H+02

CO,
Catalyst

O

MeOH
OPh
4xx3 f X 4xx6 X 4xx5

4xx1 Axx7
4xx4

Scheme 4.3. Synthesis of aromatic polycarbonate 4xx4 developed by Asahi Kasei

corporation.

4.1.2.3. MECHANISTIC CONSIDERATIONS

As previously mentioned in section 4.1.2, the coupling of CO, and epoxides
can generate two types of products: polycarbonates and cyclic carbonates.
The selective formation of the polymer or the carbonate product can be
modulated by the catalytic system, substrate and reaction conditions
employed. In all cases, the activation of the epoxide requires a nucleophile,

which is the common feature of all catalytic systems employed for this
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transformation. In addition, all mechanisms involve an intermediate
containing a carbonate precursor, which can either react further through
consecutive additions of other epoxide and CO, molecules (propagation) to
generate the polycarbonate, or undergo back-biting reaction leading to ring

closure with formation of the cyclic carbonate (Scheme 4.4).*%

Ry

R
oi}( 2
N o
A ak 1
R, o O
Metal Complex — =, Metal Complex — >—<
R4 Ro
o. 0O Cyclic carbonate
T
R, O
R, Ry R, I
Metal Complex Metal Complex - (o o)
CO, R, n

Polycarbonate

Scheme 4.4. Possible intermediates for the coupling of CO, with epoxides
catalyzed by metal complexes. Nu is referred to nucleophile (from the metal
complex or the co-catalyst). O-R is referred to alkoxide or aryloxide that can act as
nucleophile. The arrows indicate possible back-biting reaction leading to the

formation of cyclic carbonate product.

Catalysts for the coupling of CO, and epoxides include halides, quaternary
alkyl ammonium or phosphonium salts, ionic liquids and metal
complexes.” The use of halides, quaternary alkyl ammonium or
phosphonium salts or ionic liquids (non-metallic catalysts), generally
requires high temperatures (>80 °C) to achieve high product yields which
favours the formation of the thermodynamically more stable cyclic
carbonate as product.”’ Nevertheless, the most studied type of catalysts for
the coupling of CO, and epoxides are homogencous metal complexes,
which can be employed alone if they contain a ligand that can act as

nucleophile, or in combination with a co-catalyst providing the nucleophilic
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species. It has to be mentioned that heterogeneous catalysts have also been
applied in the coupling of CO, and epoxides being zinc glutarate the most
widely applied. Heterogeneous catalysts are considered to follow similar

pathways than their homogeneous counterparts.*

Two main pathways have been described when homogeneous metal

complexes are employed as catalyst for the coupling of CO, with epoxides:
Monometallic pathways:

a) The common monometallic mechanism is depicted in Scheme 4.5.
First the epoxide coordinates to the Lewis acidic metal and gets
activated towards the attack by the nucleophile. Then, nucleophilic
attack takes place and ring opens the epoxide leading to the
formation of a metal-bound alkoxide. This alkoxide can act as a
nucleophile leading to the CO, insertion to the metal alkoxide bond,
generating the carbonate intermediate which can led to the
formation of the cyclic carbonate product or propagate by further

addition of epoxide and CO, for the formation of the polycarbonate

product.
u
Nu o
_Nu O )k
7 z’ 2 PN oo
o~ O J
o 1 ? \ 7
Metal £ Metal | Nu Metal Metal | CO, Metal
Complex Complex Complex Complex| — > | Complex \CSZ
Epoxide Nucleophilic Metal-alkoxide CO, insertion o\&
Coordination Attack Formation /\ Polycarbonate

Scheme 4.5. Monometallic pathway involving one nucleophile.

b) Monometallic mechanism involving two nucleophiles. In this case
one of the two nucleophiles involves in the mechanism is part of the

metal complex as axial ligand (Nu,) while the second nucleophile
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Metal
Comp\ex

(Nuy) is added to the system and coordinates to the metal center in
the remaining frans axial position, generating a six-coordinated
intermediate (tetradentate ligand used). The coordination of the
second nucleophile (Nu,) serves to labilize the other metal-
nucleophile bond which favours the coordination and nucleophilic
attack of the epoxide generating the alkoxide species. The formed
alkoxide species acts as nucleophile that attacks CO, to form a
metal carbonate species (Scheme 4.6). It has been reported that the
presence of a nucleophile in the #rans position to this carbonate
favour the further nucleophilic attack and ring opening of a new
epoxide, meaning that the preferred path for this mechanism leads

to the formation of polycarbonates.”'

Nug
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Nug, OJ\O
\, Nu, (Nup) Nu, (Nup) /
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Metal Complex| — > Polycarbonate
Complex o]
(Nu,) Nu., )/ AN
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()
(Nug) Ny~ A

Scheme 4.6. Monometallic pathway involving two nucleophiles.

Bimetallic pathways: in this case the catalyst contains two metal centres or

two monometallic catalysts act in collaboration.

a)

Bimetallic mechanism involving two separate metal complexes.
This mechanism is similar to the one reported for the monometallic
mechanism (a) with the difference that the nucleophile that attacks
the epoxide activated by the metal center is coordinated to a second
metal (Scheme 4.7). This bimetallic initiation is followed by a

monometallic pathway which leads to the formation of either the
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cyclic carbonate by cyclization or the polycarbonate by
propagation. This pathway is expected to occur when low ratios of
epoxide/catalyst are used.” It is worth mentioning that the group of
Darensbourg and co-workers has suggested that this mechanism is
likely to be followed when a weaker Lewis base is used as co-
catalyst, while the monometallic mechanism (b) is more likely to
take place in presence of stronger Lewis base which are able to
weaken the metal-nucleophile bond and allow concerted opening of

the epoxide ring.*®

(o]

0 o

] R B ] s o
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A

Polycarbonate

O
O = Nuy, or epoxide

Scheme 4.7. Bimetallic pathway involving two metal complexes.

b) Metal complexes containing two neighbouring metal centers. In this
case, the epoxide and the CO, might be activated simultaneously
(Scheme 4.8). This promotes the intramolecular nucleophilic attack
of the alkoxide to the carbon atom of the activated CO, molecule. It
has been proposed that in this case the co-catalyst used plays a
second role besides the ring opening of the epoxide. For instance,
tetrabutylammonium bromide can decompose to tributylamine that
can form a carbamate salt with CO, (BusN'-CO,) and this salt
coordinate more easily to the second metal center compared to CO,

alone.
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Scheme 4.8. Bimetallic pathway involving a metal complex with two neighbouring

metal centers.

4.1.3. SYNTHESIS OF CYCLIC CARBONATES FROM CO, AND EPOXIDES

Cyclic carbonates are the thermodynamic products of the reaction and can
be obtained from the coupling of CO, with epoxides, or by
depolymerization of an initially formed aliphatic-polycarbonate. The
formation of cyclic carbonates from CO, and epoxides is a highly
exothermic reaction due to the reduction of ring-strain on converting the
three-membered epoxide ring into a five-membered ring within the cyclic
carbonate. As example, the synthesis of ethylene carbonate from ethylene

oxide and CO, has a calculated AH = —140kJmol '.**

Since the pioneering work of Inoue and co-workers for the
copolymerization of CO, with epoxides,’® an increasing number of
homogeneous and heterogeneous catalysts have emerged in this area.”**” In
this section, highlighted homogeneous metal complexes for the coupling of

CO, with epoxides and oxetanes will be presented.

The most common ligands reported for this process are based on
Salen/Salphen and related ligands (N,0,),**"**° tetraarylporphyrins
(NL), 42 Schiff bases (N,),* B-diiminates*™ or substituted phenols and
related ligands (N,O/N40,)*.
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Among all different homogeneous catalytic systems for the synthesis of
cyclic carbonate products, salen and salphen metal complexes have been
extensively studied. These ligands provided complexes with a preferred
planar geometry with tetradentate coordination around the metal center.
Depending on the nature of the metal center, these complexes can
accommodate two labile ligands in two axial positions. Furthermore, the
nucleophile can be embedded or weakly coordinated to the catalyst,
resulting in a dual effect: it can act as a nucleophile and ring open the
epoxide or favour the coordination of the epoxide to the metal center by a

trans ligand effect.”

In 2007, the group of North and co-workers reported the use of a dinuclear
p-oxo-bridged Al(salen) complex which were active at room temperature
and atmospheric pressure for the coupling of CO, with terminal and
aromatic epoxides (Figure 4.4, 4xx8).*® Nonetheless, high catalyst loading
(2.5 mol%) and long reaction times (24h) were required for the formation of
cyclic carbonates in high yields. It is important to note that the bimetallic
system showed higher activities than their monometallic counterpart.*” This
fact was attributed to the presence of two neighbouring metal centers able to
activate simultaneously the epoxide and the CO, by promoting an
intramolecular nucleophilic attack of the alkoxide to the carbon atom of the

activated CO, molecule.”®?

In 2010, the group of Kleij and co-workers described the use of a highly
active mononuclear Zn(salphen) complex (Figure 4.4, 4xx9) for the
coupling of CO, with terminal epoxides. Moderate CO, pressures (p(CO,) =
2-10 bar) and temperatures (25-45 °C) were employed although high

catalyst loadings (2.5 mol%) and limited scope of substrates was reported.’’

A year later, the group of Williams and co-workers reported the use of a

dinuclear, macrocyclic Fe(Ill) complex (Figure 4.4, 4xx10) which is able to
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form cyclic carbonates or polycarbonates depending on the co-catalyst
used.* This system was able to work at temperatures between 25-80 °C and
low CO, pressures (1-10bar) although high reaction times were needed (24-
120h).

Aminotriphenolate ligands have also been applied for the synthesis of cyclic
carbonates from CO, and epoxides. In particular, the group of Kleij and co-
workers have developed a family of Al(Ill)amino(triphenolate) complexes
(Figure 4.4, 4xx11) which shown to be highly active for this
transformation.*” Furthermore, a wide substrate scope and functional group
tolerance was described. In terms of coordination, the aminotriphenolate
ligands have trigonal bipyramidal coordination geometry around the metal
center. In addition, the presence of fewer donor atoms in the plane of the
metal would be beneficial for the coordination/activation of more sterically
demanding substrates (such as internal epoxides) and might facilitate the
approach of the nucleophile to the substrate and entering the coordination

sphere of the metal.
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Figure 4.4. Sketch of homogeneous complexes for the synthesis of cyclic

carbonates from CO, and epoxides.

Taking into account the activity of a catalyst through turnover numbers
(TONs) and initial turnover frequencies (TOFs), some examples in the

literature should be considered.

Porphyrin-based catalysts are powerful catalytic systems for the coupling of
CO, with epoxides. These catalysts have planar geometry, which is
beneficial for the coordination of terminal epoxides. In this sense, the group
of Ema and co-workers reported the use of bifunctional metalloporphyrins
complexes containing both, a Lewis acid center and nucleophilic pendant
groups in the molecular structure.*”*"** Such catalysts provided one of the
highest TONs reported for homogeneous metal-based systems without the
use of a co-catalyst. Concretely, the use the Mg(Il) porphyrin 4xx12 (Figure
4.5) gave a TON = 103.000 after 24h of reaction with an initial TOF =
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12.000h™.* The authors suggested a cooperative effect of embedding the
nucleophile moiety (Br) and the Lewis acidic metal center in a tight
coordination sphere which lead to a simultaneous epoxide activation/

nucleophile attack.

In 2013, the group of Ghosh and co-workers reported the use of a Co(IlI)
catalyst containing a bisamido-bisamine ligand with electron-withdrawing
groups at the ligand framework that increase the Lewis acidity of the metal
center. This binary catalyst 4xx13 exhibited an average TOF of 662 h™' for
the coupling of CO, with propylene oxide using a 0.05 mol% of catalyst
loading, DMAP as co-catalyst (0.1 mol%), a CO, pressure of 20bar and a
temperature of 130 °C (Figure 4.5).° Importantly, not only terminal
epoxides were converted to the corresponding cyclic carbonates but also
cyclohexene oxide, although in this case higher temperatures were required

(150° C).

In the same year, the group of Kleij and co-workers reported the use of
AI(III) catalysts containing aminotriphenolate ligands, also in this case with
electron-withdrawing groups at the ligand framework. Concretely, catalyst
4xx11d displayed an initial TOF of 36.000 h” and a TON>100.000 after
18h which is the higher reported for Al(IlI)-based catalysts (Figure 4.5).*""'

Recently, the group of Capacchione and co-workers reported the use of a
dinuclear Fe(Ill) complex containing a dithioether-triphenolate ligand. The
soft donor properties of sulphur ligands increase the Lewis acidity of the
metal center, in comparison with nitrogen or oxigen ligands. The
combination of the binuclear Fe(Ill) catalyst 4xx14 with TBAB provided a
TON = 3480 and a TOF = 580 h™' for the coupling of CO, with propylene
oxide (Figure 4.5).%



Zinc Complexes for cyclic carbonate synthesis | 142

5 (Ghosh, 2013)
Q Cat o)ko o Li
R "H CO, RHH gr NH2
d ClDEN Y,
N C?«{SCN

Cl
(Ema, 2012) (Capacchione, 2014) NH,
tBu ©
tBu
4xx13
R =Me
O/ T=130°C
s @(O /@o P(CO,) = 20bar

TOF = 662h™"
tBu
\©/ (Kleij, 2013)

cl
4uxts O Pa
4xx12 R =Me ¢ —Q o"\al
R = nCyHe T=100°C 0-Al-0
T=120°C P(CO,) = 20bar /@Q&ﬁ
p(CO,) = 17bar TOF = 580h™" Cl Cl
TOF = 12000h™"
4xx11d
R = nC4Hg
T=90°C
p(CO,) = 10bar
TOF = 36000h™

Figure 4.5. Homogeneous complexes exhibiting high catalytic activity for cyclic

carbonate synthesis.

Internal epoxides have shown to be far less reactive than terminal or
aromatic epoxides. Nonetheless, some catalytic systems can be found in the

literature for the coupling of CO, with internal epoxides.

As previously mentioned, the group of North and co-workers reported the
use of a p-oxo-bridged Al(salen) 4xx8 for the coupling of CO, with
terminal and internal epoxides. This catalyst exhibited moderate conversion
towards the corresponding cyclic carbonates starting from 1,2-
diphenyloxirane and 1,2-dimethyloxirane (Table 4.1, entries 1 & 2). It
should be mentioned that complete conversion, in both cases, could be

reached after 72h of reaction.*®
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Amino(trisphenolate)-based systems also shown to be highly active for the
coupling of CO, with internal epoxides. In particular the group of Kleij and
co-workers applied the above mentioned Al(Ill)amino(trisphenolate)
catalyst 4xx11d with very high conversion for 1,2-dimethyloxirane and 1,2-
diphenyloxirane (Table 4.1, entries 3 & 4), with low catalyst loading,
although high reaction times and temperature were required.” The same
group also reported different substituted Fe(IlI)amino(trisphenolate)
catalysts (4xx15, 4xx16a and 4xx16b) for the coupling of CO, with internal
epoxides (Table 4.1, entries 5-7). In this case, lower reaction times were
required to achieve conversion towards the cyclic carbonate from moderate
to high (69-83%).7**

In 2013, the group of Muralidharan and co-workers reported the use of
Zn(IT) and Cu(Il) complexes containing 2,5-bis { N-(2,6-diidopropylphenyl)-
iminomethyl}-pyrrole ligands (4xx17a and 4xx17b) for the conversion of
internal epoxides into the corresponding cyclic carbonates. Both catalysts
exhibited moderate conversions towards the corresponding cyclic
carbonates (36-42%), but they are active at room temperature and low CO,

pressure.ss
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Table 4.1. Metal-catalyzed conversion of internal epoxides into the corresponding

cyclic carbonates via coupling with CO,.

(o}
co,
/& Cat, co-cat o)ko
R Ry Tt P R/‘ /\R
1 2

Ar,
al NAr
tButBu O 7\ N X
[\[ N N cl =0 o'l NS
AI\ ]\j OAIFO M=
WS o 0Ty ‘-\‘@\ <N N°
cl ~

‘ {Bu tB ‘ Cl R Ar
qu/ t u@/ 4xx11d O @ Ar
R =0 0\ Rr/ R 4xx17a (M=Zn)
tBu {Bu oéo 4xx17b (M=Cu)
R R

4xx16a (R=Me)
4xx16b (R=Ph)

Cat Cocat T t p(CO,) Conv.

Entry Ri R: (mol%) (mol%) (C) () (bar) (%)
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4.1.4. ZINC COMPLEXES FOR CYCLIC CARBONATE SYNTHESIS

46,49 43,53

The most efficient catalysts involve aluminium, cobalt,” iron,

chromium’®®’

and zinc as the most suitable metals. Among those, Zn based
complexes exhibit some advantages such as low toxicity, lower price and
higher stability towards oxidation. In this section, an overview of the most
important zinc complexes for the synthesis of cyclic carbonates will be

presented.

Among all catalytic systems for the synthesis of cyclic carbonate products
involving Zn as metal center, salphen ligands have been widely studied. In

particular, the group of Kleij and co-workers have developed a series of

37,58 59,60,61

mononuclear,””" multinuclear and bifunctional® Zn based complexes
(Figure 4.6) for the coupling of CO, with epoxides. As previously outlined,
the mononuclear Zn(salphen) complex 4xx9 exhibited moderate to high
conversions for terminal and aromatic epoxides at low temperatures (25-45
°C) and pressures (10bar) although high catalyst loadings (2.5 mol%) and
time (18h) were required.’” The same group reported the use of Zn(salphen)
complex 4xx9 under scCO, conditions which allowed the coupling of CO,
with epoxides in low reaction times (5h) although still high catalyst
loadings (2.5 mol%). Importantly, moredate yields for cyclohexene
carbonate were also achieved (38%).”® The use of multinuclear complexes
was also described by Kleij and co-workers. Concretely, the octanuclear Zn
complex 4xx18 showed similar activity than that of the mononuclear
complex 4xx9 for the coupling of CO, with propylene oxide at 0.24 mol%

of catalyst loading, p(CO,) = 10 bar, T = 45 °C and 66h of reaction time.*'

There is a growing interest for the development of bifunctional catalysts, as
a result of their powerful catalytic performance and the possibility to

recover and reuse them. Nonetheless, bifunctional catalysts have been less
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developed than binary catalysts as a probable result of their synthetically
demanding preparation. In this regard, the group of Kleij and co-workers
reported the use of bifunctional Zn based complexes for the coupling of
CO, with epoxides. Concretely, the bifunctional Zn complex 4xx19
exhibited high conversions for a wide range of terminal epoxides at 0.5
mol% of catalyst loading, p(CO,) = 10 bar, T = 80° C and 18h of reaction. It
is important to note that the bifunctional catalyst 4xx19 showed increase
activity that the Zn(salpyr) 4xx20 alone. However, low conversion were
achieved by the bifunctional catalyst 4xx19 (67%) compared to the binary
system 4xx20/TBAI (92%).%

— OMe -
=N N= =N N=
2 2
(¢) @) o 0
tBu tBu o-"@\*o
L -4
4xx9 4xx18

Me

=N N= =N N=
tBu—dO@O%}*tBu tBu—dO@O%}*tBu
tBu tBu Bl tBu

u
4xx19 4xx20

Figure 4.6. Selected Zn-based complexes reported by Kleij and co-workers.

In 2014, the group of Ji and co-workers reported the use of 2,2-bipyridine
Zn(Il) complexes bearing ionic liquids (IL) in the ligand structure. The
Zn(Il) complex 4xx21 (Figure 4.7) displayed moderate to high conversion
(25-99%) for terminal and aromatic epoxides at 0.5 mol% catalyst loading,
p(CO,) = 10 bar, T = 100° C and 5h of reaction. It is important to note that
the Zn(II) complex 4xx21 exhibited higher activity than that of the 2,2-
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bipyridine Zn(II) complex without the IL in the structure or the IL alone.
Furthermore, this bifunctional system could be recycled up to four times

without appreciable lost of activity.®

In the same year, the group of Zevaco and co-workers reported the use of
Zn(IT) complexes displaying chelating N,O, ligands with ancially nitrilo
and/or ester groups for the coupling of CO, with epoxides. Catalyst 4xx22a
and 4xx22b (Figure 4.7) exhibited a maximum TON = 7700 for the
coupling of CO, with propylene oxide at 0.01 mol% of catalyst loading,
p(CO,) = 50 bar, T = 80° C and 20h of reaction.”**

In 2015, the same group published the use of Zn(II) complexes containing
Ny-chelating ligands for the synthesis of cyclic carbonates from CO, and
epoxides. Among the different Zn(Il) complexes prepared, catalyst 4xx23
(Figure 4.7) bearing two chloride atoms at the phenyl moiety of the
backbone showed the best results for the coupling of CO, with terminal and
aromatic epoxides. Moderate to high conversions were achieved (27-84%)
at 0.2 mol% of catalyst loading, p(CO,) = 50 bar, T = 80° C and 20h of
reaction. In the case of cyclohexene oxide, low conversion towards the

corresponding cyclic carbonate was accomplished (10%).%

(Ji, 2014) (Zevaco, 2014) (Zevaco, 2015)
(\N N/ﬁ c_ cl
oot X
Me Br@ N N_ N Y Br@ Me J NX\(N \ o o
zd Ri b § R NN
Br" Br =0 o= -
4xx21 EtO OEt \7/N /zé\N/ N\
PN —
H™H

4xx22a (Ry=R,=COOEt)

4xx22b (R4=CN, R,=COOEt)
4xx23

Figure 4.7. Selected Zn-based complexes reported for the synthesis of cyclic

carbonates from CO, and epoxides.
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Porphyrin-based catalysts are powerful catalytic systems for the coupling of
CO, with epoxides. In this regard, the group of Ema and co-workers
reported the use of bifunctional Zn catalysts bearing m-phenylene-bridged
porphyrins dimer and trimer platforms for the synthesis of cyclic carbonates
from CO, and epoxides. Concretely, the bifunctional trimer 4xx24 (Figure
4.8) showed a TON = 310.000 and a TOF = 40.000h" which are the highest
values reported for the synthesis of cyclic carbonates from CO, and

. )
epoxides.

(Ema, 2015)

4xx24

TON = 310000
TOF = 40000h™"

Figure 4.8. Bifunctional trimer 4xx24 reported by Ema and co-workers for the

synthesis of cyclic carbonates CO, and epoxides.

It has to be mentioned that there is a small number of publications related to
the use of Zn-based systems for the coupling of CO, with internal epoxides
which are far less reactive than internal and aromatic epoxides. In this
regard, the maximum conversion for the cyclohexene oxide (38%) was

reported by the group of Kleij and co-workers using the above mentioned
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Zn(salphen) 4xx9 at 2.5 mol% catalyst loading, p(CO,) = 80 bar, T = 80° C
and 5h of reaction.”® In the case of 2,3-dimethyloxirane, the group of
Muralidharan reported the use of a Zn(II) complexs containing 2,5-bis{/N-
(2,6-diidopropylphenyl)-iminomethyl}-pyrrole  ligand (4xx17a) also
described above which obtained a 42% conversion towards the
corresponding cyclic carbonate at 2.5 mol% catalyst loading, p(CO,) = 10
bar, T = 25° C and 24h of reaction.’

It should be pointed out that in all cases, high catalyst loadings are needed
for the coupling of CO, with internal epoxides. Other internal epoxides or
oxetanes have been converted in very low conversions (<5%) or no

conversion has been achieved using Zn-based systems up to date.

4.2. OBJECTIVE OF THIS CHAPTER

As previously outlined, the concentration of carbon dioxide (CO,) in the
atmosphere has been increasing continuously. In this sense, the reduction,
capture, or utilization of CO, release from industrial processes is one of the

greatest scientific and technological challenges of the 21st century.

One of the most successful processes for the use of CO; is the coupling with
epoxides to produce polycarbonates and/or cyclic carbonates. A large
number of homogeneous and heterogeneous catalysts have been described

for this transformation up to date.

The most efficient catalysts involved aluminium, cobalt, iron, chromium
and zinc as the most suitable metals. However, Zn-based complexes exhibit
some advantages such as low toxicity, lower price and higher stability

towards oxidation.
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In this context, we decided to prepare a family of chiral ligands containing a
N,O,, N,NH,, Ny and Ny(NH) ligand scaffolds with a pyrrolidine backbone.
Moreover, the corresponding Zn(Il) complexes were prepared and fully
characterized, and their catalytic performance in the coupling of CO, with
epoxides was studied (Scheme 4.9). Additionally, recycling experiments for
one of the catalytic systems were carried out in order to ascertain the

robustness of the system.
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Scheme 4.9. Chiral Zn(II) complexes and their application in the coupling of CO,

with epoxides.

4.3. RESULTS AND DISCUSSION

4.3.1. SYNTHESIS OF N,O,, N,NH,, N; AND N4(NH) LIGANDS AND RELATED
ZINC COMPLEXES

The synthesis of the ligands N,O, (4xx25), No(NH), (4xx26), N, (4xx27)
and N4-NH (4xx28) was carried out by condensation of (3R,4R)-3,4-

diamino-1-benzylpyrrolidine with two equivalents of the appropriate



151 | CHAPTER 4

aldehyde to yield the corresponding compounds in moderate to good yields
(Scheme 4.10). It has to be mentioned that the chiral salen
N,O,(pyrrolidine) 4xx25 has been synthesized by modifying a previously
described procedure.®® The ligands 4xx25-4xx28 were characterized using
NMR spectroscopy, IR spectroscopy, HRMS and Elemental Analysis (see

experimental part).

HO" ~COOH
L-(+)-tartaric acid

HOL_COOH 4 steps K©
Lo —

Q ) )
=N N= _ B =
N G{N N ~~—NHHN A~
oH  HO \_NH N N~
4xx25 4xx26 4xx27 4xx28
77% yield 40% yield 60% yield 95% yield
N,O,(Pyrrolidine) N,NH,(Pyrrolidine) N4(Pyrrolidine) N4-NH(Pyrrolidine)

Scheme 4.10. Synthesis of chiral ligands (4xx25-4xx28).

The corresponding air stable Zn(II) complexes were synthesized by reaction
with Et,Zn (for 4xx29 and 4xx30 complexes) or with ZnCl,/THF (for 4xx31
and 4xx32 complexes) (Scheme 4.11).



Zinc Complexes for cyclic carbonate synthesis | 152

IS I«

N N

Q - -
=N N= 7N§_?Nf N N= ~—NHHN N
OH HO NH HN N N _~ -N N~
4xx25

4xx26 4xx27 4xx28

THF THF

=0, o0
=" e {

\ EtyZn ZnCl,

N

|
: o O
g N= cii
3 Cfril N N HN G }i ~
\ N—{Zn) N~ _N—Z—N__
e - e T
(N?‘IZ@ E{D’D cl c
X U*Nk/x 4xx31 4xx32
72% yield i
4xx29 (X=0) % yie 85% yield

4xx30 (X=N)
Quantitative yield

Scheme 4.11. Synthesis of Zn(II) complexes 4xx29-4xx32.

In the '"H NMR spectra of the complexes 4xx29 and 4xx30, the detected
resonances indicated the formation of symmetric species. Compared to the
spectra of the ligands, the higher chemical shift observed for the CH=N
moiety and the absence of broad OH/NH signals suggested the coordination
of the ligands through the imine and phenoxo groups. Similarly, in the
corresponding IR spectra, the absence of a strong absorption band in the
v(O-H) region (ca 3600 cm™ for 4xx29 complex) and v(N-H) region (ca
3400 cm™ for 4xx30 complex), and the shift to lower frequencies of the
v(C=N) stretching band (v(C=N)free ligand = 1625 cm™ v(C=N)complex =
1598 cm” for 4xx29 complex) and (v(C=N)free ligand = 1633 cm’
v(C=N)complex = 1579 cm” for 4xx30) confirmed a tetradentate
coordination mode for both ligands. Importantly, the mass spectra (HRMS)
of these complexes revealed the formation of tetrameric species of formula

[Zn4(L),]. This result was confirmed when crystals of 4xx29 suitable for X-
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ray diffraction were obtained by vapor diffusion from EtOH in hexane at

room temperature (Figure 4.9).

/s-

Figure 4.9. a) Crystal structure of the tetranuclear complex [Zny(4xx25),] (only
disordered groups at higher occupancy are shown); b) Detail of [Zn4(4xx25),]
showing the ligand coordinated to zinc atoms Znl and Zn2 (probability ellipsoids at
40%; solvent molecules and H atoms are omitted for clarity and only a partial

labelling scheme is illustrated).

The complex [Zny(4xx25),] forms a cyclic tetrameric aggregate where the
two N,O moieties of each ligand coordinate to two Zn atoms. The metals,
located at a mean distance of 6.75 A, afford a rhomboid arrangement with
intermetallic angles of ca. 70 and 110°. The ligands are arranged in such a
way that the benzyl-pyrrolidine moieties are located alternatively above and
below the mean plane through the metal atoms, so that the complex presents
a pseudo S,-symmetry. Each Zn(Il) atom, chelated by two salicylaldimine
N,O donors from different ligands, exhibits a slightly distorted tetrahedral
geometry with close comparable Zn-O and Zn-N bond distances (Table 4.2)
that vary in the range 1.893(4)-1.921(3) and 2.000(3)-2.034(3) A,
respectively. The chelating O-Zn-N bond angles average at ca. 97.0°. All

these data are within the range detected in other salicylaldimine tetranuclear
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zinc complexes reported in the literature.®”*® Nevertheless, few examples
can be found in which two zinc metal atoms are bound to one ligand,”®
which is indeed our case scenario. This fact was attributed by Harder and

co-workers to the rigidity of the backbone used.

Table 4.2. Selected Bond distances (A) and Angles (deg) for [Zn,(4xx25),].

Bond lenghts
Zn(1)-0(1) 1.918(3) Zn(2)-0(2) 1.903(3)
Zn(1)-0(8) 1.921(3) Zn(2)-0(3) 1.900(3)
Zn(1)-N(1) 2.000(3) Zn(2)-N(2) 2.021(3)
Zn(1)-N(8) 2.008(3) Zn(2)-N(3) 2.030(3)
Bond angles

O(1)-Zn(1)-N(1) 96.50(11) O(2)-Zn(2)-N(2) 96.75(13)
0(8)-Zn(1)-N(8) 95.09(12) 0(3)-Zn(2)-N(3) 96.24(14)
O(1)-Zn(1)-0(8) 111.87(12) 0(2)-Zn(2)-0(3) 123.85(14)
O(1)-Zn(1)-N(8) 111.39(11) 0(2)-Zn(2)-N(3) 115.31(15)
0(8)-Zn(1)-N(1) 106.17(12) 0(3)-Zn(2)-N(2) 116.77(14)
N(1)-Zn(1)-N(8) 135.46(12)  N(2)-Zn(2)-N(3) 108.14(13)

In order to test the stability of such tetrameric structure, a sample of 4xx29
was dissolved in pyridine-ds and a '"H-NMR spectrum was recorded. Two
sets of signals were detected in a 1:10 ratio, indicating that two species were
present under these conditions. The major product was characterized by
NMR and MS (ESI-TOF) (see supporting information) and identified as the
mononuclear complex 4xx33 (Scheme 4.12) containing a pyridine ligand
coordinated to the zinc atom. Similar species were previously detected by
Kleij and co-workers for a Zn(II) complex containing salphen ligands.”” The

minor product was attributed to unreacted 4xx29 tetranuclear complex.
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Scheme 4.12. Reactivity of the tetrameric 4xx29 complex in pyridine.

The zinc complexes 4xx31 and 4xx32 were synthesized in THF by reaction
of the ligands 4xx27 and 4xx28 in the presence of ZnCl, at room
temperature and isolated as orange powders in yields over 70%.
Interestingly, 12 signals were detected in the 'H NMR spectrum of complex
4xx31 at room temperature, indicating the formation of a C,-symmetric
complex. Furthermore, 7 of these resonances in both the aromatic and the
aliphatic regions were broad, suggesting a fluxional behavior for this
complex. These signals were attributed to the pyridine moiety at 8.70, 7.89
and 7.52 ppm, the C=N fragment (8.40 ppm), and three signals at 4.10,
342, 2.92 ppm corresponding to the CH- and CH,- protons of the
pyrrolidine backbone (Figure 4.10).

To clarify the structure of the complex, NMR spectra was recorded at low
temperature (-66 °C) where new signals were detected (Figure 4.10). The 7
broad set of signals that appeared at room temperature were split into two
sets of signals in all cases, indicating that the ligand was not symmetrically

coordinating to the Zn centre.
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Figure 4.10. 'H-NMR spectra of complex 4xx31 in CD,Cl, at various temperatures
(°O).

In the IR spectrum of complex 4xx31, two bands were detected in the
v(C=N) region at 1644 and 1597 cm™". The band at 1644 cm™ was attributed
to an uncoordinated imino group whereas the band at 1597 cm” was
assigned to an imine moiety coordinated to Zn. This result was thus in
agreement with the NMR observations. To gain information on the
coordination of the chloride atoms in this complex, the molar conductivity
of 4xx31 was recorded (0.001 M in THF) and the obtained value (ay= 0.062
Q'-ecm” mol™) indicating the coordination of the chloride atoms to the zinc

centre.
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In view of these results, it can be concluded that a rapid exchange between
the two “arms” of the ligand (one coordinated to Zn and one uncoordinated)
occurs at room temperature, leading to the detection of a C,-symmetric
complex. At low temperature, this exchange process is slowed down and
resonances for both the coordinated and uncoordinated arms were detected
(Figure 4.10). X-ray diffraction of the mononuclear Zn (II) complex
[Zn(4xx27)Cl,] confirmed this hypothesis where the metal presents a
distorted trigonal bipyramidal coordination geometry. An Ortep view of the
complex is shown on Figure 4.11 and relevant bond lengths and angles are

listed in Table 4.3.

Figure 4.11. Crystal structure for [Zn(4xx27)Cl,] with probability ellipsoids drawn
at the 50% level. Only a partial labelling scheme is illustrated for clarity.

The ligand acts as a tridentate species with pyridine N(1) and amine

nitrogen N(3) occupying the axial positions in the TBP geometry, and the
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two chlorides and the imine nitrogen N(2) are located in the equatorial
plane. Remarkably, the imine nitrogen donor appears to be bound more
strongly to Zn than the pyridine (Zn-N(2) of 2.0619(19) vs Zn-N(1) of
2.202(2) A), while the pyrrolidine nitrogen N(3) has a significantly weaker
interaction with the zinc atom (Zn-N(3) of 2.388(2) A), nevertheless

providing a stabilizing effect around the metal centre (Figure 4.11).

The N(1)-Zn-N(3) bond angle of 150.11(7)° and data of Table 4.3 give
indication of the distortions from the ideal values around the coordination
sphere due to the requirements to accomplish the formation of two five-

membered rings.

Table 4.3. Selected Bond distances (A) and Angles (deg) for [Zn(4xx27)Cl,].

Bond lengths
Zn-N(1) 2.202(2) Zn-CI(1) 2.229(7)
Zn-N(2) 2.062(19) Zn-C1(2) 2.247(7)
Zn-N(3) 2.388(2)
Bond angles
N(1)-Zn-N(2) 76.00(8) N(2)-Zn-CI(1) 123.30(6)
N(2)-Zn-N(3) 74.18(7) N(2)-Zn-CI1(2) 116.01(6)
N(1)-Zn-N(3) 150.11(7) N(3)-Zn-CI(1) 97.21(5)
N(1)-Zn-CI(1) 97.31(6) N(3)-Zn-CI(2) 94.68(5)
N(1)-Zn-Cl(2) 100.15(6) CI(1)-Zn-CI1(2) 120.55(3)

Recently, Yang and co-workers reported a series of Zn(I[) complexes
containing similar N4 ligands and showed that the rigidity of the diamine
backbone played a crucial role in the structure of the resulting complexes.”
With flexible or semi-flexible backbones such as 1,4-diaminobutane or 1,2-
cyclohexanediamine, the formation of dinuclear Zn(II) complexes of type

[Zny(L)Cl,] was observed, whereas with more rigid backbones such as 1,2-
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phenylenediamine, mononuclear complexes of type [Zn(L)Cl,], with only
one imino and pyridine nitrogen bound to the metal center, were obtained.
This suggests that our pyrrolidine backbone acts as a rigid backbone,
leading to the formation of the mononuclear complex [Zn(4xx27)Cl,] with

only one imine and pyridine nitrogen atoms bound to the metal centre.

The 'H-NMR spectrum of complex 4xx32 showed the expected signals
when both the pyridine and the NH- groups are coordinated to the zinc
atom. Mass spectrum (HRMS) exhibited a molecular peak at m/z =
472.1262 corresponding to the mononuclear species [ZnCly(4xx28)] (calc
for C,3H»NsClZn m/z = 472.1241 [M-CI]"). In addition, the molar
conductivity of 4xx32 (0.001M in DMSO, ay= 16.05 Q'-cm*mol™)
confirmed the coordination of the chloride atoms to the zinc metal. This

complex was therefore identified as [Zn(N, N-4xx28)(Cl),] (Scheme 4.11).

4.3.2. COUPLING OF CO, WITH EPOXIDES

Complexes 4xx29-4xx32 were tested as catalysts in the coupling of CO,
with 1,2-epoxyhexane as model substrate. The effect of the nature of the co-
catalyst, catalyst/co-catalyst ratio, pressure and temperature were
particularly looked at. Based on reported data, the initial conditions were
0.2 mol% catalyst loading (4xx29 as catalyst), p(CO,) = 30 bar, T= 80 °C in
neat substrate for 16h. First, the effect of the co-catalyst was examined.

These results are summarized in Table 4.4 .
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Table 4.4. Screening of co-catalyst for the coupling of CO, with epoxides catalyzed
by 4xx29.1%

co, )OL
O 4xx29/cocat o~ o
nB H H
u P(COz)=30 bar . W
T=80 °C
Entry Cocat Cat/Cocat ratio Conv (%)"  TON'
1 - - 0 -
2 TBAF 11 24 120
3 TBACI 1/1 12 60
4 TBABr 1/1 50 250
5 TBAI 1/1 73 365
6 DMAP 1/1 0 -
7 TBAI 1/2 83 415
8 TBAI 1/5 85 425

[a] General conditions: 4xx29=0.2 mol%, T=80 °C, PCO,=30 bar,
time=16h, 1,2-epoxyhexane=24.89 mmols (3ml); [b] measured by 'H-
NMR; [c] mol of substrate converted/mol of catalyst.

Under these conditions, no catalytic activity was observed using 4xx29
alone (Entry 1). With the addition of TBAF or TBACI, low conversions
were obtained (Entries 2 and 3). However, using TBABr or TBAI as co-
catalysts (Entries 4 and 5), an increase in conversion up to 73% was
observed. The observed activity trend: iodide (73%) > bromide (50%) >
chloride (12%) can be explained by the increased nucleophilicity of the
anion, as previously reported.’ Nonetheless, the use of 4-dimethyl-
aminopyridine (DMAP) as co-catalyst did not provide any conversion

(Entry 6). This could be due to the formation of a stable N,O,-Zn-DMAP
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complex, as previously suggested by the groups of Rieger’' and Zhang™ for
similar systems. Optimization of the cat/cocat ratio (Entries 5, 7 and 8)
showed that a cat/cocat ratio of 1/2 provided the most active catalytic
system with a conversion of 83% (Entry 7) into the corresponding cyclic
carbonate. Importantly, low conversion towards the cyclic carbonate

product was achieved using 0.4 mol% of TBAI alone (39%).

The effect of the temperature and pressure was also examined and revealed
that the initial conditions (30 bar of CO, pressure and 80 °C of temperature)

were the optimal values.

Then, the catalytic performance of complexes 4xx30, 4xx31 and 4xx32 was
investigated and compared to that of 4xx29 under the optimized conditions:
T=80 °C, PCO,=30 bar, ratio cat/cocat= 0.2/0.4 mol% and time=16h (Table
4.5).

Table 4.5. Coupling of CO, with epoxides catalyzed by 4xx29-4xx32.1"!

O

COZ )]\
O 4xx29-4xx32/TBAl O~ O
nBu H -
p(CO,)=30 bar nBU H
T=80 °C
Entry Catalyst Conv. (%)" TON'
1 4xx29 83 415
2 4xx30 83 415
3 4xx31 >99(83)%! 495(1660)
4 4xx32 >99(75) 495(1500)

[a] General conditions: T=80 °C, PCO,=30 bar, ratio cat/cocat= 0.2/0.4
mol% respect to the substrate, cocat= TBAI, time=16h, 1,2-
epoxyhexane=24.89 mmols (3ml); [b] measured by 'H-NMR; [c] mol of
substrate converted/mol of catalyst. [d] at 0.05 mol% catalyst loading.
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Interestingly, both systems containing a tetranuclear complex (Entry 1 and
2) behaved identically, providing 83% conversion to the corresponding
cyclic carbonate while the 4xx31/TBAI system displayed the highest

activity of the series.

In order to exploit the potential of the complex 4xx31, an optimization of
the catalyst loading, amount of co-catalyst used, time and pressure was
performed (Table 4.6). Reducing the catalyst loading up to 0.025 mol% a
maximum TON of 2359 was achieved (Figure 4.12). It is also important to
note that increasing the reaction time up to 60h, a TON of 4500 was reached
at 0.01mol% of catalyst loading which indicates that the 4xx31 complex is
highly robust. A maximum TOF of 480 h™ was obtained at 0.05 mol% of

catalyst loading (value calculated at 24% conversion).

2359
2500 - 2300

2000 1660
F~ 1000 - 495
II 11

0,05 0,025 0,01 0,005
Catalyst loading (mol%)

Figure 4.12. Optimization of TON using 4xx31/TBALI catalytic system. Reaction
conditions: ratio cat/cocat 1:2 in all cases, T= 80 °C, PCO,=30 bar, time=16h.

The optimal catalyst/co-catalyst ratio revealed to be 1:2 (Entry 2) as no
improvement was achieved when the ratio was increased up to 1:5 (Entry
3). Increasing the temperature from 80 to 100 °C provided a slightly higher
conversion (92%, Entry 4) whereas at 60 °C, a clear decrease of activity

was observed (16%, Entry 6). Performing the reaction at 50 bar of CO,
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pressure (Entry 7) did not improve the activity of the catalyst while a

decrease in activity was observed using 20 or 10 bar (Entries 8 and 9).

Importantly, low conversion was observed using 0.1 mol% of TBAI alone

(32%).

Table 4.6. Optimization of the amount of co-catalyst, temperature and pressure for

the coupling of CO, and epoxides catalyzed by 4xx3 1/TBALM™

IS

/& 4xx:c3:1(/)'I2'BAI O)J_J\z) NSEZ\J_
nBu H N X
p(CO2). T B H CN(;_?D\CI \'@

4xx31
1 0.025/0.025 80 30 34 1359
2 0.025/0.05 80 30 59 2359
3 0.025/0.125 80 30 60 2399
4 0.05/0.1 100 30 92 1840
5 0.05/0.1 80 30 83 1660
6 0.05/0.1 60 30 26 520
7 0.05/0.1 80 50 83 1660
8 0.05/0.1 80 20 70 1400
9 0.05/0.1 80 10 68 1360

[a] General conditions: Catalyst: 4xx31, cocat= TBAI, time=16h, 1,2-
epoxyhexane=24.89 mmols (3ml); [b] mol% respect to the substrate; [c]
measured by '"H-NMR; [d] mol of substrate converted/mol of catalyst.

In order to investigate the scope and limitations of these new zinc

complexes, the 4xx31/TBAI system was tested as catalyst for a variety of

terminal and internal epoxides/oxetanes, including challenging substrates
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such as styrene oxide, cyclohexene oxide, trans-2,3-epoxybutane and
methyl epoxioleate (Table 4.7).** Exclusive formation of the cyclic

carbonate product was observed by NMR spectroscopy for all substrates.

Table 4.7. Scope of the coupling of CO, with epoxides catalyzed by 4xx31.

(0] 0 (0]
OJ\O O)I\O o)l\o OJ\O
Hsc)_/ nBu)_/ C12H>26_/ Ph
Yield: 89% Yield: 80% Yield: 67% Yield: 78%

[Zn]=0.05mol%  [Zn]=0.05mol%  [Zn]=0.1 mol%  [Zn] = 0.05 mol%

X

o ©

O

KE}o

O
OJ\O
CI\)_/ HO

Yield: 72% Yield: 61% Yield: 34% (66%)°Mc]
[Zn] = 0.1 mol% [Zn] = 0.05 mol% [Zn] = 0.3 mol%
X X i
o o o o OJ\O
. 0
H3C CHs CgHig (
7 OMe o
Yield: 72%[PHdl Yield: 46%[P1c] Conv: 0%
[Zn] = 0.5 mol% [Zn] = 0.5 mol% [Zn] = 2 mol%

[a] General conditions: Catalyst: 4xx31, cocat= TBAI, ratio cat/cocat= 1:2, T=80
°C, PCO,=30 bar, time=16 h. Selectivity towards the cyclic carbonate product was
>99% in all cases, determined by 'H-NMR in CDCl; except for glycidol
(determined in DMSO-d). Yield determined using mesitylene as internal stardard.
[b] Using TBABr as co-catalyst. [c] Selectivity towards the cis-product was

observed. [d] Selectivity towards the trans-product was observed.

For terminal epoxides, the 4xx31/TBAI catalytic system exhibited moderate
to high activity with yields (67-89%). For alkyl substituted epoxides, the

activity depended on the steric hindrance induced by the substituents (Me >
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nBu > C;;Hy). The 4xx31/TBAI catalytic system also provided high yield
for styrene oxide (78%), which is higher than that obtained with the recently
reported Zn-Ny/TBABr systems.” In addition, high TON was obtained
when propylene oxide (1840) was the substrate. Good yields were also
obtained using epichlorohydrin (72% using 0.1 mol% catalyst) and glycidol
(61% using 0.05 mol% catalyst) as substrates.

Then, internal epoxides were tested as substrates. Cyclohexene oxide was
converted into the corresponding cyclic carbonate in 66% yield using the
4xx31/TBABr catalytic system. Compared to the Zn-salphen/TBAI system
reported by Kleij*® and co-workers (37% CHC, at 80 °C, 80 bar, 2.5 mol%
catalyst loading and 3h), the 4xx31/TBABr catalytic system operates at
lower COp-pressure (30 bar) and lower catalyst loading (0.3 mol%),
although longer reaction times are needed (16h). Regarding the
tetrabutylammonium halides (TBAI and TBABr) tested for cyclohexene
oxide, TBABr showed in this case higher conversion towards the cyclic
carbonate. This can be explained due to the fact that bulky epoxides (such
as cyclohexene oxide), once activated by the metal center, can be easily
opened by the co-catalyst (halide) which need to fulfill these criteria: high
nucleophilicity, good leaving group ability and small size. In this respect,
bromide showed the best compromise for all these statements and thus
displayed a higher activity. This trend has also been observed before.>* For
more challenging substrates such as trans-2,3-epoxybutane, a 72% yield
towards the corresponding cyclic carbonate product was achieved at 0.5
mol% of catalyst loading. It has to be also highlighted the 46% yield (at
0.5mol% of catalyst loading) obtained for the methyl epoxioleate, which
derives from a natural product. Nonetheless, no conversion was obtained for

the more challenging substrate 3-methyl-2-oxetanemethanol.
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To evaluate the robustness of the catalytic system, a typical recycling
experiment was carried out with propylene oxide as substrate using the
4xx31/TBAI catalytic system (reaction conditions: 3ml of epoxide, catalyst
loading = 0.1 mol%, at 80 °C, 30 bar of CO,, 16h, five consecutive runs).
After the catalytic experiment, the catalyst was recovered by distillation to
dryness of the volatiles and reused for a new batch reaction under identical
conditions. The minimal loss of the catalyst observed during the recycling
experiments was compensated by adjusting the amount of propylene oxide
used in order to uphold the epoxide:catalyst ratio unchanged (1000:1).
Practically full conversion was maintained for the first two cycles after
which a small decrease was observed (92%) but also preserved up to the

fifth cycle (Figure 4.13).
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Figure 4.13. Recycling experiment using the 4xx31/TBAI catalytic system.
Reaction conditions: 3ml of propylene oxide, 0.1 mol% catalyst, T=80 °C,

PCO,=30 bar, time=16 h.

These promising results indicate the robustness and reusability of this
catalytic system without relevant loss of neither activity nor selectivity for

the coupling of carbon dioxide with epoxides.
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4.3.3. MECHANISTIC CONSIDERATIONS

The proposed mechanistic cycle for the 4xx31 complex is shown in Figure
4.14. We proposed an initial coordination of the epoxide to the 4xx31
forming the penta-coordinated 4xx31-substrate. Next, the ring-opening of
the epoxide by the nucleophile (iodide) takes places producing a zinc-
alkoxide intermediate which reacts with CO, to form a carbonate complex
through insertion of CO, into the Zn-O bond. Finally, ring-closing and
regeneration of the catalyst by coordination of another molecule of epoxide

takes place.
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Figure 4.14. Proposed mechanism for the formation of the cyclic carbonate from

the mononuclear comlex 4xx31.

4.4. CONCLUSIONS

From the study described in this chapter, the following conclusions can be

extracted:

i) Ligands N,O,(pyrrolidine) (4xx25), N,NH,(pyrrolidine) (4xx26),
Ny(pyrrolidine) (4xx27) and NyNH)(pyrrolidine) (4xx28) were
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synthesized and fully characterized obtaining moderate to high yields
(40-95%).

i) The corresponding chiral Zn(II) complexes 4xx29-4xx32 were
synthesized and fully characterized by NMR, IR, HRMS and EA. The
X-ray structures of complexes 4xx29 and 4xx31 were also obtained.

iii)) The Zn(Il) complexes 4xx29-4xx32 efficiently catalyzes the coupling
of CO, with 1,2-epoxihexane as substrat, being the 4xx31/TBAI
catalytic system the most active of the series.

iv) The 4xx31/TBAI catalytic system catalyzes the coupling of CO, with a
variety of terminal and aromatic epoxides with good to high
conversions (61-89%) towards the corresponding cyclic carbonate at
0.05-0.1mol% of catalyst loading, p(CO,) = 30 bar, T = 80° C and 16h
of reaction. Furthermore, internal epoxides such as cyclohexene oxide
and 2,3-epoxybutane were efficiently converted to the corresponding
cyclic carbonate (Conv.= 66% and 72% respectively) at 0.3-0.5mol%
catalyst loading, p(CO,) = 30 bar, T = 80° C and 16h of reaction.
Methyl epoxioleate that derives from a natural product was also
converted in a 46% conversion using 0.5mol% catalyst loading, p(CO,)
=30 bar, T = 80° C and 16h of reaction.

v) The 4xx31/TBAI catalytic system was recycled up to 5 times without
appreciable lost of activity for the coupling of CO, with propylene

oxide which demonstrated the robustness of the catalytic system.
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4.5. EXPERIMENTAL PART

GENERAL EXPERIMENTAL CONDITIONS

All preparations and manipulations were carried out under an oxygen-free
nitrogen atmosphere using conventional Schlenk techniques. Solvents were
purified by the system Braun MB SPS-800 and stored under nitrogen
atmosphere. Reagents were purchased from Sigma-Aldrich and used as
received. Carbon dioxide (SCF Grade, 99.999 %, Air Products) was used

introducing an oxygen/moisture trap in the line (Agilent).

'H and “C spectra were recorded on a Varian Mercury VX 400 (400 MHz,
100.6 MHz, respectively). Chemical shift values for '"H and "“C were
referred to internal SiMe, (0.0 ppm). 2D correlation spectra (gCOSY,
gHSQC and gHMBC) were visualized using VNMR program (Varian®). IR
spectra were recorded on a Midac Grams/386 spectrometr in KBr range
(4000-600 cm™). ESI-HMRS and Elemental analysis were performed at the

Serveis Tecnics de Recerca from the Universitat de Girona (Spain).

Synthesis of N,O,(pyrrolidine) (4xx25)

/@ \ 3,5-di-tert-butyl-2-hydroxybenzaldehyde
(0.245g, mmol) was added to 4ml of toluene

N
S—Z containing activated molecular sieves. Then,

N =
)</‘E\/°H Ho\/gk (35,45)-3,4-diamino-1-benzylpyrrolidine
) (0.1g, mmol) was added to the mixture. This

solution was allowed to stir overnight at 90 °C. The reaction was filtered

through a pad of celite and evaporated to dryness. To this crude solid,
methanol was added and the product precipitates. Then, the product was
filtered and washed further with methanol. Evaporation to dryness afforded

a yellow solid in 77% yield.
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"H-NMR (CDCls, 400 MHz, & in ppm): & = 13.42 (s, 2H, -OH), 8.17 (s, 2H,
-HC=N), 7.29-7.14 (m, 7H, Ar-), 6.92 (d, 2H, J=4Hz, Ar-), 3.87 (quint, 2H,
J=4Hz, -CH-), 3.62 (s, 2H, -CH,-Ph), 3.01 (dd, 2H, J=4 & 8Hz, -CH,), 2.82
(dd, 2H, J=4 & 8Hz, -CH,), 1.34 (s, 18H, '‘Bu, -CH;), 1.16 (s, 18H, 'Bu, -
CH;). "C-NMR (CDCls, 100.6 MHz, & in ppm): & = 166.3 (C=N), 157.9
(C-OH), 140.2 (-C-), 138.4 (-C-), 136.6 (-C-), 128.8 (Ar-), 128.3 (Ar-),
127.2 (Ar-), 127.1 (Ar-), 126.2 (Ar-), 117.6 (-C-), 75.4 (-CH-), 60.3 (-CH,),
60.1 (CH,-Ph, -CH,), 35.0 (-C-), 34.1(-C-), 31.4 (-CH;) 29.4 (-CH;). IR
(KBr pellet): vey= 1625¢cm™. ESI-HRMS: Calculated for C4Hs,N;O;:
Exact: (M: 623.4524, [M+H]: 624.4524); Experimental ([M+H]"
624.4509). Elemental Analysis: Calculated for C4Hg;N3O,: C, 78.93; H,
9.21; N, 6.73; Found: C, 78.26; H, 9.16; N, 6.41.

Synthesis of N,NH,(pyrrolidine) (4xx26)

Pyrrole-2-carboxyaldehyde (197.8mg, 2.08 mmol) was

added to 8ml of dry and degassed toluene containing
/ activated molecular sieves. Then, (3R,4R)-3,4-
G,f N NT\@ diamino-1-benzylpyrrolidine (0.2g, 1.04mmol) was

added to the mixture. Finally, few drops of acetic acid
were added to the reaction mixture and the solution was allowed to stir
overnight at 90°C. The reaction was filtered through a pad of celite and
evaporated to dryness to obtain a brown syrup. This syrup was triturated
repeatedly with diethylether. After filtration, the organic solution was
concentrated to dryness in order to afford the product as a bright orange-red

powder in 40% yield.

"H-NMR (CDCl;, 400 MHz, & in ppm): & = 7.92 (s, 2H, -HC=N), 7.38-7.24
(m, 5H, Ar-), 7.01 (s, 2H, Pyrrole), 6.55 (d, 2H, J=4Hz, Pyrrole), 6.23 (t,
2H, J=4Hz, Pyrrole), 3.92 (quint., 2H, J=4Hz, -CH-), 3.77 (d, 1H, J=12Hz,
-CH,-Ph), 3.69 (d, 1H, J=12Hz, -CH,-Ph), 3.08 (dd, 2H, J=4& 8Hz, -CH,),
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2.83 (dd, 2H, J=4 & 8Hz, -CH,). "C-NMR (CDCls, 100.6 MHz, & in ppm):
6 =151.63 (C=N), 138.04 (-C-), 128.99 (Ar-), 128.88 (-C-), 128.26 (Ar-),
127.14 (Ar-), 123.51 (Pyrrole, -CH-), 116.49 (Pyrrole, -CH-), 110.29
(Pyrrole, -CH-), 74.81 (-CH-), 60.09 (-CH,), 60.00 (-CH,). IR (KBr pellet):
vai= 3170cm’™ VeaN— 1633cm™. ESI-HRMS: Calculated for C,H,;3Ns:
Exact: (M: 345.2014; [M+H]": 346.2014); Experimental ([M+H]":
346.2026). Elemental Analysis: Calculated for C,;H;Ns'5CH,Cly: C,
40.55; H, 4.32; N, 9.09; Found: C, 40.48; H, 3.98; N, 9.59.

Synthesis of N (pyrrolidine) (4xx27)

2-Pyridinecarboxyaldehyde (0.198ml, 2.08 mmol)

was added to 7ml of dry and degassed toluene

/ containing activated molecular sieves. Then, (3R,4R)-
@f N N_\@ 3,4-diamino-1-benzylpyrrolidine (0.2g, 1.04mmol)
N N~

was added to the mixture which was allowed to stir

overnight at 90°C. The reaction was filtered through a pad of celite and
evaporated to dryness. To this crude solid, diethylether (2ml) was added and
a white solid precipitate. The solution was filtered and evaporated. The
residue was washed with hexane until the washings were colourless. The

solid was dried to afford the product as a pale orange powder in 60% yield.

"H-NMR (CD,Cl,, 400 MHz, & in ppm): & = 8.57 (d, 2H, J=4Hz, o-Py),
8.25 (s, 2H, -HC=N), 8.03 (d, 2H, J=4Hz, m-Py), 7.74 (t, 2H, J=8Hz, m-
Py), 7.41-7.24 (m, 7H, Ar-), 4.09 (quint., 2H, J=4Hz, -CH-), 3.77 (d, 1H,
J=12Hz, -CH,-Ph), 3.74 (d, 1H, J=12Hz, -CH,-Ph), 3.12 (dd, 2H, J=4&
8Hz, -CH,), 2.90 (dd, 2H, J=4 & 8Hz, -CH,). *C-NMR (CD,Cl,, 100.6
MHz, § in ppm): & = 162.96 (C=N), 155.07 (Py, -C-), 149.86 (o-Py, CH-),
136.57 (-C-), 136.89 (m-Py, CH-), 129.39 (Ar-), 128.76 (Ar-), 127.50 (Ar-),
125.27 (p-Py, -CH-), 121.56 (m-Py, -CH-), 76.38 (-CH-), 60.79 (-CH,),
60.74 (-CH,). IR (KBr pellet): ve_y= 1644cm™. ESI-HRMS: Calculated for
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CyHyNs: Exact: (M: 369.2026; [M+H]: 370.2026); Experimental
(IM+H]": 370.2026). Elemental Analysis: Calculated for C,3H,3Ns: C,
74.77; H, 6.27; N, 18.96; Found: C, 74.41; H, 5.82; N, 18.56.

Synthesis of N,-NH(pyrrolidine) (4xx28)

4xx27 (50mg, 0.135mmol) was dissolved in 5Sml of
dry methanol and placed in an ice bath (0°C). Then,
NaBH, (25.5mg, 0.675mmol) was added dropwise.

The reaction was stirred at room temperature for 16h

and H,O (0.5ml) was added. The mixture was

extracted with CH,Cl, (3mlx3). The combined organic layers were dried
over anhydrous MgSO, and evaporation under vacuum afforded the product

as a pale yellow viscous liquid in 95% yield.

"H-NMR (CD,Cl,, 400 MHz, § in ppm): & = 8.51 (d, 2H, J=8Hz, o-Py),
7.63 (t, 2H, J=8Hz, m-Py), 7.33-7.30 (m, 5H, Ar-), 7.28-7.21 (m, 2H, Ar-),
7.15 (dd, 2H, J=4 & 8Hz, Ar-), 3.86 (d, 2H, J=12Hz, CH,-NH), 3.82 (d, 2H,
J=12Hz, CH,-NH), 3.58 (s, 2H, CH,-Ph), 3.06 (quint, 2H, J=4Hz, -CH-),
2.84 (dd, 2H, J=4 & 8Hz, -CH,), 2.41 (dd, 2H, J=4 & 8Hz, -CH,), 2.10 (sh,
2H, NH-). ®C-NMR (CD,Cl,, 100.6 MHz, & in ppm): & = 160.67 (Py, -C-),
149.59 (o-Py, -CH-), 139.79 (-C-), 136.77 (m-Py, -CH-), 129.23 (Ar-),
128.66 (Ar-), 127.32 (Ar-), 122.68 (Ar-), 122.30 (Ar-), 64.96 (-CH-), 60.82
(-CH,), 60.46 (-CH,), 54.08 (CH,-NH, -CH,). IR (KBr pellet): vyg=
3311em™ veen= 1593cm™. ESI-HRMS: Calculated for C,3H, Ns: Exact:
(M: 373.2333, [M+H]": 374.2333); Experimental ((M+H]": 374.2339).
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Synthesis of Zn(II) complex 4xx29

Diethyl zinc (1M in hexane) (0.32ml, 0.32mmol)

/ 7__F'yrro|idine — /\ \
(o@ N\ZQO/OJ was added to a solution of 4xx25 (0.2g,
N ~N

51 | 0.32mmol) in 6ml of THF. The solution was

5
E
=
5
3

[

allowed to stir at room temperature for 16h and a

(N;/Zp Zn/g) colour change from yellow to bright yellow was
0" g N-{Pymotane | " |
\ ) UJ observed. The product was isolated after

evaporation to dryness in quantitative yield.

"H-NMR (CD,Cl,, 400 MHz, § in ppm): & = 7.60 (s, 2H, -HC=N), 7.48 (d,
2H, J=4Hz, Ar-), 7.26-7.18 (m, SH, Ar-), 6.55 (d, 2H, J=4Hz, Ar-), 4.39
(quint, 2H, J=8Hz, -CH-), 3.60 (d, 1H, J=12Hz, CH,-Ph), 3.48 (d, 1H,
J=12Hz, CH,-Ph), 2.93 (t, 2H, J=8Hz, -CH,), 2.72 (t, 2H, J=8Hz, -CH,),
1.46 (s, 18H, -CH;), 1.27 (s, 18H, -CH;). *C-NMR (CD,Cl,, 100.6 MHz, &
in ppm): 8 = 173.86 (C=N), 168.85 (C-0), 142.15 (-C-), 139.44 (-C-),
136.38 (-C-), 131.42 (Ar-), 129.82 (Ar-), 128.76 (Ar-), 128.72 (Ar-), 127.46
(Ar-), 117.62 (-C-), 69.27 (N-CH), 60.83 (CH,-Ph, -CH,), 59.49 (-CH,),
35.97 (-C-Bu, -C-), 34.39 (-C-Bu, -C-), 31.72 (-CH3), 29.83 (-CH;). IR
(KBr pellet): vew= 1598cm™.  ESI-HRMS: Calculated  for
(C41Hs5sN30,)4Zny:  Exact:  (M: 2741.4343; [M+Na]+: 2764.4241);
Experimental ([M+Na]": 2764.4218). Elemental Analysis: Calculated for
(C41Hs5N30,)4Zn4-0,5CH,Cl,: C, 68.30; H, 7.74; N, 5.76; Found: C, 68.87,
H, 7.68; N, 5.62.
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Figure 4.15. Molecular structure of 4xx29.
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Table 4.8. Crystal data and details of refinement for 4xx29.

Empirical formula Ci64H220N1208Zn4-2(CsHyy)
Formula weight 2921.33
Temperature (K) 100(2)
Wavelength (A) 0.7000
Crystal system Monoclinic
Space group P2,
a = 18.0440(8), o =90.00.
Unit cell dimensions (A / °) b =28.0230(11), B =95.027(5).
c=17.8910(7), y =90.00 .
Volume (A?) 9011.7(6)
Z 2
Calculated Density (Mg/m’) 1.077
Absorption coefficient (mm™) 0.580
F(000) 3144
Crystal size (mm’) 0.38x0.30x0.12
Theta range (°) for data collection 1.12 —27.82
Index ranges -24<=h<=24,-37<=k<=37,-23<=]<=23
Reflections collected 138260
Independent reflections 44180 [R(int) = 0.0291]
Data [I>206(])] 6641
Parameters 1897
Goodness-of-fit on F2 1.048
Final R indices [/>206(])] R1=0.0532, wR2=10.1519
R indices (all data) R1=0.0550, wR2 = 0.1542

Largest diff. peak and hole (e/A’)  1.001, -1.836
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Synthesis of Zn(II) complex 4xx33

/ \ 0.7ml of pyridine-ds was added to a 20mg of
( : the 4xx29 complex which was shake it for 2 h
N
Q at room temperature.
N‘\Z N=
o | Yo
N\
- - J

"H-NMR (Py-ds, 400 MHz, & in ppm): & = 8.26 (s, 2H, -HC=N), 7.81 (d,
2H, J=4Hz, Ar-), 7.35-7.24 (m, 5H, Ar-), 7.10 (d, 2H, J=4Hz, Ar-), 4.68
(quint, 2H, J=8Hz, -CH-), 3.58 (d, 1H, J=12Hz, CH,-Ph), 3.29 (d, 1H,
J=12Hz, CH,-Ph), 2.88 (t, 2H, J=8Hz, -CH,), 2.71 (t, 2H, J=8Hz, -CH,),
1.77 (s, 18H, -CH3), 1.38 (s, 18H, -CH3). "C-NMR (Py-ds, 100.6 MHz, & in
ppm): & = 175.26 (C=N), 169.18 (C-0O), 141.98 (Ar-, -C-), 139.64 (Ar-, -C-
), 136.53 (Ar-, -C-), 131.34 (Ar-), 131.28 (Ar-), 129.18 (Ar-), 129.10 (Ar-),
127.82 (Ar-), 199.0 (Ar-, -C-), 69.64 (N-CH), 61.06 (CH,-Ph, -CH,), 59.93
(-CH,), 36.39 (-C-Bu, -C-), 34.68 (-C-Bu, -C-), 32.15 (-CH3), 30.36 (-
CH;). ESI-HRMS: Calculated for C4HssDsN4O,Zn: Exact: (M: 769.4322;
[M+O+H]": 786.4427); Experimental ((M+O+H]" 786.4357:).

Synthesis of Zn(II) complex 4xx30

Diethyl zinc (IM in hexane) (0.29ml, 0.29mmol)
( Cemmm )

(N\\Z/n was added to a solution of 4xx26 (0.1g,
N/
. 0.29mmol) in 6ml of THF. The solution was
2 stirred at room temperature for 16h and a colour
\ .
(N;Zp Zn/:) change from yellow to bright yellow was
NN yrfemiine | , : -
\ ) observed. The product was isolated in quantitative

yield after evaporation to dryness.
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"H-NMR (CD,Cl,, 400 MHz, & in ppm): & = 7.31-7.17 (m, 7H, Ar- &
C=N), 7.07 (s, 2H, o-Pyrrole), 6.70 (d, 2H, J=4Hz, p-Pyrrole), 6.37 (dd, 2H,
J=4 & 8Hz, m-Pyrrole), 3.76 (t, 2H, J=4Hz, -CH-), 3.62 (d, 1H, J=12Hz,
CH,-Ph), 3.43 (d, 1H, J=12Hz, CH,-Ph), 2.91 (t, 2H, J=8Hz, -CH,), 2.58 (t,
2H, J=8Hz, -CH,). *C-NMR (CD,Cl,, 100.6 MHz, & in ppm): & = 160.67
(C=N), 139.20 (-C-), 137.36 (-C-), 135.91 (o-Pyrrole, -CH-), 128.90 (Ar-),
128.75 (Ar-), 127.50 (Ar-), 119.40 (p-Pyrrole, -CH-), 113.69 (m-Pyrrole, -
CH-), 68.49 (-CH-), 60.78 (CH,-Ph), 58.36 (-CH,). IR (KBr pellet): vc—n=
1579cm™. ESI-HRMS: Calculated for (C31H;1Ns)yZn,:  Exact: (M:
1628.4354; [M+H]": 1629.4499); Experimental ([M+H]": 1629.4426).
Elemental Analysis: Calculated for (C,;HNs)4Zny4CH,Cl,C4H3O: C,
42.45; H, 4.54; N, 8.53; Found: C, 43.20; H, 3.87; N, 8.72.

Synthesis of Zn(II) complex 4xx31

Zinc dichloride (73.8mg, 0.54mmol) in THF (4ml)
was added to a solution of 4xx27 (0.2g, 0.54mmol) in
THF. The reaction mixture was stirred at room
temperature for 16h and evaporated under vacuum.

Then, the residue was re-dissolved in DCM (2ml) and

diethylether (4ml) was added to the mixture in order to precipitate the
product. The obtained orange solid was filtered and further washed with
diethylether (3x3ml). The product was isolated in 72% yield after drying

under vacuum.

"H-NMR (CD,Cl,, 400 MHz, § in ppm, at -65°C): & = 8.73 (d, 1H, J=4Hz,
coordinated o-Py), 8.58 (bs, 2H, uncoordinated o-Py & coordinated C=N),
8.18 (s, 1H, uncoordinated C=N), 8.05 (t, 1H, J=8Hz, p-Py), 7.81-7.69 (m,
4H, -Py), 7.39-7.35 (m, 6H, Ar-), 4.23 (s, 1H, -CH-), 4.20 (d, 1H, J=12Hz,
CH,-Ph), 4.12 (d, 1H, J=12Hz, CH,-Ph), 3.81 (s, 1H, -CH-), 3.69 (t, 1H,
J=8Hz, -CH,), 3.29 (d, 1H, J=8Hz, -CH,), 3.00 (d, 1H, J/=12Hz, -CH,), 2.33
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(d, 1H, J=8Hz, -CH,). ®*C-NMR (CD,Cl,, 100.6 MHz, & in ppm, at -65°C):
0 = 162.82 (uncoordinated C=N), 158.27 (coordinated C=N), 152.94 (-C-),
149.52 (uncoordinated o-Py), 149.30 (coordinated o-Py), 144.98 (-C-),
140.00 (p-Py, -CH-), 136.79 (-Py,-CH-), 132.97 (-C-), 131.44 (Ar-), 129.21
(Py-), 127.95 (Ar-), 127.65 (Ar-), 126.98 (Py, -CH-), 125.34 (Py, -CH-),
121.33 (Py, -CH-), 73.82 (-CH-), 69.86 (-CH-), 55.77 (-CH,), 55.12 (-CH,-
Ph), 54.47 (-CH,). IR (KBr pellet): ven= 1644cm™ (uncoordinated C=N) &
1597cm™ (coordinated C=N). Conductivity (0.001M in THF)= 0.062Q
Lem'mol”’. ESI-HRMS: Calculated for Cp3Hp;NsCLZn: Exact: (M:
503.0622; [M-CI]: 468.0933); Experimental ([M-CI]: 468.0928).
Elemental Analysis: Calculated for C,3H,3N5CLZn-0,5CH,Cl,: C, 51.49;
H, 4.41; N, 12.78; Found: C, 52.36; H, 4.27; N, 12.98.

Figure 4.16. Molecular structure of 4xx31.
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Table 4.9. Crystal data and details of refinement for 4xx31.

Empirical formula Cy,3Hy;CLNsZn
Formula weight 505.73
Temperature (K) 100(2)
Wavelength (A) 0.7000
Crystal system Orthorombic
Space group P 2,22,
a=28.6890(17) , o =90.00.
Unit cell dimensions (A / °) b=10.718(2), p = 90.00.
¢ =24.973(5), vy =90.00.
Volume (A?) 2325.7(8)
Z 4
Calculated Density (Mg/m’) 1.444
Absorption coefficient (mm™) 1.306
F(000) 1040
Crystal size (mm’) 0.39x0.18x0.15
Theta range (°) for data collection 1.61 —29.97
Index ranges -12<=h<=12,-15<=k<=14,-35<=]<=35
Reflections collected 20755
Independent reflections 7014 [R(int) = 0.0285]
Data [I>206(])] 6641
Parameters 280
Goodness-of-fit on F2 1.110
Final R indices [/>206(])] R1=0.0254, wR2 = 0.0668
R indices (all data) R1=0.0283, wR2 = 0.0682

Largest diff. peak and hole (e/A%)  0.241, -0.544
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Synthesis of Zn(Il) complex 4xx32

Triethylamine (1ml, exces) was added to a solution of
4xx28 (0.1g, 0.27mmol) in 4ml of THF. Then, zinc
dichloride (36.9mg, 0.27mmol) in THF (2ml) was

added to the solution. The reaction was stirred at room

temperature for 16h during which an orange solid

precipitated. The obtained solid was filtered and washed with THF (3x3ml).

The product was isolated in 85% yield after drying under vacuum.

"H-NMR (DMSO-dg, 400 MHz, § in ppm): & = 8.94 (d, 2H, J=4Hz, 0-Py),
8.04 (t, 2H, J=8Hz, p-Py), 7.57 (t, 2H, J=8Hz, m-Py), 7.52 (d, 2H, J=8Hz,
m-Py), 7.29-7.19 (m, 5H, -Ar), 448 (bs, 2H, -NH), 4.26 (dd, 2H,
J=4&16Hz, -CH,), 3.95 (d, 2H, J=16Hz, -CH,), 3.65 (d, 1H, J=12Hz, CH,-
Ph), 3.50 (d, 1H, J=12Hz, CH,-Ph), 2.83 (s, 2H, -CH,NH), 2.43 (bs, 4H, -
CH,NH & -CH-). ®*C-NMR (DMSO-d,, 100.6 MHz, & in ppm): 8 = 155.49
(Py, -C-), 148.38 (o-Py, -CH-), 139.63 (p-Py, -CH-), 139.04 (-C-), 128.71
(Ar-), 128.41 (Ar-), 127.12 (Ar-), 124.52 (m-Py, -CH-), 123.72 (m-Py, -CH-
), 60.25 (-CH,-Ph), 59.48 (-CH-), 53.08 (-CH,NH), 48.34 (-CH,-). IR (KBr
pellet): vyy= 3221cm™, veen= 1607cm™. Conductivity (0.001M in DMSO)=
16.05 Q-cm'mol”. ESI-HRMS: Calculated for C,3H,:NsClL,Zn: Exact:
(M: 507.0935; [M-CI]": 472.1241); Experimental ([M-CI]": 472.1262).
Elemental Analysis: Calculated for C,3H,5NsZn-1,5CH,Cl,: C, 46.18; H,
4.75; N, 10.99; Found: C, 45.98; H, 5.02; N, 10.55.

General catalytic procedure

The catalytic tests were carried out in a 100 mL Berghoff or 25 mL Parr
reactor, which were previously kept under vacuum for 2 h (in the case of
4xx31, the catalyst was placed into the autoclave prior to vacuum). Then, a

solution containing the catalyst, the epoxide substrate and the co-catalyst
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were injected into the reactor under inert atmosphere. The autoclave was
then pressurized with CO, and heated at the appropriate temperature. After
the reaction, the system was cooled down with an ice bath and slowly

depressurized through a dichloromethane trap.
General procedure for recycling experiments

The recycling experiments were carried out in a 100 mL Berghoff reactor
containing the catalyst (4xx31), which was previously kept under vacuum 2
h at room temperature. Then, the substrate (propylene oxide) and the co-
catalyst (TBAI) were injected into the reactor under inert atmosphere. The
autoclave was then pressurized with CO, and heated to reach the desired
pressure (reaction conditions: 3ml of epoxide, catalyst loading = 0.1 mol%,
ratio cat:cocat 1:2, at 80°C, 30bar of CO,, 16h). Once the reaction was
finished, the reactor was cooled down with an ice bath and slowly
depressurized through a dichloromethane trap. After each catalytic
experiment, the propylene carbonate was separated by vacuum distillation
and the catalyst was directly used for the next catalytic cycle (five

consecutive runs).
X-Ray crystallography

Data collections of structures reported were carried out at the X-ray
diffraction beamline of the Elettra Synchrotron, Trieste (Italy), using the
rotating crystal method with a monochromatic wavelength of 0.7000 A, on a
Pilatus detector. Measurements were performed at 100(2) K using a
nitrogen stream cryo-cooler. Cell refinement, indexing and scaling of the
data set were performed using the CCP4 package,” and programs Denzo
and Scalepack.” The structure was solved by direct methods and Fourier
analyses and refined by the full-matrix least-squares method based on F°

with all observed reflections.” The electron density map of Zn-1 shows
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four disordered n-C¢H;4, molecules, the atoms of which were fixed at half
occupancy (for a total of 2 molecules) and isotropically refined with
restrained bond distances. Some positionally disorder groups were detected
in the tetranuclear Zn-1 complex: a benzyl group (attached to a pyrrolidine)
and a phenyl ring with one #-butyl group were found disordered over two
positions (refined occupancies of 0.61/0.39 and 0.56/0.44, respectively).
Finally another #-butyl group was split over two positions with half
occupancy each. All the calculations were performed using the WINGX
SYSTEM, Ver 2013.3.7°
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5.1. INTRODUCTION

Over the last decades, N-heterocyclic carbenes (NHCs), which are cyclic
carbenes bearing at least one R-amino substituent, have become universal
ligands in coordination chemistry and were shown to be highly efficient
ligands in several catalytic processes.'” Heterocyclic electron-rich carbenes
such as imidazol-2-ylidines and their saturated analogues imidazolydin-2-
ylidines are of high interest due to their ability to stabilize metals in low
oxidation states to form robust complexes. Carbenes have also been widely
used in organic synthesis as a type of highly active and short-lived species,
although the isolation and characterization of free stable carbenes remains

an appreciable task.’

Since the pioneering work of Ofele’ and Wanzlick® in 1968 reporting the
first N-heterocyclic carbenes (NHCs) metal complexes Sxx1 and Sxx2
(Scheme 5.1), several NHC metal complexes have been synthesized and
characterized to date. Despite this early discovery, the isolation of the first
stable free NHC 5xx3 (Scheme 5.1), was not reported until 1991 by
Arduengo and co-workers which was characterized by X-Ray diffraction. In
this report, Arduengo claimed that the stability of carbenes rely on a

combination of steric and electronic factors.®

/

Me Ph  Ph o4
Fo bl B
[3% Cr(CO)s [3\} Hg{%] 2CI04° NQ/N

Me Ph  Ph

5xx1 5xx2 5xx3

Scheme 5.1. First reported examples of NHC-complexes (5xx1 and Sxx2) and first
stable NHC ligand 5xx3 reported by Arduengo.
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Regarding the effect of the N-substituents in the NHCs, the presence of
bulky groups such as the adamantly substituent in the 5xx3 ligand, were
reported to increase the stability of the free carbene by hindering the

reaction with external reagents.

In terms of electronic properties, NHCs are aromatic compounds with 6
electrons, with o-donor and m-acceptor properties that can be modulated
through the introduction of appropriate N-substituents. The two components
of the M-NHC bonding are represented in Figure 5.1. On one hand, the
inductive effect of the N-substituents directly affects the o-donating
capacity of the carbonic carbon atom. The presence of electro-withdrawing
substituents thus reduces the nucleophile character of the free carbene an as
consequence, increases its stability. On the other hand, the presence of m-
donor or m-acceptor substituents mainly influences the m-accepting
properties of the ligand. The presence of m-acceptor substituents enhances
the m-accepting properties of the NHC and in consequence, favors the
stabilization of low oxidation state metals. In addition, this type of carbenes
can also act as m-donor ligands when bounded to electronically deficient

metal centers in high oxidation states.

M
e 4D
-
b
o

Figure 5.1. Schematic representation of the M-NHC bonding components.
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Comparison between phosphines and NHCs

As strong o-donors and in general poor m-acceptors ligands, NHCs have
often been compared to phosphines. Nevertheless, although both types of
ligands are electronically and sterically tuneable and efficient ligands in a
large number of catalytic reactions, NHCs differ from PR; in several

aspects.

For instance, the thermodynamic instability of free NHCs strongly
disfavours their dissociation from the metal centres which in turn increases

the stability of their corresponding catalysts.

From a steric point of view, phosphines and NHC occupy in a very distinct
manner the space around the metal centre. Compared with the cone shape of
the phosphine ligands where the substituents are pointing away from the
metal centre, the substituents of a N-heterocyclic carbine are oriented
towards the metallic center and can therefore transmit higher steric

hindrance to the metal environment (Figure 5.2).

| Metal-phosphine complexes | | Metal-NHC complexes |

Figure 5.2. Spartial arrangement of phosphines and NHC substituents.

The steric properties of NHCs have been studied following a similar model
to the Tolman’s conical angle used for phosphines.” Due to the symmetry of
these NHCs, the steric factor is analyzed through the %Vp, or buried
volume parameter that measures the volume occupied by the carbene ligand

inside a 3A sphere centered on the metal atom.
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Several experimental and computational studies have been performed in
order to compare the 5-donating abilities of NHCs and terciary phosphines
for a variety of transition metal complexes.®”!%! 111314151617 The Tolman
electronic parameter (TEP) is a measure of the electron donating or
withdrawing ability of a ligand and it is determined by measuring the
frequency of the M-C-O vibrational mode of a complex. As illustrative
examples, a series of complexes of the type [Ni(L)(CO);] and [Ir(L)(CO)s]
revealed that NHC complexes have lower v(CO) stretching frequencies than

their related phosphines (Figure 5.3)."

L
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Figure 5.3. Relationship between the Tolman electronic parameters and IR

stretching frequencies for the [Ir(L)(CO);] complex.lz'16

These data suggests that NHCs are more c-donors than even the most basic

terciary phosphines. The computational studies performed have suggested
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that the M-C of the NHC complexes has mainly a c-bond character, which
little contribution from m-backbonding.! The strong c-donating ability of
NHC underlines the ability of these ligands to stabilize high oxidation state

metal complexes.

In terms of substituent effects, the presence of ring substituents has the
greatest effect on the electronic properties of NHCs. In contrast, the nature
of the R groups directly bonded to the nitrogens does not affect strongly the
electronics of the NHC but have an impact on the steric properties of these

ligands.

These features have made NHCs an interesting alternative ligand to

phosphines in several catalytic processes.

Synthetic routes to M-NHC complexes

The preparation of a large number of imidazolium precursors have been
described via distinct routes.'””” The corresponding NHC ligands are
formed by deprotonation of the corresponding imidazolium precursor in

presence of a base.

Generally, M-NHC complexes can be prepared from nucleophilic reaction
of the free carbene and the appropriate metal precursor (Scheme 5.2,
method A%**"). Nevertheless, this method requires the generation of the free
carbene which implies the use of strong bases as well as the handling of the
unstable free carbene. A convenient route involves reaction of the
imidazolium salt with basic metal acetates, alkoxides, amides, etc (Scheme
5.2, method B****). The main limitation of this method arises from the
moisture sensitivity of the metals precursors as well as their availability.
Another well established method is the in situ deprotonation of the

imidazolium salt with a transition-metal precursor in presence of a base
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(Scheme 5.2, method C*). Another method for the synthesis of M-NHC
complexes is the thermal decomposition of carbene adducts of alcohol*,
chloroform®, CO,*® or cyanide’ among others, in presence of the
appropriate metal precursor (Scheme 5.2, method D). The main
disadvantage of this methos is the availability of the carbene precursors and
the use of strong bases and toxic reagents. A convenient procedure involves
a NHC transfer from one metal center to another which is advantageous due
to the broad tolerance toward imidazolium salts having various N-
substituents (Scheme 5.2, method E). The AgX-NHC complexes are the
most commonly used NHC transfer reagent.”® The main drawback of this
method is the light-sensitivity of such complexes and the fact that silver
occasionally induces degradation of the imidazolium precursors.”’ Other
carbene sorces involving W, Mn, Cu, Au or Ni as metal-NHC have been far
less employed.”® Method F (Scheme 5.2) shows the synthesis of M-NHCs

by reaction of the imidazolium salt and metal powders.”'

[®)
~N N‘Rz
OAc
NR2 C / ML X /base
I ML, X,
[\ ML.X. N\_N i
R~ ~R Thermolysis
R1/N\\%N‘R2 nmo 1 \r 2 ~—— R -NUNg
e A M D 1 Y 2
Rs
R3= OMe, etc.
Metal Powder F \
Ry~ N NR, R/N\%N‘R
Ag

Scheme 5.2. Synthetic routes to M-NHCs complexes.
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Chiral NHC ligands

Since the pioneering work developed by Enders® and Herrmann® in 1996,
a huge number of chiral NHCs have been developed although only few
successful applications have been reported in asymmetric catalysis so far. It
is fair to say that only few efficient chiral NHC catalysts were known until

* and Grubbs™® catalysts, amongst

2001, with the disclosure of Burgess”
others. The limitation of NHC structural properties as well as the lack of
systematic NHC-design methods might be responsible for their sluggish

growth.

Looking at the structure of a generic NHC-metal complex (Figure 5.4), the
flat heterocyclic structure is generally described as fan-shaped, with free
rotation around the R;-N and R,-N bonds and C-M bond, depending on the
n-component of the bond. These internal rotations make the active chiral
space around the metal poorly defined which affects the enantioinduction in

catalysis.

| Chirality at the backbone |

R1%N%N&R2] | Chirality at the N-substituent
M

Figure 5.4. Structural modification for the introduction of chirality in a generic

NHC-metal complex.

Two general strategies are commonly used for the insertion of chiral

elements into the structure:’
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- Introduction of a chiral backbone (a): by this strategy, the presence of
bulky N-substituents is localized away from the metal centre, which makes

this technique not often employed to induce enantioselectivity in catalysis.

- Introduction of chiral substituents at the nitrogen atom of the ligand (b):
this strategy conveys chiral information to the catalytic active site, affecting

the enantioinduction in catalysis.

5.1.1. PINCER LIGANDS

Among the different ligand systems that can be found in the chemical
literature, pincer-type ligands and their complexes have received increasing
attention as a result of their high activity, variability and stability.’® In 1970
the first pincer ligands and complexes were synthesized, although this area
remained unexplored until the late 1990’s were several application of pincer
complexes were disclosed (Figure 5.5). For instance, pincer complexes have
been used in organic synthesis, bond activation, supramolecular chemistry,

polymer chemistry and photochemistry.*’

- Lenght of arm

-A=CHy; NHorO w /\ - Donor atom

- E = PR,, P(OR),, NR,, OR, SR
A—E

Substituents R !
- Site for anchoring /7 \:Yf _MLn - C.hmce of the m(_etal
X ' - Site for counter ions
K_, R A E or ancilliary ligands

k} - Choice of 2nd donor atom

- Donor groups can be alike
-Y=NorC or different

Figure 5.5. General structure of pincer-metal complexes.

Pincer ligands named after their particular coordination mode to metal
centers, are tridentate ligands usually having a central aromatic ring that is

ortho-ortho disubstituted with two electron donor substitutents. The
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substituents E are connected to the central aromatic backbone by different
spacers (A), such as methylene groups, nitrogen or oxygen atoms.
Generally, the aromatic ring can be a pyridine ring (Y = N) or a benzene (Y
= CH), obtaining neutral or anionic pincer ligands. Donors E are tipically
amines, phosphines, phosphites, ethers or thioethers an even N-Heterocyclic
carbenes (NHC),™ arsines (AsR,)*’ or selenoethers (SeR). It has to be
mentioned that the donor groups E do not need to be identical and indeed

systems with different donor groups have been reported.

Pincer ligands coordinate to the metal center in meridional-fashion via the
two electron-donor groups (E) and metal-carbon (benzene-based pincer
complexes) or metal-nitrogen (pyridine-based pincer complexes) c-bonds.
Hence, the modifications of one or more parameters in the general structure

lead to a wide range of different EYE pincer ligands.

Regarding the nomenclature of the pincer ligands, the general agreement for
symmetrically-substituted ligands with methylene linking groups is "EYE
(Figure 5.6), where E is the donor group, R its substitutent and Y the central

aromatic ring.

X X
| -
? N ? N
PPh, PPh, PPh, PPh, PtBu, NEt,
Phpcp PhPONOP tBUpNNE

Figure 5.6. Pincer ligands and their abbreviations.

5.1.2. PINCER-NHC LIGANDS

Among the polydentate ligand structure with carbene donors, tripodal*®*'

42,4344

and pincer type systems have attracted much of attention (Figure 5.7).
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The rigid linear tridentate and pincer type ligands support meridional (in
octahedral geometries) or pseudo-meridional (in trigonal bipyramidal,

square pyramidal or square planar geometries) coordination.

’ Aliphatic or aromatic linkers ’

® ()
o o

D, Dy D, D,

’ At least one of the donor groups is an N-heterocyclic carbene ’

Figure 5.7. Generic structure for tripodal and pincer type ligands.

In the majority of the cases, the ligands shown in Figure 5.8 adopt
meridional coordination with most of the transition metals, except for
metals of group 11. Nevertheless, complexes with less rigid, long aliphatic

linkers may adopt distorted facial coordination modes. **

\ j \ j R N@N\(O
P S 5 N L G )

N . N N . N N . N N
L) o Oy /-
NN @N\R R/N@ N\R R,N

R R
n=0, D=N, C-N-C BzCANABzC C~N~C (0x)AC-(ox)
n=1, D=N, CAN~C R'= benzyl, H
n=0, D=C, C-C-C
n=1, D=C, CACAC
— R —
(N\\%N\) Z/N\\%Nj N\'\%N
PPh,Ph,P N© @N\ = N N7
Al Ar N\ ~
P~C~P N~C~N- R R
py~C*py
R=H, CH,OH

Figure 5.8. Representative structures of tripodal and pincer type ligands.
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5.1.2.1. SYNTHESIS OF PYRIDINE-BISCARBENE LIGANDS

The synthesis of the pyridine-biscarbene ligands can be accomplished by
reaction of the 2,6-bis(bromomethyl)pyridine with 2 equivalent of the
desired imidazole (Scheme 5.3), which can be prepared via distinct
routes.'”*" It shoud be pointed out that no synthetic differences are found
when the spacer is a methylene group or no linker is present between the

aromatic ring and the donor atom.

R
2 equivalents

n=0or1
X=Brorl

Scheme 5.3. Retrosynthesis for pyridine-biscarbene ligands.

Among all the synthetic possibilities for the synthesis of imidazoles, a
straight forward method arises from the one-pot condensation between the
desired amine, glyoxal, formaldehyde and an ammonium salt (Scheme 5.4,
method A).*® This procedure works well for aliphatic amines and a limited
number of aromatic ones. For unhindered aromatic amines, another one-step
route can be applied (Scheme 5.4, method B),”” which consisted in a N-
arylation reaction. Nevertheless, this method is inconvenient for scale-up so
as leq of 1,10-phenanthroline is used, and this basic heterocycle can be
difficult to separate from the imidazole product. In the case of aromatic
amines, a multi-step route is required (Scheme 5.4, method C).** This
method allows scale-up purposes because no chromatographic separations
are required. It is worth it mentioning that 2,6-bis(bromomethyl)pyridine

and 2,6-dibromopyridine are commercially available, whereas their iodo



200 | CHAPTER 5

derivates can be synthesized in one step from their commercially available

. 4
bromo derivates.*

Method A
H,CO, NH,CI N
RNH,  + H @ — 7, [ >
H Ho0, pH=2 N
o 90 °C, 3-6h R
R= . e e
. o s
//\ P P @ A\
a b c d e f
CI\©/CI ! w
g h i j k
Method B
- Ar=

H CuOTf, CsCO4 Ar
N dba, 1,10-phen N O
ArBr  + E —_— [
‘ N/> xylene, 125 °C, 36h ‘ N/>

m n
Method C
o i
H,0 HoN OEt ArHN NH
ArNH; + CSCl, ArNCS Ar =
30min EtOH, 78 °C ‘
OEt e o o
SH
10% HCI A A 20%HNO, [N\>
— NN —— °
100 °C, 30min  \—/ 100 °C, 5min N P q

Ar

Scheme 5.4. Selected methods for the synthesis of imidazoles depending on the

amine used.
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5.1.2.2. SYNTHESIS OF PYRIDINE-BISCARBENE COBALT-COMPLEXES

Only two reports have been published for the synthesis of Co-pincer
complexes containing an NHC moiety, which corresponds to a C-N-C
ligand system.””' On one hand, the synthesis of the Co(II)-pyridine
biscarbene complex was carried by aminolysis of Co(HMDS), with the
imidazolium salt 5xx4, resulting in the formation of a five coordinate
paramagnetic Co(Il) complex 5xx5. The authors explained that no
characterization was possible for this Co(II) complex, although reactivity

towards substitution, oxidation and reduction was presented (Scheme 5.5).”'

r)o _

N N N N N N 7 N N NN

/@ / \ / \
r

Co

o ~ 2N
R R R R R
R= 2,6-DiPP Br Br Br B
5xx4 5xx5 5xx9
ot MeLi
pyridine
Na(Hg)
X X
SACS L2 SRR
/NN NN
) .ot z MeLi
BIMIECILICY RN e W
R 1o’ Yy R N Co— N R \ R
‘ s Me
R L R
5xx6 5xx8

5xx7

Scheme 5.5. Synthesis and reactivity of Co(II)-pyridine biscarbene complex 5xx5.

The authors reported the alkylation of 5xx5 with 4eq. of MeLi which yield
the Co(I) methyl complex 5xx8 rather than the expected Co(Il) alkyl
complex. Complex 5xx8 was also synthesized from reduction of 5xx5 with
Na/Hg and further alkylation with MeLi. The Co(I)-pyridine biscarbene
complexes 5xx7 and 5xx8 are diamagnetic square planar complexes.
Furthermore, the oxidation of 5xx5 with BrN(TMS), resulted in the

formation of the six coordinate octahedral Co(IIl) complex 5xx9.
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Gibson and co-workers also in 2004, reported the synthesis of the related
Co(I)-pyridine biscarbene complex S5xx11 by deprotonation of the
corresponding imidazolium salt 5xx4 with KN(SiMe;), as base and CoCl, as

metal precursor (Scheme 5.6).”

m (Br) ﬁ m

| _
@1 N N\;} KN(SiMes), @“ N NQ CoCly @’LQLJQ
®) R R

2
N THF

THF

R R

4 -
R=2,6-DiPP cr c
5xx4 5xx10 5xx11

Scheme 5.6. Synthesis of the Co(II)-pyridine biscarbene complex Sxx11.

It has to be highlighted that the isolation of both Co(II)-pyridine biscarbene
complexes S5xx5 and Sxx11 is limited to carbenes with the sterically
demanding 2,6-diisopropyl phenyl groups, less bulky aromatic or aliphatic

groups gave complexes that have not been characterized to date.”'

5.1.3. ASYMMETRIC COBALT-CATALYZED REACTIONS

In the field of asymmetric cobalt-catalyzed reactions, an impressive amount
of novel methodologies has been developed on the basis of the
extraordinary abilitity of cobalt catalysts to adopt unexpected reaction
patways to new chiral cyclic as well as acyclic products under relatively

mild conditions.

Cobalt has affinity to carbon-carbon n-bonds, carbon-nitrogent n-bonds, and
carbonyl groups which has been used to develop the Pauson-Khand
reaction, [2+2+2] cycloadditions among many others. These pioneering
works have been followed by the development of a large number of new

cobalt promoted transformations (Figure 5.9).
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L,
OO PPh; ’ C-C Bond Formation

,l, I RHR
R S < a¥ %
gl

Reduction and

O O Conjugate Reduction
O
O™\

k/N N/O
A

R R

C-C Bond Formation

1

Epoxide Ring Opening

Figure 5.9. Selected catalysts used for asymmetric cobalt catalyzed

transformations.

In this section, selected asymmetric cobalt catalyzed transformation will be
presented with the aim of showing the development and application of

cobalt catalysts in this field.’

The formation of multiple bonds, rings and stereocenteres is an important
tool for the efficient assembly of complex molecular structures.” In this
regard, the cyclopropanation reaction is an important synthetic method and
indeed, many advances have been made in this trasformation.>* Cobalt, is a
competent metal to promote enantioselectively the formation of carbo- and

heterocycles of various ring sizes.

The cyclopropanation of olefins by transition-metal-catalyzed
decomposition of diazoalkanes is a well studied reaction in organic
synthesis.”> In 1966, Nozaki and co-workers reported the first

enantioselective copper catalyzed cyclopropanation.”® Since then, many
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groups have tried to search for more efficient catalysts with remarkable
advances performed by the group of Aratani and co-workers who
discovered a (salicylaldiminato)copper(ll) complex, which allowed

enantioselectivities up to 95% ee.”’

Although these early discoveries established that chiral cobalt(Il) complexes
were catalytically active, the low levels of diastereo- and enantiocontrol
hampered their use in synthesis for a long time.”® In 1978, Nakamura and
co-workers reported on of the first successes in enantioselective
intramolecular cobalt-catalyzed cyclopropanation reactions using a chiral
dioximatocobalt(Il) complex derived from camphor, which provided ee’s up
to 88%. However, additional studies were frustrated due to difficulties in the
catalyst homogeneity of such dioximato ligands.” Some years later, in
1995, Katsuki and co-workers found a chiral salen cobalt(Ill) complex

(5xx12) to induce trans-selective cyclopropanation reaction (Scheme 5.7).%

Ph  Ph
,N\ /N,
Co.
/ \
MeO ol o OMe
Br
5xx12
X 1mol% A
tBuO,C” SN, + A ar ( ) t-BuO,C' Ar
CH,Cly, r.t.

5xx13 5xx14 5xx15

Ar = Ph: 80%, de = 92%, ee (trans) = 93%, ee (cis) = 91%

Ar = p-CICgHy4: 86%, de = 94%, ee (trans) = 96%
Ar =2-Naph: 87%, de = 90%, ee (trans) = 92%

Scheme 5.7. Trans-selective cyclopropanation of aromatic alkenes catalyzed by

chiral salen cobalt (IIT) complex 5xx12.

The decomposition of fert-butyl diazoacetate 5xx13 in presence of styrene
derivatives S5xx14 generates the corresponding frans-cyclopropanes 5xx15
with excellent diastereoselectivities (up to 94%) and enantiomeric excesses

(up to 96%)).
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Other interesting intermediates in organic synthesis are aziridines, which
acts as precursors for many complex molecules due to the strain
incorporated in their skeletons. Aziridines are far less used in synthesis
compared to their oxygen counterparts as a result of the fewer efficient
methods for aziridination relative to epoxidation. This fact is pronounced

when asymmetric methods are considered.

An interesting strategy for the synthesis of aziridines is the nitrogen-atom
transfer to alkenes, as result of the availability of the starting materials as
well as the direct nature of the process. In 2008, Zhang and co-workers
reported a cobalt asymmetric aziridination of olefins in presence of a D,-
symmetric chiral porphyrins and using diphenylphosphoryl azide (DPPA) as
nitrogen source, affording the corresponding N-phosphorylated aziridines
in moderate to good yields (52-88%) and ee’s up to 53%." A year later, the
same authors were able to improve the enantiomeric excess up to 94% with
a range of aromatic and aliphatic monosubstituted alkenes, using
trichloroethoxysulfonyl azide S5xx18 and the cobalt(Il) chiral and polar
porphyrin 5xx16 (Scheme 5.8).%
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5xx16 §O3CHZCCb
)L (5mol %) Ry N
+ N3SO5CH,CCly AN
R R rt, 0 °C or 40 °C Rs
5xx17 5xx18 CICgHs 5xx19

R; = Ph, Ry = H: 91%, ee = 94%

Scheme 5.8. Ariridination of alkenes with trichloroethoxysulfonyl azide 5xx18

catalyzed by cobalt (II) chiral porphyrin 5xx16.

An important reaction for the synthesis of optically active alcohols from
ketones is the reduction of carbonyl compounds.” In 1995, the group of
Mukaiyama and co-workers reported the first enantioselective borohydride

1,2-reduction of ketones catalyzed by chiral cobalt complexes (Scheme

5.9).%

5xx20
(0.5-5mol%) OH

R, NaBH, (1.5 eq) Rs R,

(6]
Rs

Ry Ry THFA/EtOH, CHCl3 R4 R,
R -20°C Rs
5xx21 5xx22

R; =CHj,, R; = O-C(Me),, R3=R4 = H, R5 = Me: > 98%, ee = 93%
R1 = n-Pr, R,=R3=R4=R5 = H: > 98%, ee = 97%

Scheme 5.9. Borohydride reduction of aromatic ketones.
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The reduction of various aromatic ketones was achieved using sodium
borohydride, tetrahydrofurfuryl alcohol (THFA) and ethanol as solvent in
presence of a chiral (B-oxoaldiminato) cobalt(Il) complex 5xx20, which led
to the formation of the corresponding alcohols in high yields and
enantioselectivities. The use of chloroform in this reaction was proved by
Yamada and co-workers to be not only the solvent of the reaction but also
the activator for the cobalt complex.® The same authors have also reported
the borohydride reduction of ortho-fluorinated benzhyldrols 5xx24, which
are important frameworks of pharmaceutical compounds, catalyzed by
sterically hindered chiral cobalt(Il) complex 5xx23, with high yields and
enantioselectivities up to 97% (Scheme 5.10).°° The authors postulated that
the chelation between the fluorine atom and the carbonyl oxygen enhance
the differentiation of the two aryl groups of the benzophenones during the

enantioselective reduction.

A,N N=—
)—g\:Co

5xx23

(1mol%) J
X4 R NaBH, (1.5mol%) X1 R
X3 X, THFA/EtOH, CHCl, X; X,

Xs 20°C X3

5xx24 5xx25
R = Ph, X4=X=X3=X4=F: 92%, ee = 96%
R = Et, X1=X5=X3=X4=H: 86%, ee = 97%

Scheme 5.10. Borohydride reduction of ortho-fluorinated benzhyldrols.

In addition to that, the same group also reported the enantioselective
borohydride reduction of a range of 1,3-dicarbonyl compounds catalyzed by
similar cobalt(Il) complex (5xx26) providing excellent yields and

enantioselectivities (96-99%) along with good diastereoselectivities up to
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80% (Scheme 5.11).°” It is important to highlight that cyclization of these

diols allowed a simple route to enantiopure C,-symmetrical cyclic amines.*

5xx26
(5mol%)
NaBH, (3mol%) OH OH
THFA/EOH, CHCl, Ar R
5xx28

-20°C

R = Ar = Ph: 100%, de = 68%, ee = 98%
R = Ar = 2-Naph: 93%, de = 62%, ee = 98%
R = Ar = 0-(F)CgH,4: 99%, de = 80%, ee = 97%

Scheme 5.11. Borohydride reduction of 1,3-diketones catalyzed by (B-

oxoaldiminato) cobalt(I) complex 5xx26.

The enantioselective reduction of aliphatic ketones still remained a

challenge. In this regard, the group of Yamada and co-workers develop a

cobalt(I1I) catalyst (5xx29) for the enantioselective reduction of a variety of

aliphatic  ketones

with moderate to high yields (16-97%) and

enantioselectivities (61-90%) (Scheme 5.12).
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d Yo od %

o) 5xx29 OH
R1% (5mol%) R1z)*\
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R{=Me, Ry=R3 = (CH;)5: 85%, ee = 80%
R1=R; = Me, R3 = Ph: 63%, ee = 90%

R4 =Ph, Ry;=R3 = (CH3)5:16%, ee = 85%
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In situ generation of active catalyst Sxx33

O 2,

MeCCI3 NaBH,4
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Me Cl
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[ Mes \ / Mes
-HCI
o A

5xx33

5xx32

Scheme 5.12. Borohydride reduction of aliphatic ketones catalyzed by 5xx29.

The authors have demonstrated that the active catalyst is the in siftu
generated cobalt(Ill) complex 5xx33 which is generated from the cobalt(Il)
complex 5xx29 upon treatment with 1,1,1-trichloroethane as solvent. Then,
the corresponding dichloroethyl-cobalt intermediate (5xx32) is further
converted into the active cobalt complex 5xx33 via elimination of hydrogen

chloride due to the acidity of the terminal methyl group. The active cobalt
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complex 5xx33 then underwent the classical mechanism of borohydride
reduction of ketones.”” In 2013, the same authors demonstrated that the
corresponding reusable and recyclable cobalt system was also capable to

induce chirality in comparable reactions.”

Asymmetric hydrosilylation of carbon-heteroatom bonds is a plausible
alternative to asymmetric hydrogenation due to the mild conditions and
manipulative simplicity.”" Since the pioneering work developed by Brunner
and Amberger in 1991,”* reasonable attention has been focussed in the
asymmetric cobalt-catalyzed hydrosilylation of ketones. In 2010 an
important breakthrough was performed by the group of Nishiyama and co-
workers who developed a highly efficient cobalt(Il) complex of chiral
bis(oxazolinylphenyl)amine 5xx34, that provided enantioselectivities up to

98% (Scheme 5.13).”

o)
o
N™"“pp,
NH
oxag
2
o

5xx34
o (6mol%)
Py Co(OAc), (5mol%) OH
+ (EtO),MeSiH P
A7 DR 2
' THF, 65 °C AR
5xx35 5xx36
R = Me, n-Pent 95-97%, ee = 60-98

Ar = Ph, p-MeOCgH,4, p-MeOCOCgH,, 1-Naph, 2-Naph, etc.

Scheme 5.13. Hydrosililation of alkyl aryl ketones catalyzed by 5xx34/Co(OAc),.

Another important reaction is the asymmetric hydrogenation of alkenes for
the synthesis of single-enantiomer products. In this field, the group of Ohgo
and co-workers reported the wuse of dimethylglyoximatocobalt(Il)
compounds in presence of quinine for the asymmetric hydrogenation of

alkenes with low to moderate enantiomeric excesses (7-49%).”* Some years
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later, the group of Pfatlz and co-workers reported the hydrogenation of a,f3-
unsaturated esters using an in sifu generated cobalt semicorrin complexes
with good yield and ee’s up to 96%.” However, stoichiometric amounts of
NaBH, were needed. In 1992, the group of Iglesias and co-workers reported
the use of a 2-aminocarbonylpyrrolide cobalt(I) complex for the asymmetric
hydrogenation of ethyl-a-benzoilaminocinnamate with enantioselectivities
up to 74%.”° More recently, in 2012, the group of Chirik and co-workers
have reported the use of bis(imino)pyridine cobalt(I) complexes (5xx37) for
the asymmetric hydrogenation of geminal-disubstituted alkenes with high

conversion and enantioselectivities up to 96% (Scheme 5.14).”

X
Ny
Pr ‘ ll\l ‘
N— - _—N
Co
fj e
,'Pr Me y

5xx37

)L (5mol%) :
R R, R OR,
4 atm H,, benzene
5xx38 0.1M, 22 °C, 24h 5xx39

R; = Ph, R, = Pr: 87%, ee = 90%

R4 =Ph, Ry;=Cy: 70%, ee = 80%

R, = p-NMe,Ph, R, = 'Pr: 98%, ee = 96%
R;= p-OMePh, R, = Pr: 98%, ee = 94%
R;= p-MePh, R, = 'Pr: 98%, ee = 90%

Scheme 5.14. Hydrogenation of geminal-disubstituted alkenes catalyzed by
bis(amino)pyridine cobalt (I) complex 5xx37.

This bis(imino)pyridine cobalt(I) complex 5xx37 has C;-symmetry in which
one imine has a large 2,6-diisopropylaryl ring and the other has chiral unit.
The authors postulated that the large aryl substituents prevent the formation

of the catalytically inactive bis(chelate) metal complexes.”

Chiral cobalt catalysts have also been applied to the enantioselective

polymerization of monosubstituted epoxides where chiral racemic
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monomers are kinetically resolved during polimerization. Two products are
obtained with this process: enantiopure epoxides and stereoregular
polyethers. In 2008, Coates and co-workers reported a chiral bimetallic
cobalt(Ill) catalyst 5xx40 for the kinetic resolution of monosubstituted
epoxides.” This enantioselective polymerization catalyst provided high
activity and enantioselectivities up to 99% for a range of ring-opened

isotactic polyethers 5xx42 (Scheme 5.15).

S N OO
O 5xx40

o (0.025-0.15mol%) %\‘/O} o)
/\ + / N\
R [PPN]JOACc (0.05-0.3mol%) R n R
5xx41 toluene, 0 °C 5xx42 5xx43
_ _ Conv. 19-46% ee = 15-80%
R = Me, Et, n-Bu, Ph, CH=CH, ee = 81-99%

CH,OEt, CH,OAllyl, CH,O(n-Bu), etc

Scheme 5.15. Polymerization of epoxides catalyzed by bimetallic cobalt (I11)
catalyst 5xx40.

Like most metal-catalyzed systems, two products can be obtained in the
cobalt-catalyzed coupling reaction of carbon dioxide and epoxides: cyclic
carbonates and polycarbonate products depending on different parameters.®
A powerful tool for the synthesis of chiral polycarbonates is the
copolymerization of monosubstituted epoxides with CO,. Recently, Lu and
co-workers developed the enantioselective copolymerization of cyclohexene
oxide with CO, catalyzed by chiral dissymmetrical salen cobalt(II[)NO;
complex 5xx44. This process yielded the corresponding chiral

polycarbonate 5xx46 with enantioselectivities up to 96% (Scheme 5.16). It
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has to be highlighted that this highly isotactic poly(cyclohexene carbonate)

is the first semicrystaline CO,-based polycarbonate.

7N\C N=

/ 0\

tBu o'l o tBu
NO;

t-Bu Ad

(0]
? e :
(] -
Do e :
[PPNICI (3mol%)
(0.8 MPa) neat, -25 °C n

5xx45 5xx46

Scheme 5.16. Copolimerization of cyclohexene oxide with CO, catalyzed by chiral

dissymmetrical salen cobalt(II)NO; complex 5xx44.

5.1.4. COBALT-NHC COMPLEXES IN CATALYSIS

Since the pioneering work of Lappert and co-workers in the late 70s in the
synthesis of mono- and bis-carbenes complexes of iron, cobalt, nickel and
ruthenium, N-heterocyclic carbenes were employed as ligands for the
synthesis of unusual organometallic cobalt species.®’ Major breakthroughs
have been achieved in organometallic chemistry rather than in catalysis.
Catalytic applications using Co-NHC complexes only appeared recently and

. 2
are still scarce.®

The first application of Co-NHC complexes was reported by Gibson and
Loch in 2003.% Those authors reported the synthesis of various dinuclear
complexes containing NHC ligands (5xx47, 5xx48 and 5xx49) which were
tested in the Pauson-Khand reaction (Scheme 5.17). Nevertheless, the
[(NHC)Co0'] systems showed lower activity that the Co,(CO)s counterpart. It
has to be point out though that this served to proof that NHC could be

viable ligands for cobalt catalysis.
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Scheme 5.17. [(NHC)Co]-catalyzed Phauson-Khand reaction.

Some years later, in 2005, Okamoto and co-workers reported the use of
5xx50 in combination with Zn powder and CoCl, for the efficient

intramolecular cyclotrimerization of triynes (Scheme 5.18).%

/ - \
N_N
5xx50 o)

/T R CoCl,, 5xx50 R

o (1-3 mol%)
o) Zn (10 mol%) R
R—— THF, 50°C %
5xx51 5xx52

86-98%

Scheme 5.18. Intramolecular cyclotrimerization of triynes catalyzed by 5xx50.

More recently, Gandon and Aubert tested the effect of NHC in the
cyclization of enediynes for the formation of polycyclic cyclohexadienes.”
The NHC ligand showed superior activity in this reaction when compared to
other well established catalytic systems, such as [(Cp)Co(CO),]/FeCl; and
Col,/Mn/PPh;. Importantly, NHC 5xx50 could be used catalytically with
leq of manganese (used as reducing agent), while 2eq. of PPh; and 10eq. of

Mn were generally required. Furthermore, substrates possessing terminal
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substituents on the olefin cyclized in a diastereospecific manner (Scheme

5.19).
/7\
N\/N
5xx50
(6 mol%) %
>—\ Coly (1 mol%) R4
31 /X Mn (1 mol%)
X THF, reflux R2
—=R, X
5xx53 5xx54

42-84%

Scheme 5.19. Cyclization of enediynes catalyzed by 5xx50.

The group of Llewellyn and co-workers obtained promising results in the
hydroformilation of 1-octene using the hydrido cobalt complex 5xx55 as
catalyst (Scheme 5.20).*° This catalytic system provided unusual high
regioselectivity towards the more substituted 2-methyl-octanal product
rather than the linear nonanal. The authors postulated that the [(NHC)Co]

complex catalyzes the alkene isomerization prior to the hydroformilation.

(0]
I s
Mes/N N‘Mes
OocC..
5xx55 (1 mol%) OC'C\Oico
0,
/%)4\/\ CO/H; (8 atm) 4% 4
Toluene, 50°C 5xx55

/(/\)\)OH
4
MH 39%
4
o)

Scheme 5.20. Hydroformilation of 1-octene catalyzed by Sxx5S.
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Despite the early interest of organometallic chemists, the successful use of
Co-NHC systems in catalysis only dates back to 2003 and nowadays, only

few cobalt N-heterocyclic carbenes have been reported.

5.2. OBJECTIVE OF THIS CHAPTER

As previously commented, among the polydentate ligand structure with
carbene donors, tripodal and pincer-type systems have attracted much of
attention as a result of their high activity, variability and stability. In this
regard, NHCs have shown to be alternative ligands to phosphines in several

catalytic processes.

There are only two examples in the literature which deal with Cobalt pincer
complexes, being all the examples CNC-type ligands. Moreover, the
synthesis and application of chiral Cobalt pincer complexes has not been

reported to date.

In this context, we decided to prepare a family of chiral C"N"C ligands in
which a nitrogen atom of the imidazole moiety is substituted by methyl and
phenyl groups (Scheme 5.21, 5xx56), methyl and naphthyl groups (Scheme
5.21, 5xx57) and methyl and cyclohexyl groups (Scheme 5.21, 5xx58).
Moreover, the synthesis of the corresponding Cobalt related complexes has
been attempted and their catalytic performance in the asymmetric
hydrogenation of ketones was studied. In addition, experiments in order to

determine the species involved in catalysis were carried out.
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Scheme 5.21. Chiral C"N"C Cobalt complexes and their application to the

asymmetric hydrogenation of ketones.

5.3. RESULTS AND DISCUSSION

5.3.1. SYNTHESIS OF CHIRAL PYRIDINE-BISCARBENE LIGANDS

The synthesis of the bis-imidazolium salts 5xx56-58 can be accomplished in
two steps. The strategy used for the preparation of these compounds was
previously reported by Herrmann and co-workers (for compounds 5xx56
and 5xx57).* The first step involved the synthesis of the imidazoles 5xx62-
64 through a one-pot method starting from glyoxal, formaldehyde and the
corresponding amine (Scheme 5.22). The chiral modified imidazoles Sxx62-
64 were achieved in moderate yields (25-32%), in agreement with the
literature values. To synthesize the pyridine-bridge imidazolium salts
5xx56-58, the 2,6-bis(bromomethyl)-pyridine was treated with two
equivalents of the corresponding chiral modified imidazole (5xx62-64) in
THF at 80°C during 24h. After recrystalization (for compound 5xx56 and
5xx57) or column chromatography (for 5xx58) the pyridine-bridge
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imidzolium salts 5xx56-5xx58 were obtained in moderate to good yields

(40-63%) (Scheme 5.22).

® ®
NH,CI [ S N N
R = . S
H,0, reflux , 24h N THF, 80°C, 24h [@> o <(@
R= Ph, Napht, Cy 22, , ) ' ’ N Br N
(e} “.‘KR
HHH + HO%\O%H 5xx62: 34% when R=Ph 5xx56: 63% when R=Ph
n 5xx63: 32% when R=Napht 5xx57: 40% when R=Napht
o 5xx64: 25% when R=Cy 5xx58: 60% when R=Cy

Scheme 5.22. Synthesis of the pyridine-bridge imidazolium salts 5xx56-5xx58.

As proof of concept, we test our pyridine-bridge imidazolium salt 5xx56 in
the asymmetric hydrogenation of ketones. For these initial test high catalyst
loading (20mol%) and high pressure (40bar) were employed, using
Co(OAc), as cobalt precursor, KO'Bu as base, T=40 °C and THF as solvent.
The ratio between 5xx56:Co(OAc),:base was set at 1:1:3 and cyclohexyl

phenyl ketone was chosen as substrate. The results are shown in Table 5.1.

The combination between the pyridine-bridge imidazolium salt 5xx56 with
Co(OAc), as precursor effectively catalyzed the asymmetric hydrogenation
of cyclohexyl phenyl ketone with 80% conversion and moderate
enantiomeric excess (33%) (entry 1). Importantly, no conversion was
observed using the pyridine-bridge imidazolium salt 5xx56 or the Co(OAc),

precursor alone (entries 2 & 3).
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Table 5.1. Asymmetric hydrogenation of cyclohexyl phenyl ketone catalyzed by
5xx56:Co(OAc),, 5xx65 and Co(OAc),.[

N

o N N goN
©)kcy 5xx56/Co(OAC), ©)\Cy [®)> o <(®]

2 e, N Br N

KO'Bu, Solvent )‘ (

Pyp= 40b, T= 40°C

5xx65 5xx66 Ph Ph

Entry Catalyst Conv. (%)" ee (%)
1 5xx56/Co(OAc), 80 33
2 5xx56 0 -
3 Co(OAc), 0 ;

[a] General conditions: 5xx56:Co(OAc),:KO'Bu= 1:1:3, 0.02mmol of 5xx56,
0.02mmol of Co(OAc),, 0.06mmol of KO'Bu, 0.1mmol of ketone, 2.5ml of THF,
H, pressure= 40bar, temperature = 40°C, time = 16h. [b] Conversion was
calculated by '"H NMR. [c] Enantiomeric excess was calculated by GC using a
ChirasilDex CB column.

In view of the results obtained, we focus our efforts in the isolation of a Co-
Pyridine-Biscarbene complex for its application in the asymmetric

hydrogenation of ketones.

5.3.2. SYNTHESIS OF CHIRAL CO-PYRIDINE-BISCARBENE COMPLEXES

As previously outlined in the introduction, promising results have been
obtained in the asymmetric hydrogenation of alkenes using cobalt alkyl
pincer type complexes.”” With this results in mind, we envisioned a
synthesis for the related Co(I) Pyridine-Biscarbene complexes 5xx67-5xx69
from the Co(Il) Pyridine-Biscarbene complexes 5xx70-5xx72 in two steps

(Scheme 5.23).
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Scheme 5.23. Envisioned synthesis of Co(I) Pyridine-Biscarbene complexes

5xx67-5xx69 from complexes 5xx70-5xx72.

As previously outlined in Seccion 5.2.1.1., two synthetic procedures have
been reported in the literature for the synthesis of Co(Il) Pyridine-
Biscarbene complexes of the type Py-bisc-CoX,. Nevertheless, both
methodologies are limited to pyridine-bridged imidazolium salts containing
sterically demanding groups (2,6-diisopropylphenyl) at the imidazole
fragment.”™*" For this reason, we explored the reaction of the pyridine-
bridge imidazolium salts (5xx56-5xx58) with Co(OAc), extrapolating the

common conditions used for the related palladium systems."’

The pyridine-bridge imidazolium salts 5xx56 was reacted with Co(OAc), in
THF for 48h during which time a blue powder precipitated. The '"H NMR
spectrum showed the signals corresponding to the initial pyridine-bridge
imidazolium salt 5xx56 with the characteristic acidic proton at 9.5ppm.
However, the solubility as well as the color of the isolated compound was

very distinct from that of the initial ligand.

Compared to the spectra of the Co(OAc),, the IR spectra of the isolated blue
compound showed a shift to lower frequencies of the v(CO,) band
(V(CoOACc), 1559, 1419 and 1341; v(blue compound) 1552, 1418 and 1330)
as well as the characteristic bands of the pyridine-bridged imidazolium salt
5xx56 (Figure 5.10). This fact suggested that the isolated blue compound
incorporate the ligand 5xx56 and the Co(OAc), moiety coordinated.
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Nevertheless, the acetate signals of the Co(OAc), fragment were not
detected by NMR-spectroscopy. In this regard, an NMR of the Co(OAc),
precursor was recorded in which no signals were observed for the acetate
moiety. This observation was thus in agreement with the NMR results for

the isolated blue solid, in which the acetate signals couldn’t be detected.

150
5xx56

1 Fﬂ{\QB
N T
1558 1457 ‘
Co(OAc),

100

Absorbance a.u.

50

T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

wavenumbers (cm™)

Figure 5.10. IR spectra comparison for pyridine-bridge imidazolium salt 5xx56,

Co(OAc), precursor and Co(II)-pyridine biscarbene complex 5xx59.

In order to gain further information about the oxidation state of our cobalt
complex, the magnetic susceptibility was measured and the obtained value
(neff=5.2) indicated a Co”" present in the compound (range for Co”'=4.3-
5.2). When the Co(Il) complex was analysed by mass spectrometry
(HRMS), the detection of the pyridine-bridge imidazolium salt 5xx56 and
the Co(OAc), moiety were individually identified. This fact can be
explained by the facility of the pyridine-Co(OAc), to fragment under the

mass spectra conditions. In view of this result, it was decided to carry out an
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ICP of the Co(II) complex in order to ascertain the percentage of cobalt in
our sample. The ICP value obtained ([Co]= 7,62%) was in agreement with
the theoretical value ([Co]=7.5%) for the Co(Il) complex 5xx59. In line
with that, the determination by Elemental Analysis, also confirmed the
formation of 5xx59 (calc. value for C33H3,CoBr,Ns;0,.CH,Cl, C, 46.87; H,
4.51; N, 8.04; Found: C, 46.09; H, 4.48; N, 8.19).

With all the collected data, it is proposed that the structure of the isolated
blue compound corresponds to the Co(Il)-pyridine complex 5xx59 having
the Co(OAc), fragment coordinated to the pyridine of the ligand instead of
the initially expected Co(Il)-pyridine biscarbene complex 5xx70 (Scheme
5.24). Complexes 5xx60 and 5xx61 bearing a naphthyl and a cyclohexyl
moiety at the imidazole ring respectively were also obtained by reaction of
the corresponding pyridine-bridge imidazole salts (5xx57 and 5xx58) with
Co(OAc), in THF at room temperature for 48h (Scheme 5.24).

X
P
N
N ‘ N
[ )%~
N Br Br N
N S~
| R R
—
N Not detected
N oON Co(OAc), 5xx70: when R=Ph
[®)> @Br <<®] 5xx71: when R=Napht
N Br N THF, r.t., 48h 5xx72: when R=Cy
e A
—R
o /-
5xx56: when R=Ph R - X, Br —N
5xx57: when R=Napht N@ | @
. — )’ =N — N/
5xx58: when R=Cy o N
Br _<Q\Cl /O>_
. 0 "
o~ 6

5xx59: 78% when R=Ph
5xx60: 72% when R=Napht
5xx61: 74% when R=Cy

Scheme 5.24. Synthesis of Co(II)-pyridine complexes 5xx59-5xx61.
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At this stage, we investigate two different synthetic procedures in order to
isolate a Co(Il)-pyridine biscarbene complex as well as to find out the role
of the base in our catalytic system. This strategy involved two synthetic
pathways: a) reaction of pyridine-brigded imidazolium salt 5xx56 with
KO'Bu and then addition of Co(OAc), precursor and b) reaction of Co(II)-
pyridine complex 5xx59 with KO'Bu as base.

We first explored the pathway involving a first reaction of the pyridine-
bridged imidazolium salt 5xx56 with KO'Bu and then addition of the
Co(OAc), as metal precursor. Initially, the pyridine-brigded imidazolium
salt 5xx56 was deprotonated using 3eq of KOtBu (same eq. as used in
catalysis) to yield the corresponding carbene Sxx73 (Scheme 5.25). In the
'H NMR spectra, the disappearance of the carbene proton at 10.96ppm

confirmed the formation of the carbene 5xx73, which was isolated in 50%

yield.
[ S
N/ ‘ N/
N oON KO'Bu N N
| ®)> Br <(®:\‘ [ : : ]
NgZ N THF, r.t., 30min ,3> <%1
Ph " e P Ph
5xx56 5xx73

Scheme 5.25. Synthesis of carbene 5xx73.

In 1960, Wanzlick and Schikora reported a chemical equilibrium between
the carbene compound and its dimer.* In such case, the disappearance of
the imidazole proton could not confirm the formation of the carbene moiety
and indeed, the dimer compound is not able to react further. As proof of
concept, the formation of the borane compound 5xx74 by reaction with
BH;-THF was carried out (Scheme 5.26). The crude product was purified
by column chromatography to obtain 5xx74 in 30% yield. In the "H NMR, a
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broad quartet at 2.42ppm (Ji.z= 84Hz) was detected and attributed to the
BH; unit with coupling between the protons and the boron nucleus (''B,
S=3/2). In the "B{'H} NMR spectra, a single peak was observed at -
33.3ppm. Mass spectrometry was also used for the characterization of this
compound, detecting the main ion at m/z= 462.2830, attributed to the [M-
BH;]" ion. This assay confirmed the previous formation of the carbene

5xx73 and excludes the formation of its dimer.

- X
\N/ L
[N N] BHz-THF [N B, (]
: : 2 j
3> <% THF, r.t., overnight R>/H3B(;/<%®
Ph)\ "'“(Ph Ph)\ “W(Ph
5xx73 o

Scheme 5.26. Synthesis of the borane adduct 5xx74.

Once these preliminary tests were performed, we next carry out the reaction
of the pyridine-bridged imidazolium salt 5xx56 with KO'Bu and Co(OAc),
as metal precursor. It has to be mentioned that in this case, the generated
carbene 5xx73 was not isolated in order to mimic the scenario under the
catalytic conditions were a 80% conversion and 33% ee was obtained for

the asymmetric hydrogenation of cyclohexyl phenyl ketone (Table 5.1,
entry 1).

The pyridine-bridged imidazolium salt 5xx56 was reacted with 3eq of
KO'Bu for 30min in order to assure the formation of the corresponding
carbene ligand. Upon addition of the base, a color change from cream to
brown was observed. Then, the Co(OAc), precursor was added to the
mixture. The reaction was run for overnight at room temperature and after

precipitation with a DCM/ether mixture, two products were isolated. The
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products were characterized by NMR, IR-spectroscopy and magnetic

susceptibility.

After the characterization by NMR and IR-spectroscopy, one of the
products was attributed to unreacted Co(OAc),. On the other hand, the 'H
NMR spectra of the second isolated product showed the disappearance of
the imidazole proton which confirmed the successful deprotonation of the
initial imidazole 5xx56. However, no more information could be extracted

by '"H NMR due to the broadness of the peaks.
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Figure 5.11. IR spectra comparison for pyridine-bridge imidazolium salt 5xx56,

carbene ligand 5xx73 and the isolated compound.

Compared to the spectra of the ligand (5xx56), the IR spectra of the second
isolated product showed the disappearance of the band at 1155cm™
attributed to the C-N stretching band (Figure 5.11). Moreover, a shift to

lower frequencies in the C-H region was detected when compared to the
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carbene ligand 5xx73 (Figure 5.11). It has to be highlighted, that the bands

corresponding to the acetate moiety were not present in the IR spectra.

In order to gain further information about the oxidation state of our cobalt
complex, the magnetic susceptibility was measured and the obtained value
(neff=5.0) indicated a Co®" present in the compound (range for Co*=4.3-
5.2).

With all the collected data, it is proposed that the structure of the isolated
compound corresponds to the Co(Il)-pyridine biscarbene complex 5xx75 in
which the imidazolium fragments are coordinated to the cobalt atom. In this
case the cobalt nucleus is coordinated to two bromide atoms which came

from the initial imidazolium salt 5xx56 (Scheme 5.27).

X X
| N” | N
N ON KO'Bu N ‘ N
[@> OB <(®] [ >>,Co\ (] . BUOH
N Br N Co(OAc), N B/ Br E KOAc
i Ph Ph)\ " ph
5xx56 5xx75

Scheme 5.27. Proposed structure for 5xx75 from reaction of pyridine-bridged
imidazolium salt 5xx56, KO'Bu as base and Co(OAc),.

The second pathway involved the use of the Co(Il)-pyridine complex 5xx59
in combination with KO'Bu as base. In this case, the reaction was carried
out with the Co(II)-pyridine complex 5xx59 and 1.8eq of KO'Bu. Upon
addition of the base, a color change from blue to brown was observed and
the solution became homogeneous (note that the Co(Il)-pyridine complex
5xx59 is insoluble in THF). Two products were also isolated after
precipitation with a DCM/ether mixture. The characterization of the

products was performed using NMR and IR-spectroscopy.
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The characterization by '"H NMR and IR-spectroscopy of one product
revealed the isolation of unreacted Co(Il)-pyridine complex 5xx59, so as
less than 2eq of base were used for this test. To our delight, the second
isolated product exhibited the same pattern in the IR spectra as well as in
the 'H NMR (with the disappearance of the imidazolium protons)
confirming the formation of the previously proposed Co(Il)-pyridine
biscarbene complex 5xx75 having the Co-Br, coordinated to the pyridine

and iminazolium fragments (Scheme 5.28).

-, AN
e Ph »
== X
ONGL /@ N
)/ =N Pz N/ \ N ‘ N
5 N KO'Bu [ )}00{(] 'BUOH
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o” 8 T~ e
PH Ph
5xx59 5xx75

Scheme 5.28. Proposed structure for 5xx75 from reaction of Co(II)-pyridine 5xx59
and KO'Bu as base.

In view of the results obtained, we could conclude that both pathways a)
reaction of pyridine-brigded imidazolium salt 5xx56 with KO'Bu and then
addition of Co(OAc), precursor or b) reaction of Co(Il)-pyridine complex
5xx59 with KO'Bu as base, gave the Co(Il)-pyridine biscarbene complex
5xx75. We could extract as well that the role of the base, in both cases, is to
deprotonate the imidazolium salt to form the corresponding pyridine
biscarbene 5xx73 (pathway a) or to form the Co(Il)-pyridine biscarbene
complex 5xx75 (pathway b).

5.3.3. CATALYTIC ASYMMETRIC HYDROGENATION OF KETONES

We decided to test our Co(Il)-pyridine complexes 5xx59, Sxx60 and 5xx61

in the asymmetric hydrogenation of ketones. As there were no previous
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studies using chiral Co-NHCs as catalysts for hydrogenation processes, high
catalyst loading (20mol%) (based on the proposed structures of 5xx59-
5xx61) as well as high H, pressures (40bar) using KO'Bu as base, T= 40°C
and THF as solvent were first tested. For these initial tests, cyclohexyl
phenyl ketone was chosen as a benchmark substrate. The ratio between

catalyst:base was 1:3. First results are summarized in Table 5.2.

The chiral Co(Il)-pyridine complex 5xx59 effectively catalyzed the
asymmetric hydrogenation of cyclohexyl phenyl ketone with 98%
conversion and 55% enantioselectivity (entry 1). On the other hand, poor
catalytic performance was observed when the chiral Co(Il)-pyridine
complex 5xx60 and S5xx61 were tested (entry 2 & 3). It has to be
highlighted though, that the Co(Il)-pyridine complex Sxx61 provided same
results in terms of enantioselectivity than the Co(Il)-pyridine complex

5xx59.

Table 5.2. Asymmetric hydrogenation of cyclohexyl phenyl ketone catalyzed by
5xx59, 5xx60 and 5xx61."

o R
RO /= X Brl/N
o HO H )/N\@NVENJVN@
€]

5xx59-5xx61 ) Br O_!_O
@A oy 0B ©)\Cy {0
KO'Bu, THF o~ o

= = 40°f
Pho= 40b, T=40°C 5xx66 5xx59: when R=Ph

5xx60: when R=Napht
5xx61: when R=Cy

5xx65

Entry Catalyst Conversion (%)"! ee (%)
1 5xx59 98 55
2 5xx60 10 27
3 5xx61 21 56

[a] General conditions: Co(II)-complex/KO'Bu= 1:3, 0.02mmol of Co(II)-complex,
0.06mmol of KO'Bu, 0.lmmol of ketone, 2.5ml of THF, H, pressure= 40bar,
temperature = 40°C, time = 16h. [b] Conversion was calculated by '"H NMR. [c]
Enantiomeric excess was calculated by GC using a ChirasilDex CB column.
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The study of different solvents was conducted using the Co(Il)-pyridine
complex 5xx59 (Table 5.3). Using an apolar solvent such as toluene, low
conversion and enantioselectivity was obtained (27% conversion, 31% ee)
compared to the results in THF (Entry 1 & 2). Using polar aprotic solvents
such as CH;CN also low conversion and enantiomeric ratio were achieved
(entry 3). Nonetheless, the use of DMF as solvent achieved full conversion
although lower enantioselectivity (43%) was reached. It has to be mentioned
that the Co(II)-pyridine complex 5xx59 was only soluble in DMF which
could also explained the high conversion obtained with this solvent. In the
case of THF, the initial cobalt catalyst is not soluble although after addition

of the base an homogeneous brown solution is observed.

Table 5.3. Asymmetric hydrogenation of cyclohexyl phenyl ketone catalyzed by

5xx59 using different solvents.™

C’/——Ph
HO H = Xy Br N
Ph ’7

[e] L /\T
Yy _ = [E) N

. Br O _ 0O
KO'Bu, Solvent —7 Co_ —
Pra= 40b, T= 40°C LN
O [¢]
5xx59

5xx65 5xx66

Entry Solvent T (°C) Pyy(bar) Conv. (%)™ ee (%)

1 THF 40 40 98 55
2 Toluene 40 40 27 31
3 CH;CN 40 40 32 20
4 DMF 40 40 100 43

[a] General conditions: Co(II)-complex/KO'Bu= 1:3, 0.02mmol of Co(II)-
complex, 0.06mmol of KO'Bu, 0.1mmol of ketone, 2.5ml of solvent, H, pressure=
40bar, temperature = 40°C, time = 16h. [b] Conversion was calculated by 'H
NMR. [c] Enantiomeric excess was calculated by GC using a ChirasilDex CB
column.

Having found THF as the optimal solvent, we next carried out the

asymmetric hydrogenation of cyclohexyl phenyl ketone at diverse catalyst
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loadings (Table 5.4). A decrease in the catalyst loading from 20mol% to
10mol% practically did not affect to neither the conversion nor the
enantioselectivity (entries 1-3). Interestingly, a further decrease up to
Smol% of catalyst loading showed a moderate 60% conversion towards the

corresponding chiral alcohol preserving the enantiomeric ratio untouched.

Table 5.4. Asymmetric hydrogenation of cyclohexyl phenyl ketone catalyzed by
5xx59 at different catalyst loadings.!"

/,'/’Ph
o HO, H Ph = Xy Br =N
@Cy 5xx59 @)\Cy }/N@\/@VN@
KO'Bu, THF B 9\030/%_
5xx65 Phz= 405, T=40°C 5xx66 6~ 06
5xx59
Entry Cat. loading (mol%)  Conv. (%) ee(%)"!
1 20 98 55
2 15 90 54
3 10 90 55
4 5 60 55

[a] General conditions: Co(II)-complex/KOBu= 1:3, 2.5ml of THF, H, pressure=
40bar, temperature = 40°C, time = 16h. [b] Conversion was calculated by 'H NMR.
[c] Enantiomeric excess was calculated by GC using a ChirasilDex CB column.

The study of the temperature was also conducted at Smol% of catalyst
loading using KO'Bu as base and THF as solvent (Table 5.5). Increasing the
temperature from 40°C to 80°C had a dramatic impact on the enantiomeric
excess whereas the conversion was maintained (entry 1 & 2). On the
contrary, at room temperature (entry 3) the reaction was inhibited. In terms
of pressure, the best balance between conversion and enantiomeric excess

was found at 20bar of H, pressure (entry 4).
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Table 5.5. Asymmetric hydrogenation of cyclohexyl phenyl ketone catalyzed by

5xx59 at distinct temperatures and pressures.

Ph
o HO H X, Br

o N"/'
\ ILNENGS [
@Cy 5xx59 ©/\Cy f NEn ‘N/ N@
. 5 \
KO'Bu, THF o]

Br_ 0. C
— (o] I —_
o~ 6

5xx65 Pra: T(°C) 5xx66
x50
Entry T (°C) P (bar)  Conv. (%)™  ee(%)
1 40 40 60 55
2 80 40 56 20
3 R.T 40 0 -
4 40 20 40 55
5 40 10 24 55

[a] General conditions: Co(II)-complex/KO'Bu= 1:3, 0.005mmol of Co(II)-
complex, 0.015mmol of KO'Bu, 0.1mmol of ketone, 2.5ml of THF, time = 16h. [b]
Conversion was calculated by 'H NMR. [¢] Enantiomeric excess was calculated by
GC using a ChirasilDex CB column.

Next, an optimization of the base was performed (Table 5.6). When DBU,
NaO'Pr, and NaOH were used (entries 2-4), no conversions were obtained,
indicating that stronger bases were needed. However, the use of stronger
bases NaH inhibited the reaction (entry 5). This fact could be attributed to
some decomposition of the catalyst under such conditions. The use of
potassium bis(trimethylsilyl) amide (KHMDS) (entry 6) gave similar results
in terms of conversions (ca. 37%) with enantiomeric excess mainly
unaffected (ca. 54%). The relatively high pKa value required to gather
activity could be attributed to the need to deprotonate the pyridine-bridge
imidazolium salt 5xx59 to form the catalytically active species as suggested

in the previous section.
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Table 5.6. Asymmetric hydrogenation of cyclohexyl phenyl ketone catalyzed by

5xx59 using different bases."

o 7P
@iq _ses @Hﬁ\ﬁcv Phﬂ@g | N\/ BrN@
e . e
x50
Entry Base pKa Conv. (%)™ ee (%)

1 KO'Bu 17 40 55
2 DBU 12 0 -
3 NaO'Pr 15.5 0 -
4 NaOH 13.8 0 -
5 NaH 35 0 -
6 KHMDS 26 37 54

[a] General conditions: Co(II)-complex/KO'Bu= 1:3, 0.005mmol of Co(I)-
complex, 0.015mmol of KO'Bu, 0.1mmol of ketone, 2.5ml of THF, H, pressure=
20bar, temperature = 40°C, time = 16h. [b] Conversion was calculated by 'H NMR.
[c] Enantiomeric excess was calculated by GC using a ChirasilDex CB column.

Finally, the effect of the catalyst:base ratio was investigated (Table 5.7).
The reaction did not proceed in absence of the base (entry 1). No conversion
was observed with 5xx59:base ratio below 1:3 (entries 2-3). At ratios of 3, 4
and 6, conversion of 40-49% were obtained with a modest decrease in the
enantioselectivity when 6 eq. of base were used (entries 4-6). As a result of
this study, we can extract that the base play a fundamental role in the
reaction and that the optimal 5xx59:base ratio of 1:3 indicate that
deprotonation of the pyridine-bridge imidazolium salt 5xx59 is mandatory

to form the catalytically active species as outlined in the previous section.
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Table 5.7. Asymmetric hydrogenation of cyclohexyl phenyl ketone catalyzed by

5xx59 using KOtBu as base at various catalyst:base ratios.

e //"'/'Ph
@iq L sesy @Hﬁ\iy Phﬂ@g | N\/ S
i . e
5xx59
Entry Catalyst:Base Conv. (%)[b] ee (%)[C]
1 No base 0 -
2 1:1 0 -
3 1:2 0 -
4 1:3 40 55
5 1:4 45 50
6 1:6 49 39

[a] General conditions: 0.005mmol of Co(II)-complex, 0.015mmol of KO'Bu,
0.1mmol of ketone, 2.5ml of THF, H, pressure= 20bar, temperature = 40°C, time =
16h. [b] Conversion was calculated by '"H NMR. [c¢] Enantiomeric excess was
calculated by GC using a ChirasilDex CB column.

Based on these reaction conditions, the scope and limitations of the Co(Il)-
pyridine complex 5xx59 were looked at. The optimized conditions were
5mol% of catalyst loading, a ratio 5xx59:base of 1:3, using KO'Bu as base,
at Py,= 20bar, T= 40°C for 16h. Nevertheless, very low conversions were
achieved using these conditions for other substrates than the cyclohexyl
phenyl ketone used for the optimization. Although, high pressures were
applied (Py,= 40bar), still very low conversion (<5%) were obtained in most
cases. For this reason, we decided to performed the substrate scope at
20mol% of catalyst loading and Py,= 40bar. The results are illustrated in
Table 5.8. In order to compare the catalytic activity of the Co(Il) pyridine
complex 5xx59 with the Co(Il) pyridine complex 5xx61, which gave similar

ee’s values (Table 5.2, entries 1 & 3) we have performed the asymmetric
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hydrogenation of some ketones with both catalytic systems. In brackets are

shown the results obtained using the Co(II) pyridine complex 5xx61.

Table 5.8. Scope of the asymmetric hydrogenation of ketones catalyzed by 5xx59

and 5xx61.1"
5xx76 5xx77 5xx78 5xx79
87 (9)1% conv. 30 (60)*1% conv.  99.5 (100)[°1% conv. 40 (30)1% conv.
33 (31)1% ee 21 (29)1% ee 39 (50)[1% ee 37 (23)1% ee
dﬁ%< HO, H HO, H HO, H
5xx80 5xx66 5xx81 5xx82
53 (10)[°1% conv. 98 (21)[*1% conv. 13% conv. 0% conv.
30 (26)11% ee 55 (56)1°1% ee 1% ee
/é%i P /©Hgi
CI/©)\ MeO
5xx83 5xx84 5xx85
0% conv. 0% conv. 33% conv.
21% ee

[a] General conditions: 0.005mmol of Co(II)-complex, 0.015mmol of KO'Bu,
0.1mmol of ketone, 2.5ml of THF, H, pressure= 40bar, temperature = 40°C, time =
16h. [b] Using 5xx61 as catalyst. Conversion was calculated by 'H NMR.
Enantiomeric excess was calculated by GC using a ChirasilDex CB column.

First of all, acetophenone was converted into the corresponding alcohol in
high conversions (87%) whereas low ee’s were achieved (33%) using
catalyst 5xx59. Changing the methyl group by an ethyl at the alkyl position
had a decrease in both, conversion and enantioselectivity (5xx77).
Nevertheless, when iso-butyrophenone was used as substrate almost
complete conversion was achieved accompanied with a moderate ee (99.5%
conv., 39% ee). This result might indicate that a certain degree of steric
hindrance at the substrate is needed, in particular at the alkyl part in order to

achieve high conversions and better enantioinductions. In line with that,
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comparable results in terms of enantioselectivity (37%) were obtained when
iso-valerophenone was employed as substrate (5xx79). Similarly, 2,2-
dimethylpropiophenone was converted into the corresponding alcohol in
moderate conversion and enantioselectivities (5xx80). The best results were
achieved when cyclohexylphenyl ketone was employed as substrate, with
practically full conversion towards the corresponding alcohol and ee’s up to
55% (5xx66). On the contrary, when more rigid rings were located at the a-
position of the ketone, very low conversions and enantioselectivities were

achieved (5xx81).

Then, replacing the phenyl ring by a naphthalene ring the reaction was
inhibited completely (5xx82). In a same manner, no conversion was
observed when methyl 2.,4,6-trimetrylphenyl ketone was employed as
substrate (5xx83). The introduction of electron-withdrawing groups at the
para-position of the phenyl ring also inhibited the reaction (5xx84). On the
contrary, the introduction of electron-donating groups at the para-position
of the phenyl ring produced moderate conversions to the corresponding

alcohol while the enantiomeric excess was quite low (5xx85).

When catalyst 5xx61 was employed for the reduction of acetophenone into
the corresponding alcohol, very low conversions were achieved in
comparison with the ones reached using catalyst 5xx59 although
comparable enantiomeric ratios were obtained. Changing the methyl by a
ethyl or a iso-propyl group, up to complete conversion and up to 50% ee can
be obtained, following this trend Me<Ethyl<iso-Propyl (5xx76, 5xx77 &
7xx78). On the contrary, lower conversion were achieved using iso-
valerophenone, 2,2-dimethylpropiophenone or cyclohexylphneyl ketone as
substrate, although the latest one provided the best enantiomeric excess of

the series (5xx79, 5xx80 & 5xx66).
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From these results we could conclude that either using the Co(Il) complex

5xx59 or 5xx61, a certain degree of steric hindrance at the substrate is

needed, in particular at the alkyl part in order to achieve high conversions

and better enantioinductions.

5.4. CONCLUSIONS

From the study described in this chapter, the following conclusions can be

extracted:

iii)

1-(R)-(1’phenylethyl)-imidazole (5xx62) and 1-(R)-(1’-naphthylethyl)-
imidazole (5xx63) were synthesized and fully characterized obtaining
34% and 32% yield respectively, as previously reported by Herrmann
and co-workers. Additionally, 1-(R)-(1’-cyclohexylethyl)-imidazole
(5xx64) was also synthesized and fully characterized in a 25% yield, as
previously reported by Suzuki and co-workers.

The chiral C"N”C ligands 5xx56 containing a methyl and phenyl
groups and the 5xx57 ligand containing a methyl and a naphthyl groups
were synthesized and fully characterized obtaining 63% and 40% yield
respectively as previously reported by Herrmann and co-workers.

The chiral C*"N”C ligands 5xx58 containing a methyl and a cyclohexyl
groups was synthesized and fully characterized with a 60% yield.

The chiral Cobalt C*"N"*C complexes 5xx59-5xx61 were synthesized
and characterized by NMR, IR, Magnetic Susceptibility, ICP and EA.
With all the collected data in hand, it is proposed a coordination of the
Co(OAc), moiety to the pyridine of the C*"N”C ligand.

The Cobalt C"NC complex 5xx59 catalyzes the asymmetric
hydrogenation of ketones with moderate to high yields, although low to

moderate ee’s were obtained.
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vi) Initial attempts to obtain a well defined Co(Il)-pyridine biscarbene
complex having both the carbene and the pyridine coordinated to the
metal center were accomplished, although still further investigation

need to be performed.

5.5. EXPERIMENTAL PART

GENERAL EXPERIMENTAL CONDITIONS

All preparations and manipulations were carried out under an oxygen-free
nitrogen atmosphere using conventional Schlenk techniques or inside a
glovebox. Solvents were purified by the system Braun MB SPS-800 and
stored under nitrogen atmosphere. Deuterated solvents were degassed via
three freeze-pump-thaw cycles and kept in the glovebox over 4A molecular
sieves. Reagents were purchased from Aldrich, Alfa-Aesar and Strem and

were used as received.

'H, C and ""B-NMR spectra were recorded on a Varian® Mercury VX 400
(400 MHz, 100.6 MHz, 128 MHz respectively). Chemical shift values for
'H and "C were referred to internal SiMe, (0.0 ppm). 2D correlation spectra
(gCOSY, gHSQC and gHMBC) were visualized using VNMR program
(Varian®). ESI-HMRS were run on an Agilent® 1100 Series LC/MSD
instrument. EA was performed at Serveis Técnics de Recerca from the

Universitat de Girona (Spain).

Reactions were monitored by TLC carried out on 0.25 mm E. Merck” silica
gel 60 Fys4 glass or aluminum plates. Developed TLC plates were visualized
under a short-wave UV lamp (254 nm) and by heating plates that were
dipped in potassium permanganate. Flash column chromatography was
carried out using forced flow of the indicated solvent on Merck” silica gel

60 (230-400 mesh).
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Hydrogenation reactions were carried out in a Berghof 5 x 25mL stainless
steel autoclave. Gas chromatography analyses were carried out in a Hewlett-
Packard HP 6890 gas chromatograph, using the chiral column CP Chirasil-
Dex CB.

Synthesis of 1-(R)-(1’phenylethyl)-imidazole®’” (5xx62)

1-(R)-phenylethylamine (15ml, 0.117mol) was dissolved in
120ml H,O and (ml) phosphoric acid (85%) was added until a
pH of approximately 2 was reached. After addition of
paraformaldehyde (3.7g, 0.117mol) and glyoxal (13.5ml, 40%

in water, 0.117mol), the reaction mixture was heated to 100°C and saturated
ammonium chloride solution (6.3g, 0.117mol, 20ml H,0O) was added drop
wise over a period of 45min. Then, the reaction was allowed to stir
overnight at 100°C. The reaction mixture was cooled to 0°C and NaOH was
added until a pH higher than 12 was reached. The product was extracted
with dichloromethane (3x100ml) and the combined organic phases were
dried over anhydrous MgSO, and the product evaporated in vacuo. To the
crude brown thick liquid was added hexane (100ml) and heated at reflux for
2hours. Then, the yellow liquid was decanted, and leaved it in the fridge to
favour the precipitation of the pure product as a pale yellow oil in 34% of

yield.

"H-NMR (CDCls, 400 MHz, & in ppm): & = 7.58 (s, 1H, N=CH-N), 7.36-
7.29 (m, 3H, Ar-), 7.15-7.13 (m, 2H, Ar-), 7.08 (s, 1H, N-HC=CH-N), 6,93
(s, 1H, N-HC=CH-N), 5.34 (q, 1H, J= 8Hz, -CH-), 1.85 (d, 3H, J= 8Hz, -
CH;). "C{'"H}-NMR (CDCls;, 100.6 MHz, & in ppm): & = 141.60 (-C-),
136.09 (N=CH-N), 129.43 (Ar-), 128.90 (Ar-), 128.07, (Ar-), 125.99 (N-
HC=CH-N), 117.97 (N-HC=CH-N), 56.53 (-CH-), 22.06 (-CH;). ESI-
HRMS: Calculated for CyH;;N,: Exact: (M: 172.1000; [M+H]+:
173.1100); Experimental ((M+H]": 173.1081).
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Synthesis of 1-(R)-(1’-napthtylethyl)-imidazole®’ (5xx63)

1-(R)-naphthylethylamine (9ml, 0.052mol) was dissolved in
100ml H,O and phosphoric acid (85%) was added until a pH
of approximately 2 was reached. After addition of

paraformaldehyde (1.56g, 0.052mol) and glyoxal (5.96ml,

40% in water, 0.052mol), the reaction mixture was heated to 100°C and
saturated ammonium chloride solution (2.78g, 0.052mol, 20ml H,0O) was
added drop wise over a period of 45min. Then, the reaction was allowed to
stir overnight at 100°C. The reaction mixture was cooled to 0°C and NaOH
was added until a pH higher than 12 was reached. The product was
extracted with dichloromethane (3x100ml), and the combined organic
phases were dried over anhydrous MgSO, The solvent was evaporated in
vacuo to give the product as yellow oil in 32% of yield.

"H-NMR (CDCls, 400 MHz, & in ppm): & = 7.84-7.79 (m, 3H, Ar-), 7.66 (s,
1H, N=CH-N), 7.59 (s, 1H, Ar-), 7.53-7.49 (m, 2H, Ar-), 7.25 (dd, 1H, J=4
& 8Hz, Ar-), 7.11 (s, 1H, N-HC=CH-N), 6.97 (s, 1H, N-HC=CH-N), 5.50
(q, 1H, J= 8Hz, -CH-), 1.95 (d, 3H, J= 4Hz, -CH;). "C{'H}-NMR (CDCl;,
100.6 MHz, 6 in ppm): § = 138.97 (-C-), 136.33 (N=CH-N), 133.34 (-C-),
133.07 (-C-), 129.58 (N-HC=CH-N), 129.06 (Ar-), 128.14 (Ar-), 127.84
(Ar-), 126.77 (Ar-), 126.60 (Ar-), 124.94 (Ar-), 124.11 (Ar-), 118.30 (N-
HC=CH-N), 56.67 (-CH-), 22.00 (-CH;). ESI-HRMS: Calculated for
CisHiuN,: Exact: (M: 222.1157, [M+H]": 223.1157); Experimental
([M+H]": 223.1245).

Synthesis of 1-(R)-(1’-Cyclohexylethyl)—imidazole89 (5xx64)

(S)-(+)-1-Cyclohexylethylamine ~ (15ml,  0.10mol)  was
dissolved in 120ml H,O and phosphoric acid (85%) was added
until a pH of approximately 2 was reached. After addition of
paraformaldehyde (3g, 0.10mol) and glyoxal (11.47ml, 40% in
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water, 0.10mol), the reaction mixture was heated to 100°C and saturated
ammonium chloride solution (5.34g, 0.10mol, 20ml H,O) was added drop
wise over a period of 45min. Then, the reaction was allowed to stir
overnight at 100°C. The reaction mixture was cooled to 0°C and NaOH was
added until a pH higher than 12 was reached. The product was extracted
with dichloromethane (3x100ml) and the combined organic phases were
dried over anhydrous MgSO, The solvent was evavorated in vacuo to give
the crude product which was purified by column chromatography
(DCM:MeOH 2%) affording the compound as a pale yellow liquid in 25%
of yield.

"H-NMR (CDCl;, 400 MHz, § in ppm): 5 = 7.44 (s, 1H, N=CH-N), 7.00 (s,
1H, N-HC=CH-N), 6.86 (s, 1H, N-HC=CH-N), 3.81(quint, J= 8Hz, 1H, -
CH-), 1.76-1.70 (m, 2H, -CH,), 1.65-1.58 (m, 2H, -CH,), 1.53-1.44 (m, 1H,
-CH-), 1.41 (d, J= 8Hz, 3H, -CH3), 1.31-1.26 (m, 1H, -CH,), 1.21-1.13 (m,
1H, -CH,), 1.11-1.02 (m, 2H, -CH,), 0.96-0.86 (m, 1H, -CH,), 0.82-0.72 (m,
1H, -CH,)."C{'H}-NMR (CDCl;, 100.6 MHz, & in ppm): & = 136.30
(N=CH-N), 128.79 (N-HC=CH-N), 117.22 (N-HC=CH-N), 58.90 (-CH-),
4441 (cy, -CH-), 29.84 (cy, -CH,), 29.41 (cy, -CH,), 26.13 (cy, -CH,),
26.00 (cy, -CH,), 25.87 (cy, -CH,), 19.01 (-CH;). ESI- HRMS: Calculated
for Cy;;HgN,: Exact: (M: 178.1470; [M+H]": 179.1470); Experimental
([M+H]™: 179.1595.

Synthesis of 1,1’-Di((R)-1’-phenylethyl)-2,6-lutidinediimidazolium
dibromide® (5xx56)

5xx62 (1g, 5.8mmol) was dissolved in 10mL THF in
an ACE pressure tube and (0.78g, 2.9mmol) of 2,6-
dibromomethyl)pyridine were added. The solution

was heated for 24h at 80°C and a brownish precipitate

was obtained. The precipitate was filtered off and
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washed three times with 10mL THF. The crude product was recrystalized
with dichloromethane/diethyl ether to obtain a yellow oil, which was
decanted and dried in high vacuum to obtain a highly hygroscopic beige
powder in 63% yield.

"H-NMR (CDCl;, 400 MHz, & in ppm): & = 10.81 (t, 2H, J= 4Hz, N=CH-
N,), 8.13 (t, 2H, J= 4Hz, N-HC=CH-N), 7.71 (d, 2H, J= 8Hz, m-Py), 7.55
(t, IH, J= 8Hz, p-Py), 7.45-7.43 (m, 4H, Ar-), 7.37-7.29 (m, 6H, Ar-), 7.23
(t, 2H, J= 4Hz, N-HC=CH-N), 6.09 (q, 2H, J= 8Hz, -CH-), 5.79 (d, 2H, J=
12Hz, -CH,), 5.68 (d, 2H, J=12Hz, -CH,), 1.96 (d, 6H, J= 8Hz, -
CH;).”C{'"H}-NMR (CDCl;, 100.6 MHz, & in ppm): & = 153.19 (Py, -C-),
139.14 (p-Py-), 138.26 (-C-), 136.74 (N=CH-N), 129.68 (Ar-), 129.53 (Ar-
), 127.11 (Ar-), 124.09 (m-Py), 124.07 (-N-HC=CH-N), 120.17 (-N-
HC=CH-N), 59.80 (-CH-), 53.59 (-CH,-), 21.46 (-CH;). ESI-HRMS:
Calculated for C,oH3Br,Ns: Exact: (M: 607.0946; [M-Br]": 528.1757);
Experimental ([M-Br]": 528.1752.

Synthesis of 1,1’-Di((R)-1"’-naphtylethyl)-2,6-lutidinediimidazolium
dibromide®’ (5xx57)

f \ 5xx63 (250mg, 1.1mmol) was dissolved in
X
P 4mL THF in an ACE pressure tube and

[ 7@ | 047me  ossmmo) o 26
B

T dibromomethyl)pyridine were added. The
solution was heated for 24h at 80°C and a

brownish precipitate was obtained. The

precipitate was filtered off and washed three times with SmL THF. The
crude product was recrystalized with dichloromethane/diethyl ether to
obtain a yellow oil, which was decanted and dried in high vacuum to obtain

a highly hygroscopic beige powder in 40% yield.



242 | CHAPTER 5

"H-NMR (CDCl;, 400 MHz, & in ppm): & = 10.63 (s, 2H, N=CH-N), 7.96
(s, 2H, Ar-), 7.89 (s, 2H, N-HC=CH-N), 7.83-7.72 (m, 6H, Ar-), 7.59 (d,
2H, J= 8Hz, m-Py), 7.51 (t, 1H, J= 8Hz, p-Py), 7.45-7.39 (m, 6H, Ar-), 7.16
(s, 2H, N-HC=CH-N), 6.15 (q, 2H, J= 8Hz, -CH-), 5.69 (d, 2H, J= 12Hz, -
CH,), 5.57 (d, 2H, J= 12Hz, -CH,), 1.98 (d, 3H, J= 8Hz, -CH;). “C{'H}-
NMR (CDCl;, 100.6 MHz, & in ppm): & = 153.06 (Py, -C-), 139.20 (p-Py),
136.69 (N=CH-N), 135.50 (-C-), 133.43 (-C-), 133.18 (-C-), 129.63 (Ar-),
128.41 (Ar-), 127.87 (Ar-), 127.26 (Ar-), 127.09 (Ar-), 126.68 (Ar-), 124.21
(Ar-), 123.99 (m-Py), 123.87 (N-HC=CH-N), 120.28 (N-HC=CH-N), 59.97
(-CH-), 53.60 (-CH,), 21.37 (-CH3).

ESI-HRMS: Calculated for Cs;;H;3sBr,Ns: Exact: M: 707.1259 [M-Br]":
628.2070); Experimental ([M-Br]": 628.2066.

Synthesis of 1,1’-Di((R)-1"’-cyclohexylethyl)-2,6-lutidinediimidazolium
dibromide (5xx58)

5xx64 (300mg, 1.6mmol) was dissolved in SmL. THF

in an ACE pressure tube and (223mg, 0.84mmol) of
[g)) @Bre&a] 2,6-dibromomethyl)pyridine were added. The solution
N Br N

I~ ol was heated for 24h at 80°C and a brownish precipitate
) was obtained. The precipitate was filtered off and

washed three times with SmL THF. The crude product was recrystalized

with dichloromethane/diethyl ether to obtain a pale yellow oil, which was
decanted and dried in high vacuum to obtain a highly hygroscopic beige
powder in 60% yield.

"H-NMR (CDCl;, 400 MHz,  in ppm): & = 10.60 (s, 2H, N=CH-N), 8.23
(t, 2H, J= 4Hz, N-HC=CH-N), 7.76 (d, 2H, J= 8Hz, m-Py), 7.63 (t, 1H, J=
8Hz, p-Py), 7.30 (t, 2H, J= 4Hz, N-HC=CH-N), 5.77 (d, 2H, J= 16Hz), 5.72
(d, 2H, J= 16Hz), 4.57 (quint, 2H, J= 8Hz, -CH-), 1.78-1.57 (m, 10H, Cy),
1.53 (d, 6H, J= 4Hz, -CH3), 1.27-0.98 (m, 12H, Cy). *C{'"H}-NMR (CDCl,
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100.6 MHz, 6 in ppm): 6 = 153.35 (Py, -C-), 139.21 (p-Py), 136.84 (N=CH-
N), 124.16 (m-Py), 124.00 (N-HC=CH-N), 119.78 (N-HC=CH-N), 62.10 (-
CH-), 53.46 (-CH,), 43.57 (Cy, -CH-), 29.12 (Cy, -CH,-), 25.79 (Cy, -CH,-
), 25.72 (Cy, -CH,-), 25.66 (Cy, -CH,-), overlapped signals, 18.51 (-CHj3).
ESI-HRMS: Calculated for C,yH4Br,Ns: Exact: M: 619.1885 [M-Br]":
540.2702); Experimental ((M-Br]": 540.2694.

Synthesis of 2,6-bis((3-(1-phenylethyl)-2,3-dihydro-1H-imidazol-
1yl)methyl)pyridine (5xx73)

A solution of KOBu (110mg, 0.99mmol) in THF
(10ml) was added dropwise to a stirred suspension of
5xx56 (0.2g, 0.328mmol) in THF (15ml) at room

temperature. After the mixture was stirred for 30 min,

the solution was evaporated and the crude orange

powder was extracted with diethyl ether to remove the excess of base and

evaporated to dryness to give the product as an orange liquid in 48% yield.

"H-NMR (C;Ds, 400 MHz, & in ppm): & = 7.40-7.38 (m, 4H, Ar-), 7.31-7.26
(m, 5H, Ar-), 7.23-7.19 (m, 4H, Ar-), 7.11 (d, 2H, J= 4Hz m-Py), 6.78 (d,
1H, J= 4Hz, Ar-), 6.56 (d, 1H, J= 4Hz, Ar-), 5.62 (q, 2H, J= 4Hz, -CH-),
5.53 (s, 4H, -CH,), 1.93 (d, 6H, J= 8Hz, -CH3). "C{'H}-NMR (C-Ds, 100.6
MHz, § in ppm): & = 158.39 (Py, -C-), 143.48 (CH-), 137.21 (-C-), 128.38
(CH-), 127.44 (CH-), 126.93 (CH-), 120.62 (CH-), 119.64 (CH-), 118.07
(CH-), 59.53 (-CH-), 56.83 (-CH,), 22.53 (-CHs).
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Synthesis of ((R)-1,1’-(pyridine-2,6-diylbis(methylene))bis(3-((R)-1-
phenylethyl)-1H-imidazole-3-ium-2,1-diyl))ditrihydroborate (5xx74)

~ ™\ A solution of KO'Bu (276mg, 1.2mmol) in THF
\
N7 o (10 ml) was added dropwise to a stirred
/ ’jyeBl:ﬁg /4’/\‘\\) suspension of the 5xx56 (500mg, 0.82mmol) in

® .
: )< wk : THF (15ml) at room temperature. The mixture
) was then stirred for 30 min at room temperature

followed by the addition of BH;-THF (1.97ml, 1.97mmol) at the same

temperature. The reaction was then stirred overnight. Volatiles were
evaporated under vacuum and the mixture was re-dissolved in DCM (2ml)
and filtered through a short pad of Celite. The Celite was washed with DCM
and the filtrate was concentrated. The crude material was purified on silica
using a 5% EtOH in DCM to obtain the product as a white solid in 29%
yield.

"H-NMR (C¢Ds, 400 MHz, § in ppm): 5 = 7.48-7.45 (m, 6H, Ar-), 7.38-7.31
(m, 5H, Ar-), 7.15 (s, 2H, Ar-), 6.75 (q, 2H, J= 8Hz, -CH-), 6.63 (d, 2H, J=
8Hz, N-HC=CH-N, -CH-), 6.36 (d, 2H, J= 4Hz, N-HC=CH-N, -CH-), 5.53
(s, 4H, -CH,), 2.42 (q, 6H, Jy.= 84Hz, -BH3), 1.63 (d, 6H, J= 8Hz, -CH3).
BC{'H}-NMR (C¢Ds, 100.6 MHz, & in ppm): & = 155.73 (o-Py), 140.59
(Ar, -C-), 137.80 (Ar-), 128.82 (Ar-), 127.98 (Ar-), 127.32 (Ar-), 121.61
(Ar-), 120.01 (N-HC=CH-N), 115.96 (N-HC=CH-N), 55.96 (-CH-), 53.11
(-CH,), 19.55 (-CH;). "B{'H}-NMR (C¢D, 128 MHz, § in ppm): & = -
33.27 (s). ESI-HRMS: Calculated for CyoH35B,N5: Exact (M: 475.3079;
[M-BH;]": 462.2824); Experimental ((M-BH;]": 462.2830).
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Synthesis of Co(II)-C*N*C complex 5xx59

N \ 5xx56 (0.5g, 0.82mmol) was dissolved in 15ml of
N THF and Co(OAc), (145.3mg, 0.82mmol) was added

N | . I .
[ AR j ol to the mixture. After stirring the solution 48h at room
@ N AcO OAc Ng Br
© temperature, a blue solid precipitated. The solid was

) filtered and dried in vacuum to obtain the product as

a blue powder in 78% yield (based on the proposed structure).

"H-NMR (C,D4S0, 400MHz, § in ppm): & = 9.49 (s, 2H, -N=CH-N-), 7.97
(t, 1H, p-Py-), 7.83 (s, 2H, N-HC=CH-N), 7.69 (s, 2H, N-HC=CH-N), 7.46-
7.37 (m, 12H, Ar-), 5.82 (q, 2H, J= 8 Hz, -CH-), 5.50 (s, 4H, -CH,), 1.86 (d,
6H, J= 8Hz, -CH;). "“C{'H}-NMR (C,D¢SO, 100.6MHz, § in ppm): & =
153.47 (Py, -C-), 139.31 (p-Py), 138.88 (-C-), 136.02 (N=CH-N), 128.95
(Ar-), 128.67 (Ar-), 126.47 (Ar-), 123.47 (N-HC=CH-N), 122.08 (Ar-),
120.94 (N-HC=CH-N), 58.58 (-CH-), 52.78 (-CH,;), 20.41 (-CHa).
Elemental Analysis calculated for C3;3;H3;CoBr,NsO4 CH,Cl,, C, 46.87; H
4.51; N, 8.04; Found: C, 46.09; H, 4.48; N, 8.19. ICP: [Co]ncorctica=7-5%;
[Colfound= 7,62%.

Synthesis of Co(I)-C*N”C complex 5xx60
N \ 5xx57 (0.5g, 0.70mmol) was dissolved in
/O\, I15ml of THF and Co(OAc), (125.2mg,

/> /d? & j o 0.70mmol) was added to the mixture. After
e NAcO OACN Br

stirring the solution 48h at room temperature,
QO O a blue solid precipitated. The solid was

filtered and dried in vacuum to obtain the product as a blue powder in 72%

yield (based on the proposed structure).

"H-NMR (C,D¢SO, 400MHz, & in ppm): & = 9.49 (s, 2H, N=CH-N), 7.98-
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7.91 (m, 9H, Ar-), 7.85 (s, 2H, N-HC=CH-N), 6.69 (s, 2H, N-HC=CH-N),
7.58-7.49 (m, 6H, Ar-), 7.44 (d, 2H, J= 8Hz, m-Py), 5.96 (q, 2H, J= 8Hz, -
CH-), 5.49 (s, 4H, -CH,), 1.94 (d, 6H, J= 4Hz, -CH;). "C{'H}-NMR
(C,D6SO, 100.6MHz, & in ppm): & = 153.59 (Py, -C-), 136.55 (-C-), 136.26
(N=CH-N), 132.75 (-C-), 132.64 (-C-), 128.93 (Ar-), 128.02 (Ar-), 127.64
(Ar-), 126.88 (Ar-), 126.85 (Ar-), 125.90 (Ar-), 125.36 (Ar-), 124.21 (Ar-),
123.58 (N-HC=CH-N), 122.19 (m-Py), 121.15 (N-HC=CH-N), 58.84 (-CH-
), 5292 (-CH,), 20.41 (-CH;3). Elemental Analysis -calculated for
C41H41CoBr;NsO04 CH,Cl, C, 51.93; H, 4.46; N, 7.21; Found: C, 50.66; H,
4.47; N, 7.34. ICP: [Co]iheoretica=0-65%; [CO]touna= 6.79%.

Synthesis of Co(II)-C*N*C complex 5xx61

~ \ 5xx58 (0.45g, 0.73mmol) was dissolved in 13ml of

[~ THF and Co(OAc), (128.6mg, 0.73mmol) was

N
[ N/> do <\N ] added to the mixture. After stirring the solution 48h
/\
®

S
N N . .
2@ 0 O 0 BT at room temperature, a blue solid precipitated. The

\\\\

) solid was filtered and dried in vacuum to obtain the

product as a blue powder in 74% yield (based on the proposed structure).

"H-NMR (C,D,S0, 400MHz, § in ppm): & = 9.31 (bs, 2H, N=CH-N), 7.96-
7.42 (m, 7TH, Ar-), 5.49 (bs, 4H, -CH,), 4.31 (bs, 2H, -CH-), 1.74-0.86 (m,
28H, Cy & -CH;). “C{'H}-NMR (C,D¢SO, 100.6MHz, & in ppm): & =
152.3 (Py, -C-), 139.54 (Ar-), 136.50 (N=CH-N), 123.91 (Ar-), 122.62 (Ar-
), 121.50 (Ar-), 61.41 (-CH-), 53.39 (-CH,), 42.85 (Cy, -CH-), 29.64 (Cy, -
CH,), 28.99 (Cy, -CH,), 28.78 (Cy, -CH,), 25.96 (Cy, -CH,), 25.74 (Cy, -
CH,), 18.16  (-CH;).  Elemental  Analysis  calculated  for
C33H49CoBr;NsO4 CH,Cl, C, 46.22; H, 5.82; N, 7.93; Found: C, 45.55; H,
6.12; N, 8.01. ICP: [Co]eoretica=7-38%; [Co]gouna= 7-07%.
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From the study of chiral Fe-PNNP-based complexes carried out in Chapter

3, the following conclusions were extracted:

e Two chiral diamine derivatives (3xx48 and 3xx49) based on a
pyrrolidine moiety have been synthesized and characterized in four
steps from L-(+)-Tartaric acid.

e These chiral diamine derivatives (3xx48 and 3xx49) were employed
in the synthesis of chiral PNNP ligands 3xx46 and 3xx47 and
3xx65.

e The corresponding PNNP iron(Il) complexes (3xx66, 3xx67, 3xx68
and 3xx72) were synthesized in good yields. The X-Ray structures
of complexes 3xx68 and 3xx72 were also elucidated.

e An analogous iron (II) complex bearing a cyclohexyl backbone
(3xx73) was also synthesized and characterized. The X-Ray

structure of this complex was also elucidated.

This novel family of chiral PNNP ligands were applied in combination with
Fe;(CO),, as iron source in the asymmetric transfer hydrogenation of a wide

range of substrates.

e Substrates such as iso-butyrophenone, iso-valerophenone and fert-
butyl diphenyl ketone having bulky groups at the alkylic position
were hydrogenated using the 3xx47/Fe;(CO),, catalytic system,
obtaining high conversions and enantioselectivities.

e The reduction of cyclic phenyl ketones and ketones containing
annulated-rings using the 3xx47/Fe;(CO);, catalytic system showed
moderate to high conversion whereas high enantiomeric ratios were

obtained in all cases.
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Heteroaromatic methyl ketones were also hydrogenated but in this
case with low conversions although the enantioselectivity was
comparable to that obtained for 1-phenylethanol.

Asymmetric transfer hydrogenation of imines and alkenes were also
explored although no conversion was obtained in both cases.
Interestingly, moderate conversion and enantioselectivity was
obtained when a diphenylphosphinyl imine was employed as
substrate.

The initial poisoning tests performed using Hg as poisoning agent,
suggested that the asymmetric transfer hydrogenation catalyzed by
3xx47/Fe;(CO)y, is probably heterogeneous, having 3xx47-modified

iron particles acting as active catalyst.

From the study of zinc complexes containing a N,O,, NoNH,, N; and

N4(NH) ligand scaffolds with a pyrrolidine backbone carried out in Chapter

4, the following conclusions can be extracted:

A new set of ligands containing a pyrrolidine backbone;
N,O,(pyrrolidine) (4xx25), N,NH,(pyrrolidine) (4xx26),
Ny(pyrrolidine) (4xx27) and N4(NH)(pyrrolidine) (4xx28) were
synthesized and fully characterized obtaining moderate to high
yields (40-95%).

The corresponding zinc (II) complexes were also synthesized. The
X-Ray structures of complexes 4xx29 and 4xx31 were also

obtained.

This novel family of zinc (II) complexes were applied in the synthesis of

cyclic carbonates from CO, and epoxides and the following conclusions can

be drawn:
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e The 4xx31/TBAI catalytic system catalyzes the coupling of CO,
with a variety of terminal and aromatic epoxides with good to high
conversions (61-89%) towards the corresponding cyclic carbonate.
Furthermore, internal epoxides such as cyclohexene oxide and 2,3-
epoxybutane were efficiently converted to the corresponding cyclic
carbonate (Conv.= 66% and 72% respectively). It has to be
mentioned that this is the highest conversion obtained for 2,3-
epoxybutane using a zinc (II) complex. Methyl epoxioleate that
derives from a natural product was also converted in a 46%
conversion.

e The 4xx31/TBAI catalytic system was recycled up to 5 times
without appreciable lost of activity for the coupling of CO, with
propylene oxide which demonstrated the robustness of the catalytic

system.

From the study of C"N~C pincer-based cobalt complexes carried out in

Chapter 5, the following conclusions can be extracted:

e The chiral C*"N”C ligands 5xx56 containing a methyl and phenyl
groups and the 5xx57 ligand containing a methyl and a naphthyl
groups were synthesized and fully characterized.

e The novel chiral C*"N”C ligands 5xx58 containing a methyl and a
cyclohexyl groups was synthesized and fully characterized with a
60% yield.

e The chiral Cobalt C"N"C complexes 5xx59-5xx61 were
synthesized and fully characterized by NMR, IR, Magnetic
Susceptibility, ICP and EA. With all the collected data in hand, it
was proposed a coordination of the Co(OAc), moiety to the
pyridine of the CANAC ligand maintaining the imidizales

uncoordinated.
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e The Cobalt C'"N*C complex 5xx59 catalyzes the asymmetric
hydrogenation of ketones with moderate to high yields, although
low to moderate ee’s were obtained.

e Initial attempts to obtain a well defined Co(Il)-pyridine biscarbene
complex having both the carbene and the pyridine coordinated to
the metal center were accomplished, although still further

investigation need to be performed.
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RESUMEN DE LA TESIS

Esta tesis doctoral aborda la sintesis de nuevos ligandos polidentados, y su
posterior coordinacion con metales de la primera serie de transicion para
formar catalizadores efectivos en las reacciones de transferencia de
hidrogeno asimétrica, hidrogenacion y acoplamiento de CO, con epoxidos.
En el Capitulo 3 se describe la sintesis de nuevos ligandos quirales tipo
PNNP. Los correspondientes complejos de hierro se obtuvieron en buenos
rendimientos, y sus estructuras de rayos-X fueron resueltas. La reaccion de
trasferencia de hidrégeno asimétrica de diversos sustratos cetona se llevo a
cabo con un sistema catalitico compuestos por ligandos PNNP/Fe;(CO);,

obteniendo de moderadas a elevadas conversiones y enantioselectividades.

En el capitulo 4 se describe la sintesis de una nueva familia de ligandos tipo
N,O,, NoNH,, Ny v Ny(NH). Los correspondientes complejos de zinc se
obtuvieron en buenos rendimientos y sus estructuras de rayos-X fueron
resueltas. Los complejos de zinc resultantes catalizaron la reaccidon de
acoplamiento de CO, con epdxidos terminales e internos, siendo el
complejo de zinc-N, el mas activo de la serie. Este mismo complejo se pudo
reciclar hasta cinco veces sin pérdida significativa de actividad, lo que

probo la robusteza del mismo.

En el Capitulo 5 se describe la sintesis de ligandos C*"N"C de tipo pincer.
Posteriormente, se coordinaron a cobalto, observando la coordinacion del
centro de cobalto Unicamente a la piridina del ligando, dejando los
imidazoles del ligando sin coordinar al centro metalico. Posteriormente se
estudio la actividad de estos complejos en la hidrogenacion asimétrica de

varias cetonas.



