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A supramolecular bifunctional iridium
photoaminocatalyst for the enantioselective
alkylation of aldehydes†
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Pier Giorgio Cozzi *

The construction of a hybrid metal-organo-photoredox catalyst based on the conjugation of an imidazo-

lidinone organocatalyst and Ir(ppy)2(bipy) (ppy = 2-phenylpyridine, bipy = bipyridine) is described. The

introduction of the desired organocatalyst into the bipyridine moiety is quite modular, allowing the prepa-

ration of different hybrid photocatalysts, and is realized though a simple click reaction. The hybrid photo-

catalysts obtained were employed in the benchmark photoredox alkylation of aldehydes. Remarkably, the

conjugation of a first-generation MacMillan catalyst produces an active and stereoselective hybrid photo-

redox catalyst.

Introduction

In recent years photoredox catalysis has become a hot topic in
modern organic synthesis.1 Photoredox catalysis has found
important applications, in both academic2 and industrial
fields3 leading to important developments, particularly regard-
ing the generation of radical intermediates4 and their employ-
ment in catalytic transformation. Formation of radicals5 by
photoredox catalysis or by different methodologies6 can now
be considered for a “radical retrosynthetic analysis”.7 The
rebirth of photoredox catalysis and its rapid advancements
were related principally to the use of transition metal com-
plexes, such as ruthenium8 and iridium complexes,9 both
capable of absorbing visible light and initiating a chemical
reaction through electron or energy transfer processes from
their more reactive photoexcited states.10 The benchmark
stereocontrolled organocatalytic photoredox reaction devel-
oped by MacMillan11 started to attract interest in the field of
photoredox catalysis, and it is still used for testing new com-
pounds as active photocatalysts.12 In 2008, MacMillan devel-
oped a pioneering and outstanding example of synergistic

catalytic systems13 in which the photoredox catalyst Ru(bpy)3
2+

and an imidazolidinone organocatalyst were employed in the
challenging organocatalytic α-alkylation of aldehydes.14 The
asymmetric α-alkylation of aldehydes and ketones has become
rapidly an attractive topic for synergistic photoredox catalysis,
and diverse dual catalytic systems based on other photocata-
lysts (metal complexes,15 semiconductors,16 and organic
dyes17) were developed. It is also worth mentioning that the
chiral enamine, transiently formed during the catalytic cycle,
can behave as an effective photocatalyst able to promote the
α-alkylation of aldehydes.18 However, the nucleophilicity of
enamines19 seems to be relevant to these applications, and as
imidazolidinones are forming less nucleophilic enamines,20

the possibility of employing these organocatalysts without the
presence of an active photocatalyst has not yet been demon-
strated. The α-alkylation of aldehydes promoted by chiral imi-
dazolidinones is not a trivial process and there are difficulties
related to the preparation of an active imidazolidinone catalyst.
The first generation imidazolidinone catalysts21 generally
display poor reactivity under photoredox conditions.
Furthermore, the appropriate set-up for the compatibility of
two different catalytic systems (i.e. photoredox and organocata-
lytic cycles) needs to be finely tuned. Recently, Alemán
reported the development of a general photo-organocatalyst
for the α-alkylation of aldehydes.22 He also reported the design
of an effective bifunctional photoaminocatalyst, capable of per-
forming the photoredox process and forming an active
enamine intermediate simultaneously.

Herein, we report a full account of our studies focused on
the preparation and properties of active iridium bifunctional
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photocatalysts. In addition, a preliminary study on their poten-
tial applications has been carried out, using the α-alkylation of
aldehydes as a benchmark reaction. For the design of new
iridium photoaminocatalysts, we have considered various
issues. As a primary instance, we have incorporated into a
long-lived excited state iridium photocatalyst various chiral
scaffolds able to form reactive enamines. Secondly, we have
selected a facile system for the conjugation of an amino-
organocatalyst and a metal based photocatalyst in the same
supramolecular system in order to guarantee a versatile and
modular approach that can be further tuned. The bifunctional
photoaminocatalysts obtained were tested for the benchmark
reaction of α-alkylation of aldehydes. In addition, photo-
physical data were also collected to support the reaction
mechanism.

Experimental
Materials and methods

All commercial chemicals and dry solvents were purchased
from Sigma Aldrich, Alfa Aesar or TCI Chemicals and used
without additional purification. 1H and 13C NMR spectra were
recorded on a Varian Inova 400 NMR instrument with a 5 mm
probe. All chemical shifts (δ) are referenced using deuterated
solvent signals; chemical shifts are reported in ppm from TMS
and coupling constants ( J) are reported in Hertz. Multiplicity
is reported as: s = singlet, d = doublet, t = triplet, q = quartet,
hept = heptet, and m = multiplet. HPLC-MS analyses were per-
formed using an Agilent Technologies HP1100 instrument
coupled with an Agilent Technologies MSD1100 single-quadru-
pole mass spectrometer using a Phenomenex Gemini C18
3 μm (100 × 3 mm) column; mass spectrometric detection was
performed in a full-scan mode from m/z 50 to 2500, with scan
time 0.1 s in a positive ion mode, ESI spray voltage 4500 V,
nitrogen gas 35 psi, drying gas flow rate 11.5 mL min−1, and
fragmentor voltage 30 V. HRMS was performed using Waters
Xevo G2-XS QT with, ESI+, cone voltage 40 V, Capillary 3 kV,
and source temperature 120 °C. CSP-HPLC analyses were per-
formed with an Agilent Technologies Series 1200 instrument
using chiral columns. The enantiomeric compositions were
checked against the corresponding racemic products. Flash
chromatography purifications were carried out using VWR or
Merck silica gel (40–63 μm particle size). Thin-layer chromato-
graphy was performed with Merck 60 F254 plates.

tert-Butyl-(2S,3R)-3-(hex-5-yn-1-yloxy)-2-tritylpyrrolidine-
1-carboxylate (N-Boc-2c)

NaH (3 mmol, 0.12 g, 60% in mineral oil) was added to a solu-
tion of tert-butyl (2S,3R)-3-hydroxy-2-tritylpyrrolidine-1-carboxy-
late (1 mmol, 0.43 g)23 in DMF (5 mL) at 0 °C and the reaction
mixture was stirred at 0 °C for 1 h. 6-Iodo-hex-1-yne (3 mmol,
0.4 mL) was added dropwise at 0 °C and the reaction mixture
was stirred at room temperature for 18 h. The reaction mixture
was quenched with aqueous NH4Cl, and diluted with ethyl
acetate and the organic phase was washed with aqueous 5%

LiCl. The organic phase was dried (Na2SO4), and concentrated
under vacuum and the crude mixture was purified by flash-
chromatography on silica (cyclohexane/ethyl acetate 9/1),
affording N-Boc-2c as a gummy solid (0.155 g, 0.3 mmol, 30%).
1H NMR (400 MHz, CDCl3) δ 7.51–7.39 (m, 6 H), 7.29–7.08 (m,
9 H), 5.81 (s, 1 H), 3.91 (d, J = 5.2 Hz, 1 H), 3.41 (m, 2 H), 3.22
(m, 1 H), 2.89 (td, J = 10.6, 2.6 Hz, 1 H), 2.27 (dt, J = 6.7, 3.2
Hz, 2 H), 1.96 (t, J = 2.6 Hz, 1 H), 1.75–1.66 (m, 4 H), 1.43 (ddd,
J = 14.0, 10.2, 2.9 Hz 1 H), 1.34 (s, 9 H), −0.12–0.30 (m, 1 H).
13C NMR (100 MHz, CDCl3) δ 157.2, 144.8, 130.7, 127.3, 125.9,
84.3, 83.7, 71.2, 68.4, 67.2, 65.8, 60.9, 49.5, 28.9, 28.2, 26.7,
25.5, 18.2. [α]25D = −80.1 (c = 0.24, CHCl3). HPLC-MS (ESI): 532
[M + Na+] 454 [M − tBu + 2H+] 1042 [2M + H+ + Na+]; calcd for
(C34H39NO3: 509.69): C, 80.12; H, 7.71; N, 2.75; found: C,
79.75, H, 7.69; N, 2.74.

(2S,3R)-3-(hex-5-yn-1-yloxy)-2-tritylpyrrolidine (2c)

Trifluoroacetic acid (20 mmol, 1.53 mL,) was added to a solu-
tion of N-Boc-2c (1 mmol, 0.51 g) in DCM (2 mL) and the reac-
tion mixture was stirred at room temperature for 18 h. The
organic solvents were removed under vacuum, and the solid
residue was diluted with ethyl acetate and treated with
aqueous NaHCO3. The aqueous phase was extracted with ethyl
acetate (3 × 5 mL), and the combined organic phases were
dried (Na2SO4) and evaporated under vacuum to give pure 2c
as a gummy solid (0.37 g, 0.9 mmol, 90%). 1H NMR (400 MHz,
CDCl3) δ 7.40 (d, J = 7.6 Hz, 6 H), 7.29–7.12 (m, 9 H), 4.84 (s, 1
H), 3.63 (d, J = 5.0 Hz, 1 H), 3.45 (dtd, J = 8.8, 6.4, 5.6, 3.2 Hz, 1
H), 3.15 (dt, J = 8.1, 5.5 Hz, 1 H), 2.93 (ddd, J = 11.8, 9.0, 5.4
Hz, 1 H), 2.75 (t, J = 8.2 Hz, 1 H), 2.27 (hept, J = 2.6 Hz, 2 H),
1.98 (t, J = 2.6 Hz, 1 H), 1.81–1.64 (m, 5 H), 1.53 (dd, J = 13.1,
5.4 Hz, 1 H), 0.29 (tdd, J = 12.6, 7.5, 5.1 Hz, 1 H). 13C NMR
(100 MHz, CDCl3) δ 130.2, 127.5, 125.9, 84.3, 83.2, 77.3, 77.0,
76.7, 70.9, 68.5, 68.1, 60.9, 44.8, 30.2, 29.2, 25.6, 18.3, 1.0. [α]25D
= −97.16 (c = 0.33, CHCl3). HPLC-MS (ESI): 410 [M + H+]; calcd
for (C29H31NO: 409.57): C, 85.04; H, 7.63; N, 3.42; found: C,
85.30, H, 7.66; N, 3.43.

Synthesis of catalysts 3a–c, general procedure

Tetrakis(acetonitrile)copper(I) hexafluorophosphate (0.023 mmol,
8.9 mg, 0.25 equiv.) was added to a mixture of [Ir(N3-
CH2bpy)(ppy)2]PF6 (ref. 24) (1, 83.1 mg, 0.095 mmol) and the
desired organocatalyst (2a–c, 0.095 mmol) in dichloromethane
(0.5 mL) and the reaction mixture was stirred at room tempera-
ture for 48 h. The crude mixture was poured on top of a silica
gel flash-chromatography column and directly purified by
eluting first with dichloromethane and then with dichloro-
methane/methanol 9 : 1.

3a. Yellow solid, Y = 75%. 1H NMR (400 MHz, CD3CN, two
stereoisomers) δ 8.31 (d, J = 4.1 Hz, 1 H), 8.23 (dd, J = 9.2, 1.5
Hz, 1 H), 8.04 (dd, J = 8.3, 5.5 Hz, 2 H), 7.93 (d, J = 5.7 Hz, 1
H), 7.87–7.72 (m, 6 H), 7.65 (d, J = 1.7 Hz, 1 H), 7.62–7.51 (m, 2
H), 7.33 (d, J = 5.8 Hz, 1 H), 7.23–7.10 (m, 4 H), 7.09–6.95 (m, 5
H), 6.90 (tdd, J = 7.4, 2.4, 1.3 Hz, 2 H), 6.27 (td, J = 7.2, 1.3 Hz,
2 H), 5.72 (s, 2 H), 4.52 (dd, J = 15.8, 2.0 Hz, 1 H), 4.36 (dd, J =
15.8, 3.0 Hz, 1 H), 3.74 (ddd, J = 8.0, 4.3, 1.4 Hz, 1 H), 3.04
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(ddd, J = 14.2, 4.2, 2.8 Hz, 1 H), 2.78 (ddd, J = 14.0, 7.9, 3.5 Hz,
1 H), 2.53 (s, 3 H), 1.193 and 1.186 (s, 3H), 1.15 and 1.14 (s,
3H). 13C NMR (100 MHz, CD3CN, two stereoisomers) δ 175.10
and 175.08, 168.9, 168.8, 157.91 and 157.89, 156.32 and
156.31, 153.6, 152.35 and 152.33, 151.8, 151.7, 151.4, 150.52
and 150.51, 150.54, 150.0, 147.1, 145.5, 145.4, 139.97 and
139.95, 139.8, 139.7, 133.01 and 132.91, 131.81 and 131.79,
131.00 and 130.98, 130.0, 129.62, 129.59, 127.93, 127.88,
127.80, 127.77, 126.99 and 126.97, 126.97 and 126.95, 126.33
and 126.31, 125.4, 125.0, 124.90 and 124.89, 124.14 and
124.13, 123.96 and 123.94, 121.3, 77.5, 60.23 and 60.20, 53.2,
38.92 and 38.86, 36.57 and 36.56, 29.01 and 28.99, 27.16,
21.92. HPLC-MS (ESI): 968 [M − PF6]

+, 484 [2M − PF6 + H]+.
HRMS (ESI/Flow Injection): calcd for C49H45IrN9O 968.3376;
found 968.3379.

3b. Yellow solid, Y = 97%. 1H NMR (400 MHz, CD3CN, two
stereoisomers) δ 8.42 (s, 1 H), 8.35 (s, 1 H), 8.04 (dd, J = 8.1, 3.1
Hz, 2 H), 7.98 (s, 1 H), 7.92 (d, J = 5.7 Hz, 1 H), 7.88–7.73 (m, 5
H), 7.60 (t, J = 6.8 Hz, 1 H), 7.32 (d, J = 5.6 Hz, 1 H), 7.20 (d, J =
5.7 Hz, 1 H), 7.16 (d, J = 8.4 Hz, 2 H), 7.07–6.97 (m, 4 H),
6.94–6.84 (m, 4 H), 6.27 (dd, J = 6.8, 5.3 Hz, 2 H), 5.74 (s, 2 H),
5.13 (s, 2 H), 3.63 (s, 1 H), 3.02 (dd, J = 14.2, 3.8 Hz, 1 H),
2.72–2.61 (m, 4 H), 2.52 (s, 3 H), 1.95 (dt, J = 5.0, 2.5 Hz, 1 H),
1.20 (s, 6 H). 13C NMR (100 MHz, CD3CN, two stereoisomers) δ
174.3, 168.42 and 168.35, 157.9, 157.5, 155.9, 153.1, 151.9,
151.31 and 151.25, 150.9, 150.13 and 150.09, 149.1, 145.2,
145.06 and 144.98, 139.53 and 139.50, 132.55 and 132.46,
132.2, 131.4, 131.35 and 131.33, 130.3, 127.8, 126.6, 125.87
and 125.85, 125.76, 124.49 and 124.45, 124.3, 123.51 and
123.48, 120.85 and 120.83, 115.6, 76.5, 62.4, 60.4, 52.8, 37.8,
27.6, 25.5, 25.3, 21.5. HPLC-MS (ESI): 998 [M − PF6]

+, 499 [2M
− PF6 + H]+. HRMS (ESI/Flow Injection): calcd for
C50H47IrN9O2 998.3482; found 998.3476.

3c. Yellow solid, Y = 90%. 1H NMR (400 MHz, CDCl3, two
stereoisomers) δ 8.59–8.36 (m, 2 H), 7.91–7.79 (m, 4 H),
7.82–7.70 (m, 4 H), 7.70–7.60 (m, 2 H), 7.54–7.47 (m, 2 H),
7.47–7.31 (m, 6 H), 7.24–7.18 (m, 6 H), 7.18–7.12 (m, 4 H),
7.06–6.96 (m, 4 H), 6.94–6.22 (m, 2 H), 6.30–6.22 (m, 2 H), 5.76
(s, 1 H) and 4.97–4.84 (m, 1H), 4.77 (s, 1 H), 3.70–3.60 (m, 1
H), 3.46–3.73 (m, 1 H), 3.21–3.10 (m, 1 H), 3.01–2.83 (s, 1 H),
2.84–5.69 (m, 1 H), 2.58 and 2.54 (s, 3 H), 2.30–2.24 (s, 1 H),
2.00–1.96 (s, 1 H), 1.77–1.63 (m, 4 H), 1.59–1.50 (m, 1 H),
0.20–0.35 (m, 1 H). 13C NMR (100 MHz, CD3CN, two stereoi-
somers) δ 168.47 and 168.41, 157.4, 156.0, 153.1, 151.9, 151.29
and 151.22, 150.9, 150.1, 149.6, 145.05 and 144.99, 139.54 and
139.49, 139.51, 132.56 and 132.47, 131.4, 130.3, 128.6, 128.3,
127.7, 126.6, 125.9, 124.46 and 124.43, 123.5, 120.9, 52.7, 32.7,
30.4, 30.2, 30.0, 27.0, 26.0, 23.4, 22.3, 21.5, 19.3. HPLC-MS
(ESI): 1135 [M − PF6]

+, 568 [2M − PF6 + H]+. HRMS (ESI/Flow
Injection): calcd for C63H58IrN8O 1135.4363; found 1135.4359.

Photocatalytic alkylation of aldehydes, general procedure

In a Schlenk tube with a rotaflo stopcock under an argon atmo-
sphere at r.t., catalysts 3a–c (0.005 mmol, 0.01 equiv.), a solu-
tion of trifluoromethanesulfonic acid (0.1 M in DMF,
0.005 mmol, 50 μL, 0.01 equiv.) and DMF (0.45 mL) were

sequentially added. After 15 minutes, bromo derivatives 5a–b
(0.05 mmol), 4 (20 μL, 0.15 mmol, 3 equiv.) and 2,6-lutidine
(12 μL, 0.1 mmol, 2 equiv.,) were then added. The reaction
mixture was carefully degassed via freeze-pump thaw (three
times), and the vessel was refilled with argon. The mixture in
the Schlenk tube was stirred and irradiated with blue LEDs.
After 24 h of irradiation, aq. HCl 1 M (2 mL) was added and
the mixture was extracted with AcOEt (4 × 5 mL). The organic
phase was dried (Na2SO4), and concentrated under vacuum
and the crude mixture was purified by flash-chromatography
on silica.

6a. The title compound was isolated by flash column chrom-
atography (SiO2, cyclohexane/EtOAc 95/5) as colorless oil. Y =
84%, ee = 60%. ee before column purification was 70%. ee was
determined by chiral HPLC analysis using a Daicel
Chiralpak®IC column: hexane/i-PrOH 90/10, flow rate 1.00 mL
min−1, 30 °C, λ = 210 nm: tmajor = 18.9 min, tminor = 14.7 min;
1H NMR and 13C NMR were consistent with those reported in
the literature.11

6b. The title compound was isolated by flash column chrom-
atography (SiO2, cyclohexane/EtOAc 97/3) as colorless oil. Y =
77%, ee = 77%. ee before column purification was 80%. ee was
determined by chiral HPLC analysis using a Daicel
Chiralpak®IC column, hexane/i-PrOH 90/10, flow rate 1.00 mL
min−1, 30 °C, λ = 210 nm: tmajor = 17.8 min, tminor = 14.9 min;
1H NMR and 13C NMR were consistent with those reported in
the literature.16b

Results and discussion

Due to the requirement of mild reaction conditions, copper-
mediated azide–alkyne cycloadditions (CuAACs) have been
largely used to couple different groups onto ruthenium(II) poly-
pyridyl-type sensitizers.25 Inspired by a recent work on the
preparation of artificial photosynthetic dendrimers,24 we
decided to bind the azido-substituted iridium photo-sensitizer
(1) to some suitably functionalized representative organo-
catalysts (2), exploiting a click-chemistry approach. The general
retrosynthetic strategy used for the preparation of iridium
bifunctional photoaminocatalyst 3 through CuAAC is outlined
in Scheme 1.

Three different alkyne-functionalized organocatalysts 2a–c
were chosen as reaction partners (Fig. 1). 2a and 2b were
derived from MacMillan imidazolidin-4-ones, while 2c from
Maruoka 2-triphenylmethyl pyrrolidine. The CuAAC of
L-phenylalanine-derived imidazolidin-4-one 2a was recently
performed for the preparation of a recyclable magnetic nano-
catalyst, employed in asymmetric 1,3-dipolar cycloadditions.26

Similarly, L-tyrosine-derived imidazolidin-4-one 2b was used to
synthesize a recyclable pentaerythritol supported catalyst,
exploited in enantioselective Diels–Alder reactions27a and in
the immobilization of the catalyst on siliceous mesocellular
foam.27b The propargylated derivative of (2S,3R)-3-hydroxy-2-
triphenylmethyl-pyrrolidine was recently used by us in a
CuAAC to prepare a recyclable [60]fullerene-hybrid catalyst,
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employed in the enantioselective Michael addition of malo-
nates to α,β-unsaturated aldehydes.23 In a similar manner
organocatalyst 2c was easily prepared starting from commer-
cial 6-iodo-hex-1-yne and the same pyrrolidine. The click-
chemistry reaction of 1 with 2a–c proceeded smoothly using
25 mol% of the tetrakis(acetonitrile)copper(I) hexafluoro-
phosphate catalyst in DCM at room temperature for 48 h,
allowing us to obtain the desired iridium bifunctional photoa-
minocatalysts 3a–c (Fig. 2) from good to very high isolated
yields, after purification by flash-chromatography (3a: Y =
75%, 3b: Y = 97%, and 3c: Y = 90%).

A photophysical analysis of the photocatalysts was carried
out (Table 1). The absorption and emission spectra of 3a–c are
dominated by the Ir(III) complex moiety. The three photocata-
lysts show very similar photophysical properties in both aceto-
nitrile (Fig. 3) and DMF solutions. The phosphorescence life-
time, measured in air-equilibrated DMF solution at room
temperature, is ca. 110 ns for all of them (Table 1), similar to
the value of 124 ns registered for the model [Ir(ppy)2(dtbbpy)]
PF6 under the same experimental conditions.

From the photophysical analysis (Table 1) it is evident that
the functionalization of the photocatalyst with organocatalysts
does not affect the photophysical properties of the metal
complex, which are comparable with those of [Ir
(ppy)2(dtbbpy)]PF6.

We tested the three supramolecular photocatalysts, under
the standard reaction conditions developed by MacMillan for
the enantioselective α-alkylation of aldehydes (Table 2).11

Scheme 1 Synthetic strategy for the preparation of iridium bifunctional
photoaminocatalyst 3.

Fig. 1 Structures of organocatalysts 2a–e.

Fig. 2 Structures of iridium bifunctional photoaminocatalysts 3a–c.

Table 1 Photophysical properties of iridium complexes 3a–c in air-
equilibrated acetonitrile solution, at 298 K, unless otherwise noted

Absorption Emission

λ/nm ε/10−4 M−1 cm−1 λ/nm τa (ns)

3a 255 3.38 600 108
311 1.41
387 0.43

3b 255 3.88 604 110
311 1.56
387 0.45

3c 255 3.89 606 114
311 1.59
387 0.46c

Irb 257 2.53d 581d 124
299 1.16d

381 0.26d

a Value estimated in air-equilibrated DMF solution, 298 K. b Ir = [Ir
(ppy)2(dtbbpy)]PF6.

c Value from ref. 28. d Value from ref. 29.
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Hydrocinnamaldehyde (4) and bromo derivatives 5a,b were
chosen as model substrates. The reaction was performed
under blue LED irradiation using DMF as solvent in the pres-
ence of 2,6-lutidine, 10 mol% of the catalyst and 10 mol% of
trifluoromethanesulfonic acid (TfOH) to promote the enamine
formation. 3b was the most effective catalyst, giving the alkyl-
ation products in good yields and with satisfying enantiomeric
excesses (Table 2, entries 2 and 8). Imidazolidinone catalyst 3a
(Table 2, entries 1 and 7), carrying the iridium complex moiety

on the amide nitrogen, gave poor results in terms of yield and
enantioselectivity. Similar results were obtained with the pyrro-
lidine based catalyst, 3c (Table 2, entries 4 and 9).

The supramolecular approach, which combines the photo-
sensitizer and the organocatalyst in the same system, resulted
in a significant improvement in the catalytic performance.
This is clearly evident by comparison with the separated com-
ponents, namely imidazolidinone organocatalyst 2b and the
[Ir(ppy)2(dtbbpy)]PF6 photosensitizer (Table 2, entries 5 and
10). The reaction leads to the formation of product 6a with
57% yield and 59% ee, while poor results were obtained upon
using 5b as a bromo derivative. The lower performances
achieved compared to those observed with the supramolecular
photocatalyst 3b (84% yield, 70% ee for 6a), demonstrate how
the spatial proximity of the two functions improves the synergy
of the entire process, in terms of both yield and
enantioselectivity.

To exclude that the enamine, transiently formed during the
catalytic cycle, was able to promote the α-alkylation of alde-
hydes behaving as an effective photocatalyst,30 a test using
chiral imidazolidinone 2b in the absence of an iridium
complex was performed (Table 2, entry 6). Only traces of
product 6a were observed after 24 h of irradiation with blue
LEDs, excluding these reaction pathways.

The scarce results in terms of yield and enantioselectivity
obtained with catalyst 3a could be attributed to the presence of
the bulky N-2 substituent that inhibits the enamine formation
and competes with the benzyl group for the stereocontrol of
the process.31

Photoaminocatalyst 3c was found unreactive in the photo-
redox process. This can be attributed to the presence of bulky
trityl groups. Trityl pyrrolidine was introduced by Maruoka as
an effective organocatalyst.32 The use of trityl pyrrolidine has
been reported in enamine33 and iminium23,34 catalysis. One of
us has recently reported the practical and straightforward syn-
thesis of protected anti 2-alkoxy-3-trityl-pyrrolidines from com-
mercially available (R)-3-hydroxypyrrolidinehydrochloride.23

Although the bulky trityl group can block the approach of the
electrophile to enamine, such as the Ar2COSiMe3 group of the
classical and commercially available Hayashi-Jørgensen cata-
lyst,35 Mayr pointed out the subtle stereoelectronic effect
caused by the trityl substituents.36 He reported that the nega-
tive hyperconjugative interaction of the trityl group with the
lone pair of the enamine nitrogen causes a reduction of the
nucleophilicity of the enamine. As a consequence of the elec-
tronic effect, the trityl group in the 2-position of the pyrroli-
dine increases the electrophilic reactivity of the iminium ions
derived from unsaturated aldehydes.

An alternative explanation for the lack of reactivity of 3c is
the different Brønsted basicity. Recently, Mayr has reported
Brønsted basicities pKaH (i.e., pKa of the conjugate acids) of
pyrrolidines and imidazolidinones, as well as their nucleophi-
licities, determined by the kinetic investigation of the reac-
tions with benzhydrylium ions (Ar2CH

+) and structurally
related quinones. Among all the pyrrolidines studied, pyrroli-
dines bearing in the α-position a trityl group were found the

Fig. 3 Absorption and emission spectra of photocatalysts 3a (black
solid line and dashed solid line), 3b (red solid line and dashed line) and
3c (green solid line and dashed line) in air-equilibrated acetonitrile solu-
tion at room temperature. λexc = 400 nm.

Table 2 Photocatalytic enantioselective α-alkylation of hydrocinnamal-
dehyde (4) catalysed by 3a–c and 2b

Entrya Catalyst Product % conv.b (% yield)c eed

1 3a 6a 26 30
2 3b 6a >99 (84) 70
3 3be 6a 28 70
4 3c 6a 22 n.d.
5 f 2b 6a 64 (57) 59
6g 2b 6a < 5 n.d.
7 3a 6b 26 57
8 3b 6b >99 (77) 80
9 3c 6b 0 —
10 f 2b 6b 9 n.d.

a Reactions were performed with 0.05 mmol of 5 in DMF (0.5 mL).
bDetermined by 1H NMR analysis of the reaction crude using the
internal standard method. cDetermined after chromatographic purifi-
cation. dDetermined by HPLC analysis of the chiral stationary phase of
the reaction crude. e The reaction was performed with 5 mol% of 3b
and TfOH. f 2 mol% of [Ir(ppy)2(dtbbpy)]PF6 was used as the photo-
redox catalyst in the reaction. g Reaction performed in the absence of
[Ir(ppy)2(dtbbpy)]PF6. n.d. = not determined.
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less nucleophilic ones.37 However, all the mentioned studies
were related to the interaction of polar groups (electrophiles)
with the enamine.

It is well known that the photoredox stereoselective alkyl-
ation of aldehydes is a radical process.38 As the malonyl
radical is involved in our process, we have carried out some
investigations of the reactivity of enamines with the malonyl
radical, in order to shed some light on the factors that could
determine the catalysts’ activity. We conducted a series of pre-
liminary DFT calculations, using the unrestricted Becke-Half-
and-Half-LYP functional39 (uBHandHLYP/6-31g(d)//
uBHandHLYP/cc-pvtz in DMF).

In particular, we modelled the addition pathways of the
dimethyl-malonate radical (7) to the enamines (8b,c) derived
from propanal with simplified catalysts, in which the photo-
active side-chain of 3b and 3c has been replaced with an
hydrogen atom and with a benzyl group, respectively (Fig. 4).
The first simplified catalyst is the 1st generation MacMillan
catalyst (2d),40 while the second one has already been tested as
an efficient organocatalyst in the enantioselective Michael
addition of malonates to α,β-unsaturated aldehydes.23

The energy profiles relative to the addition of the malonate
radical to enamines 8b and 8c (Fig. 5) are very similar, both in
the gas-phase and upon using DMF as the solvent, clearly
excluding a contribution of the radical addition step for deter-
mining the lack of reactivity of the trityl-derived catalysts.

The lack of reactivity showed by the hybrid catalyst 3c could
be more related to the stereo-electronic properties of the sub-
stituted pyrrolidine. In a recent article, Wennemers and co-
workers highlighted the importance of the pyramidalization
direction of the enamine nitrogen in the reactivity of chiral
enamine derived from cyclic amines.41 Cyclic amines with
different ring sizes revealed that the endo-pyramidalized enam-
ines are significantly more reactive compared to exo-pyramida-

lized analogs. The latter reacts slowly due to the steric hin-
drance between the incoming electrophile and the substituent
present in the α-position. If the enamine derived from 3c is
maintaining the endo-pyramidalization, the presence of the
substituent in the β-position can diminish the efficiency of the
radical attack. Finally, given the long alkyl linker between the
photoredox centre and the organocatalyst in 3c, it is possible
that the benefits from spatial proximity in this bifunctional
catalyst are very limited, which might lead to its low reactivity.

The major finding of our investigation relies on the remark-
able reactivity observed with the supramolecular photo-organo-
catalyst formed with the first generation MacMillan imidazoli-
dinone catalyst. It is important to mention that the effective
catalyst used in the alkylation of aldehydes is catalyst 2e
depicted in Fig. 1.11 The same catalyst was used in different
processes mediated by different photocatalysts.12,15,16 It is also
worth adding that, although these processes appear very
similar, the photoredox mechanism involved is very different.
When [Ru(bpy)3]

2+ was employed by MacMillan as a photo-
catalyst11 the process is occurring via a reductive quenching
forming [Ru(bpy)3]

+, able to reduce the bromomalonate and
form the malonyl radical. In other processes12,15 an oxidative
quenching of the photocatalyst by using the bromomalonate is
operative. However, in the mentioned examples the effective
organocatalyst, capable of forming the chiral enamine respon-
sible for the stereoselective transformation, is 2e. Other imida-
zolidinone catalysts, and in particular the first generation imi-
dazolidinones were proved to be less reactive and selective
under the same reaction conditions. Unfortunately, catalyst 2e
is not quite stable and its cis form gives worse results than the
trans form.42 Remarkably, the first generation catalyst (2d) was
found effective in the enantioselective α-benzylation of alde-
hydes,43 based on the mechanistic principle of the spin-center
shift recently reported by MacMillan, using alcohols as alkylat-
ing agents.44 In this work, catalyst 2e was found ineffective. In
some photoredox reactions, it was reported that the aminal
group in the C2 position on the imidazolidinone framework

Fig. 4 Structures of the reagents and products analyzed with DFT
calculations.

Fig. 5 Free energy profile (kcal mol−1) for the addition of a dimethyl-
malonate radical (7) to enamine 8b (left) and 8c (right) in the gas-phase
at the uBHandHLYP/6-31G(d) level of theory. Energies in parentheses
are relative to single point calculations at the uBHandHLYP/cc-pvtz level
of theory in DMF. Optimized structures and computational details are
reported in the ESI.†
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was susceptible to H-atom abstraction, leading to a decreased
efficiency of the catalyst due to these decomposition path-
ways.45 The first generation imidazolidinone catalyst appears
more robust and less prone to such decompositions.

In order to get further insight into the reaction mechanism,
quenching experiments were performed. Upon addition of
each reaction component (at the same concentration under
the optimized reaction conditions) to a DMF solution of
complex 3b, no quenching of the photocatalyst phosphor-
escence was observed (see the ESI† for more details).

Since the photophysical behaviour of complex 3b is not
affected by the reagents, the role of the enamine transiently
formed on the photocatalyst was then examined. Enamine
derived from phenylacetaldehyde and 3b catalyst was chosen
for these studies due to its stability versus hydrolysis. The
enamine can be generated by in situ adding an excess of phe-
nylacetaldehyde to a 3b solution in the presence of triflic acid
or can be separately prepared and isolated. In the first case,
after 24 hours from the addition of phenylacetaldehyde to a 3b
solution in the presence of triflic acid, the emission decay of
the solution showed two lifetime components of 102 and 8.3
ns (Fig. 6). The long component is attributed to the unreacted
3b photocatalyst with a close similarity of the lifetime (110 ns,
Fig. 6). The short component is attributed to the intra-
molecular quenching of the Ir complex ([Ir]+ in Scheme 2) by
the formed enamine with a quenching constant of 1.1 × 108

s−1 and a quenching efficiency as high as 92%.
The enamine was also prepared and isolated, but due to the

presence of both the iridium photocatalytic moiety and the
reactive enamine, the product was not stable enough to be
fully characterized (see the ESI† for details). In any case, the
photophysical analysis performed using the freshly isolated
enamine showed similar results to the ones obtained with
in situ prepared enamine (Fig. S8†).

On the basis of the photophysical evidence, a reaction
mechanism is proposed and illustrated in Scheme 2.

Upon excitation of the Ir complex, a reductive quenching
takes place: the process is thermodynamically allowed, based
on the excited state reduction potential of the Ir(III) photosensi-
tiser of +0.95 V vs. SCE (see the ESI† for more details) and an
estimated potential for enamine oxidation of +0.85 V vs. SCE.46

The process results in the formation of the reduced photosen-

sitiser (II, Scheme 2), a strong reductant able to generate the
alkyl radical from the bromo derivative. This process starts the
photoredox cycle as suggested by MacMillan.11 We have no evi-
dence about the fate of the sacrificial enamine after its oxi-
dation (III, Scheme 2), namely if it could be restored to an
effective catalyst. Concerning the on-cycle α-ammino radical
(IV, Scheme 2), this species could engage an SET with the
bromo derivative to re-generate the alkyl radical, or an inter- or
intramolecular SET with the iridium complex to form the
corresponding iminium ion (V, Scheme 2). In the latter case
the reduced iridium complex formed was capable of generat-
ing the alkyl radical. Probably, as demonstrated by Yoon, the
reaction is a radical chain but we do not have enough evidence
to sustain this hypothesis.38 However, in our reaction
irradiation with visible light is mandatory.

Conclusions

In this study, we designed and characterized a supramolecular
system composed of an Ir(III) photosensitizer and a MacMillan
organocatalyst and we preliminary investigated its reactivity
and selectivity in the benchmark alkylation reaction of ali-
phatic aldehydes. Mechanistic photophysical studies demon-
strated a fast and very efficient (92%) intramolecular reductive
quenching of the iridium photosensitizer by enamine. The

Fig. 6 Emission spectra (a) and emission intensity decays (b) of 3b (1.70
× 10−4 M) and equimolar triflic acid in air-equilibrated DMF solution
(blue line (a); blue dots (b)), right after the addition of phenylacetalde-
hyde 0.045 M (black line (a); black dots (b)) and after one day (green line
(a); and green dots (b)). Optical pathlength 1 cm; λexc = 405 nm.

Scheme 2 Suggested mechanism for the enantioselective alkylation of
aldehydes upon reaction with the linked iridium-MacMillan catalyst, 3b.
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reduced iridium catalyst is able to form, from bromo-deriva-
tives, alkyl electron poor radicals, involved in the reaction with
chiral enamines to perform the enantioselective α-alkylation of
aldehydes. Moreover, the bifunctional organo-photocatalyst 3b
proved to be considerably more efficient and selective as com-
pared to the catalytic system formed by mixing the single sep-
arated components. Differently from previous investigations,
the typical MacMillan trans catalyst used in many transform-
ations is avoided, and a simple and more stable organocatalyst
can be employed. The conjugation of the organocatalyst gives
a system that could be further implemented and could allow
the immobilization of this type of catalyst for flow appli-
cations. Future studies will also be aimed at the replacement
of the phosphorescent iridium photosensitizer with fluo-
rescent organic dyes. Indeed, the supramolecular approach
relieves the constraint of the long-lived excited state by taking
advantage of the close proximity of the photosensitizer and
organocatalyst which results in a fast and efficient intra-
molecular quenching process.
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