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Abstract: A series of chiral complexes of the form Ir(NHC)2(aa)(H)(X) (NHC = N-heterocyclic carbene,
aa = chelated amino acid, X = halide) was synthesized by oxidative addition of α-amino acids to irid-
ium(I) bis-NHC compounds and screened for asymmetric transfer hydrogenation of ketones. Follow-
ing optimization of the reaction conditions, NHC, and amino acid ligands, high enantioselectivity was
achieved when employing the Ir(IMe)2(L-Pro)(H)(I) catalyst (IMe = 1,3-dimethylimidazol-2-ylidene),
which asymmetrically reduces a range of acetophenone derivatives in up to 95% enantiomeric excess.

Keywords: iridium; N-heterocyclic carbene; amino acid; asymmetric transfer hydrogenation

1. Introduction

The production of optically pure alcohols is is an essential transformation in organic
synthesis, with particular relevance in the pharmaceutical, agrochemical, and fine chemical
industries [1]. A common and practical approach to these compounds in academia and
industry is the enantioselective reduction of ketones to chiral alcohols using homogeneous
transition metal catalysts (Scheme 1) [2]. The synthesis of an optically pure alcohol via
addition of H2 across the C=O bond of a prochiral ketone in the presence of a chiral
catalyst is known as asymmetric hydrogenation. This process is referred to as asymmetric
transfer hydrogenation (ATH) when it is carried out using a hydrogen source other than
H2, typically in the presence of a suitable hydrogen donor molecule and base.
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Scheme 1. Transition metal catalyzed enantioselective reduction of ketones to chiral alcohols.

The major breakthrough in asymmetric transfer hydrogenation came in 1995 from
Noyori and coworkers, with the synthesis of a ruthenium(II) arene catalyst featuring
a chiral mono-tosylated DPEN ligand (Figure 1) [3–6]. The catalyst is highly active for
enantioselective reduction of a range of aromatic ketones, generating the chiral alcohol
products in up to 99% enantiomeric excess (ee). Noyori’s system operates through an outer-
sphere transfer hydrogenation mechanism in which the substrate does not bind directly
to the metal center, with hydrogen transfer instead occurring via a highly ordered cyclic
transition state between the catalyst and substrate [7–11]. This concept of a “metal-ligand
bifunctional catalyst” [12–16] is widely used today in a vast number of hydrogenation
systems, and numerous related chiral catalysts and ligands have been investigated for
ATH. Many successful contemporary ATH catalysts often employ noble metals such as
ruthenium, rhodium, and iridium in combination with a variety of chiral ligands, the most
common being derived from diamines, amino alcohols, and diphosphines [17–23].
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Figure 1. (A) Structure of Noyori’s ruthenium arene TsDPEN active catalyst for ATH of ketones.
(B) Noyori’s catalyst operates through a concerted outer-sphere mechanism where the substrate does
not directly bind to the metal center. For aryl ketone substrates, the transition state is stabilized by
CH/π interactions between the catalyst and ketone.

While ATH is well-studied, ligands frequently used in these transformations, such as
TsDPEN or chiral amino alcohols, are often synthetically challenging and not particularly
cost-effective. Since many successful ATH catalysts make use of rather expensive noble
metals, the incorporation of cheaper chiral ligands would be highly desirable. Amino acids
are an intriguing class of ligand candidates due to their vast array of structural diversity and
relatively low cost (∼$1 per gram). A number of studies have demonstrated the promising
potential of transition metal catalysts featuring amino acid ligands for asymmetric transfer
hydrogenation [24–32], including rhodium and iridium Cp* amino acid catalysts previously
developed by the Merola group [33,34].

N-Heterocyclic carbenes (NHCs) have also emerged as ligands of interest for asymmet-
ric transformations due to their their strong σ-donor properties, inertness, and vast structural
tunabilility [35,36], allowing for the design of various unique chiral scaffolds [37–39]. Al-
though noble metal NHC complexes generally display excellent activity for catalytic transfer
hydrogenation, examples of highly enantioselective catalysts of this type remain relatively
scarce [2,40–43]. Iridium NHC complexes have been extensively studied for ATH of ke-
tones; however, the majority of these catalysts employ synthetically challenging chiral NHC
ligands that generate the alcohol products in only low to moderate enantiomeric excess
(Figure 2) [44–52].
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Figure 2. A few examples of previously reported iridium NHC catalysts and their optimal ee’s for
asymmetric transfer hydrogenation of various ketone substrates.

A rare example of a highly enantioselective noble metal NHC catalyst for ATH of
ketones was reported by Yoshida et al. in 2015 [53]. The system incorporated a series of
chiral bicyclic NHC ligands featuring a variety of different substituents. Optimal results



Catalysts 2021, 11, 671 3 of 21

were achieved when employing the catalyst variant shown in Figure 3, which reduces
a variety of acetophenone derivatives in as high as 97% enantiomeric excess. Similar to
many of the chiral ligands that have previously been investigated for asymmetric catalysis,
preparation of the NHC precursors requires a multistep synthetic pathway in combination
with several chromatographic separation techniques.

Ir
N
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Cl

Cy

Cy

Cy

CF3

CF3

Figure 3. Highly enantioselective iridium NHC catalyst for ATH of ketones designed by Yoshida.

Given how frequently transition metal catalysts featuring NHC ligands are reported
in contemporary literature, the lack of noble metal NHC catalysts displaying practical
enantioselectivity for ATH of ketones is rather surprising. Although there are many exam-
ples of highly enantioselective direct asymmetric hydrogenation catalysts of this type [38],
transfer hydrogenation is typically preferred due to operational simplicity, as it eliminates
the need for for a pressured vessel of H2 gas in the experimental setup, and often uses
inexpensive, readily available chemicals as the hydrogen donor instead. In this article, we
report an iridium NHC catalytic system that gives good to excellent enantioselectivity for a
range of aryl ketone substrates. The catalysts designed in this work have all the benefits
typically provided by strongly σ-donating NHC spectator ligands, but incorporate simple,
synthetically accessible NHC scaffolds in combination with with “off-the-shelf” chiral
α-amino acid ligands, rather than costly or synthetically challenging chiral ligands usually
employed in asymmetric transformations (Figure 4). This consequently allows for easy
fine-tuning and optimization of the catalytic system for asymmetric transfer hydrogenation
of ketones.
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Figure 4. Structure and modularity of iridium NHC amino acid complexes reported in this article for
asymmetric transfer hydrogenation of ketones, highlighting features that have potential for specific
tailoring. These complexes incorporate inexpensive, easily accessible ligands, and conveniently
contain a hydride on the metal center prior to initiating the catalysis.

2. Results and Discussion
2.1. Synthesis

Iridium COD bis-NHC complexes (COD = 1,5-cyclooctadiene) were found to undergo
oxidative addition with a range of α-amino acids, generating complexes of the form
Ir(NHC)2(aa)(H)(X), where aa = chelated amino acid and X = halide (Scheme 2). A Schlenk
flask was charged with the desired iridium COD bis-NHC complex, amino acid, and water.
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Upon heating the mixture to 100 °C, both reagents fully dissolved, and the solution was
allowed to react for a period of 12 h, over which time the color changed from bright orange
to light yellow. Following organic workup, the products were isolated as off-white solids
in variable yields (Table 1).

+
H2O, 100 oC

COD
Ir(NHC)2(aa)(H)(X)[Ir(COD)(NHC)2]X α-amino acid

Scheme 2. Synthesis of novel iridium NHC amino acid complexes by oxidative addition of α-amino
acids, where aa = chelated amino acid and X = halide.

Table 1. Scope and synthetic yields of iridium NHC amino acid complexes featured in this work.

NHC Amino Acid Yield (%)

IMe a

glycine 53
L-alanine 78
L-valine 87

L-phenylglycine 66
L-azetidine-2-carboxylic acid 55

L-proline 92
D-proline 72

cis-4-fluoro-L-proline 44
L-pipecolic acid 66

IEt a L-proline 68
IiPr b L-proline 82

a X = I–; b X = Cl–.

2.2. Characterization
2.2.1. X-ray Crystallography

Early in our studies, a yellow single-crystal of Ir(IMe)2(Gly)(H)(I) suitable for X-
ray diffraction was collected from an NMR sample in CDCl3, providing insight into the
chemical connectivity of these complexes. The solved crystal structure of the glycine
complex is shown in Figure 5, and selected bond lengths and angles are provided in Table 2.
The complex crystallized in the triclinic space group P1̄ (#2). The geometry around the
iridium center in pseudo-octahedral, with the largest angle (C4–Ir1–O1) having a deviation
of 11.52° from the ideal 90° due to the bidentate nature of the amino acid ligand. The
Ir1–C1 bond length (NHC trans to the iodide) is 1.986 Å, while the Ir1–C4 bond length
(NHC trans to the chelated nitrogen) is 2.004 Å, giving an average Ir–NHC bond distance
of 1.995 Å. Both Ir–NHC bond lengths in Ir(IMe)2(Gly)(H)(I) fall within the range of similar
complexes that have been published in the literature, with a search of the Cambridge
Structural Database (CSD) giving 75 hits for previously reported octahedral IrIII bis-NHC
complexes, which feature Ir–NHC bond lengths ranging from 1.910–2.116 Å.
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Figure 5. Displacement ellipsoid plot (50% probability) of Ir(IMe)2(Gly)(H)(I) (CSD 2062242).
The complex crystallized in the triclinic space group P1̄. Hydrogen atoms are omitted for clarity.

Table 2. Selected bond lengths and angles from the crystal structure of Ir(IMe)2(Gly)(H)(I).

Atoms Bond Lengths (Å)
Ir1–C1 1.986
Ir1–C4 2.004
Ir1–O1 2.231
Ir1–N5 2.157
Ir1–I1 2.738
Atoms Bond Angles (°)

C1–Ir1–C4 89.39
C1–Ir1–O1 91.49
C1–Ir1–N5 90.53
C4–Ir1–O1 101.52
C4–Ir1–I1 93.28
O1–Ir1–I1 91.60
N5–Ir1–I1 86.85

Though hydride ligands in noble metal complexes are often difficult to detect by
single-crystal X-ray diffraction, a hydride resonance is observed far upfield in the 1H NMR
spectra of Ir(IMe)2(Gly)(H)(I) at−24.33 ppm and it is apparent that based on the octahedral
geometry of the crystal structure, the hydride is located trans to the chelated oxygen
of the amino acid. This aligns the hydride and amine protons in a fashion that should
be well-suited for outer-sphere transfer hydrogenation, although this crystal structure is
not necessarily representative of the structural orientation in solution. The NHC ligands
in Ir(IMe)2(Gly)(H)(I) appear to be rotated in a particular orientation to minimize steric
interactions, with the N1 and N3 substituents of the NHC ligands directed towards the
hydride face of the metal. This likely has ramifications in employing these complexes as
catalysts for ATH, as longer chain or bulkier N-substituents may obstruct the approach or
alignment of an incoming substrate. It should be noted that four unique resonances arising
from the NHC methyl groups are observed in the 1H NMR spectra of these complexes,
indicating restricted rotation about the Ir–NHC bonds.

2.2.2. Stereochemistry

Using the crystal structure of the glycine complex as a template for chemical con-
nectivity, it is apparent that upon oxidative addition of the amino acid, an octahedral
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stereogenic metal center is formed. The simplest amino acid glycine, which is achiral,
produces two metal enantiomers having absolute configurations of C or A at the iridium
center. When homochiral primary amino acids are used, two metal diastereomers of the
form IrCCS or IrACS are generated, where S represents the configuration at the α-carbon
of the amino acid. Amino acids containing secondary amines, such as proline, have an
additional center of chirality at the nitrogen. This leads to the potential formation of four
possible diastereomeric products: IrCCSNS, IrCCSNR, IrACSNS, and IrACSNR (Figure 6).
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Figure 6. Upon oxidative addition, two metal enantiomers are formed when glycine is used (top-left).
Employing a homochiral primary amino acid gives rise to a pair of metal diastereomers (top-right),
while incorporation of a secondary amino acid such as L-proline gives rise to four possible metal
diastereomers (bottom).

2.2.3. 1H NMR Spectroscopy

The hydride resonances in the 1H NMR spectra (DMSO-d6) of these complexes are ob-
served far upfield beyond −23 ppm. As expected, only one hydride resonance is observed
in the spectra of the glycine complex, as the two metal enantiomers are indistinguishable
by 1H NMR spectroscopy. Complexes featuring homochiral primary amino acids (Ala,
Val, and Phg) display two hydride resonances, confirming the formation of two metal
diastereomers (Figure 7). The diastereomeric ratios were determined by integration of these
two resonances in order to distinguish between the major and minor isomers. The 1H NMR
spectra are significantly more complicated upon the incorporation of secondary amino
acids (Aze, Pro, Pip), with numerous hydride resonances observed beyond −24 ppm. This
is attributable to the formation of two additional metal diastereomers arising from the
extra chiral center on the nitrogen as expected, but also from the presence of other struc-
tural isomers. The number and ratios of the hydride resonances in the secondary amino
acid complexes were found to change significantly over time in different NMR solvents,
suggesting various exchange processes are occurring.
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-24.40-24.40-24.30-24.30-24.20-24.20-24.10-24.10-24.00-24.00-23.90-23.90-23.80-23.80-23.70-23.70
ppmppm

Gly

L-Ala

L-Val

L-Phg

Figure 7. 1H NMR spectra (400 MHz, DMSO-d6) showing the hydride resonances for complexes of
the form Ir(IMe)2(aa)(H)(I), where aa = glycine, L-alanine, L-valine, and L-phenylglycine.

2.3. Asymmetric Transfer Hydrogenation of Ketones
2.3.1. Initial Catalytic Studies

Catalytic activity for transfer hydrogenation was initially investigated using the sub-
strate acetophenone. Three catalysts were screened in these preliminary studies, all having
the same NHC ligand (IMe), but different amino acids (Gly, L-Ala, L-Pro). Trials were
carried out in water employing sodium formate as the hydrogen donor, and in isopropyl
alcohol with sodium hydroxide base (Scheme 3). After 24 h, the catalyst was extracted
from the reaction mixture, and catalytic activity was assessed via 1H NMR spectroscopy to
observe any significant conversion of acetophenone to 1-phenylethanol. Reactions carried
out in water displayed only moderate activity, reducing acetophenone in under 60% con-
version after 24 h. Trials in IPA were more promising, particularly the catalyst containing
the secondary amino acid L-proline (Table 3).

O
Ir(NHC)2(aa)(H)(X) cat.

OH

H2O, HCOONa

or IPA, NaOH

Scheme 3. Reduction of acetophenone catalyzed by Ir(NHC)2(aa)(H)(X) complexes.

Table 3. Initial catalytic results for the reduction of acetophenone. All trials were carried out using
2.5 mol% of catalyst at 80 °C over a period of 24 h.

Solvent NHC Amino Acid Conv. (%) d

H2O a IMe c
glycine 44

L-alanine 50
L-proline 59

IPA b IMe c
glycine 76

L-alanine 86
L-proline 98

a 500 equiv. HCOONa; b 2 equiv. NaOH (equiv. relative to catalyst); c X = I–; d Conversion was quantified via
1 H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard.

Since these catalysts were active for transfer hydrogenation in the NMR studies, cat-
alytic trials in IPA were conducted again, this time screening for asymmetric reduction.
A wider scope of catalysts were employed, all having the same NHC ligand (IMe), but a
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variety of primary and secondary amino acids. Conversion and enantiomeric excess were
quantified after 24 h by chiral gas chromatography. As expected, the catalyst containing
the achiral amino acid glycine generated a racemic mixture of the 1-phenylethanol product.
While catalysts featuring L-Ala, L-Val, L-Phg, L-Aze, and L-Pip all displayed poor enan-
tioselectivity, the L-proline variant reduced acetophenone in 68% ee of the R-enantiomer.
Incorporation of D-proline generated the opposite configuration of the the alcohol product
(S) in the same enantiomeric excess (Table 4).

Table 4. Initial catalytic results for the ATH of acetophenone. All trials were carried out using
2.5 mol% of catalyst and 2 equiv. of NaOH in IPA at 80 °C over a period of 24 h.

NHC Amino Acid Conv. (%) b ee (%) b Conf.

IMe a

glycine 75 0 –
L-alanine 81 3 R
L-valine 74 5 R

L-phenylglycine 77 6 R
L-azetidine-2-carboxylic acid 83 17 R

L-proline 98 68 R
D-proline 95 68 S

L-pipecolic acid 82 4 S
a X = I–; b Conversion and enantiomeric excess were quantified via chiral GC-FID using 1,3,5-trimethoxybenzene
as an internal standard.

In order to gain insight into the active catalytic species, room temperature 1H NMR
spectra (IPA, DMSO-d6 insert) of Ir(IMe)2(L-Pro)(H)(I) were acquired before and after the
addition of base (Figure 8). As mentioned previously, a variety of hydride resonances
were observed in the spectrum of just the initial complex. Upon adding 2 equivalents of
NaOH, there was a notable change in the hydride region. One major resonance emerged at
−24.60 ppm, accompanied by three minor resonances at −26.84, −27.07 and −27.33 ppm.
This may indicate the presence of four potentially active catalytic species as suggested
earlier, presumably generated by dissociation of the iodide anion. The downfield portion
of the spectrum still featured numerous overlapping resonances, and the precise structures
of these species could not be elucidated from this experiment.

-29.5-28.5-27.5-26.5-25.5-24.5-23.5-22.5
ppm

Complex + NaOH

Complex

Figure 8. 1H NMR spectra (400 MHz, IPA, DMSO-d6 insert) showing the hydride resonances of
Ir(IMe)2(L-Pro)(H)(I) before (top) and after (bottom) the addition of NaOH.

2.3.2. Optimization: Temperature

Catalytic trials were carried out at temperatures of 25, 40, 60, and 80 °C using 2.5 mol%
of Ir(IMe)2(L-Pro)(H)(I) and 2 equivalents of NaOH in isopropyl alcohol. All reactions
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were monitored by chiral GC at specific time increments over a period of 48 h in order
to quantify conversion (Figure 9) and enantiomeric excess (Figure 10) over the course of
the catalysis. No significant induction period was observed for any of the trials, with the
catalysis beginning immediately upon addition of base. This was attributed to the presence
of a hydride on the complex prior to catalysis initiation. As expected, catalytic activity is
higher at elevated temperatures, giving initial turnover frequencies as high as 1029 h−1

at 80 °C, compared to 57 h−1 at 25 °C. Conversion began to level off over time in all trials,
implying the active catalyst could be degrading.

Figure 9. Conversion of acetophenone over time at various temperatures. All conversions appeared
to level off after a period of 8 h.

Figure 10. Enantiomeric excess of 1-phenylethanol over time at various temperatures.
Enantioselectivity degraded over time at temperatures above 25 °C.

Optimal enantioselectivity was achieved when carrying out the catalysis at 25 °C, with
generation of R-1-phenylethanol in 92% ee, a notable increase from the 68% ee observed
in the initial ATH studies. Enantiomeric excess of the product gradually decreased over
the course of the reaction at higher temperatures, most notably at 80 °C, where the ee fell
from 89% to 66% after 48 h. The phenomenon is often attributed to a higher energy metal
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diastereomeric transition state becoming relatively more favorable at elevated temperatures,
though it is possible higher temperatures facilitate product racemization by an achiral
metal species generated via catalyst degradation.

2.3.3. Optimization: Base

A range of different bases was screened using 2.5 mol% of the Ir(IMe)2(L-Pro)(H)(I)
catalyst in IPA at 25 °C over a period of 24 h. Practically no substrate conversion was
observed when employing the weak bases Na2CO3, NaHCO3, or HCOONa. This is likely
attributable to slower regeneration of the active catalyst, as weaker bases are typically less
efficient in promoting the oxidation of IPA to acetone by the metal center via β-hydride
elimination. Using KOH in lieu of NaOH gave no notable enhancement in activity. Trials
were then carried out using different amounts of NaOH to probe any effects on conversion
or enantioselectivity (Figure 11). No notable substrate conversion occurred in the absence
of base, while 1 equivalent of NaOH gave just over 60% conversion. Conversion steadily
declined when employing any amount over 2 equivalents of NaOH, indicating excess
hydroxide may poison the catalyst. Varying the amount of base did not significantly affect
enantioselectivity.

Figure 11. Effect of varying the amount of NaOH on the conversion of acetophenone. Little to no
conversion of acetophenone was observed when employing weaker bases.

2.3.4. Optimization: Catalyst Loading

Trials were carried out at different catalyst loadings of Ir(IMe)2(L-Pro)(H)(I) with 2
equivalents of NaOH in IPA at 25 °C over a period of 24 h (Figure 12). As expected, no
conversion was observed when the catalyst was omitted from the reaction. Conversion
was found to steadily increase with catalyst loading in the other trials, although there
was not a notable enhancement in activity when going from 2.5 to 5 mol% of catalyst.
Enantioselectivity remained consistent regardless of the catalyst loading, with all five trials
generating R-1-phenylethanol in 92% ee.
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Figure 12. Effect of varying the catalyst loading on the conversion of acetophenone.

2.3.5. Optimized Results: Catalyst Scope

Following optimization, all iridium NHC amino acid complexes synthesized in this
work were screened for ATH of acetophenone using 2.5 mol% of catalyst and 2 equivalents
of NaOH in IPA at 25 °C (Table 5). Although the majority of catalysts gave lower conversions
at 25 °C than seen in the initial trials at 80 °C, enantioselectivity was improved in all cases.
Catalysts featuring the amino acids Aze, Pro, and Pip generated 1-phenylethanol in higher
enantiomeric excess than those containing primary amino acids, indicating secondary
amino acids are essential to achieve reasonable enantioselectivity in this system. While the
L-Aze catalyst gave a notable increase in ee at room temperature, the proline-based catalysts
are clearly superior to all other in terms of activity and enantioselectivity. Incorporation of
IEt or IiPr NHC ligands in lieu of IMe achieved nearly complete conversion of acetophenone,
but at the expense of enantioselectivity. Enantiomeric excess notably decreased as the steric
bulk of the NHC N-substituents increased. The high conversions indicate the face of the
metal is not completely blocked, but as suggested earlier when evaluating the X-ray crystal
structure of the glycine complex, larger N-substituents appear to obstruct the alignment of
the incoming substrate, eroding enantioselectivity.

Table 5. Catalyst scope for ATH of acetophenone using the optimized catalytic conditions. Error
values are representative of the absolute mean residual from three independent trials.

NHC Amino Acid Conv. (%) ee (%) Conf.

IMe a

glycine 46 ± 2 0 –
L-alanine 52 ± 1 9 ± 1 R
L-valine 45 ± 3 6 ± 1 R

L-phenylglycine 49 ± 2 8 ± 1 R
L-azetidine-2-carboxylic acid 56 ± 1 67 ± 2 R

L-proline 91 ± 1 92 ± 1 R
D-proline 92 ± 2 92 ± 1 S

cis-4-fluoro-L-proline 44 ± 2 89 ± 2 R
L-pipecolic acid 55 ± 3 17 ± 1 S

IEt a L-proline 98 ± 1 55 ± 2 R

IiPr b L-proline 98 ± 1 19 ± 1 R
a X = I–; b X = Cl–.

The majority of these catalysts generated the R-enantiomer of 1-phenylethanol in
excess. Changing the configuration of a particular amino acid led to an excess of the
opposite enantiomer, as demonstrated from the trials employing L- and D-proline. Of all
the catalysts screened that incorporated L-amino acids, only the L-Pip variant gave an
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excess of the S-enantiomer. This phenomenon was also observed for noble metal amino acid
ATH catalysts of the form (Cp*R)Ir(aa)Cl previously reported by the Merola group, with
those studies finding that the configurations of the alcohol products directly correlated to
the crystallographically observed configurations of the chelated amino acid nitrogens [34].
The crystal structure of (Cp*)Ir(L-Pip)Cl had the opposite configuration at the nitrogen
(R) than those containing other secondary L-amino acids (S); thus, the opposite product
enantiomer was generated when using the L-Pip catalyst. This could justify why the same
trend was observed for the iridium NHC amino acid catalysts as well. Unfortunately,
suitable single-crystals of the NHC complexes featuring chiral amino acids could not be
grown to confirm the absolute configurations, which may be related to the presence of
numerous other isomers, as seen in solution.

2.3.6. Optimized Results: Substrate Scope

The Ir(IMe)2(L-Pro)(H)(I) catalyst was employed in an expanded substrate scope
featuring a variety of acetophenone derivatives. All trials were carried out under the
optimized catalytic conditions using 2.5 mol% of catalyst and 2 equivalents of NaOH in IPA
at 25 °C. Conversion and enantiomeric excess were quantified by chiral GC, and the results
are summarized below in Figure 13. The majority of aryl ketone substrates were reduced in
good conversions and enantiomeric excess. The highest ee’s in the study were observed
for acetophenone and propiophenone, giving 92% and 95% ee, respectively. Conversion
and enantioselectivity were lowered upon screening branched acetophenone derivatives,
which may be attributable to unfavorable steric interactions between the isopropyl or
tert-butyl groups on the respective substrates and the N-substituents on the NHC ligands.
Enantiomeric excess was only marginally lower for acetophenone derivatives featuring
CH3, F, CF3, or Cl substituents on the phenyl ring.
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4'-fluoroacetophenone
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Cl

4'-chloroacetophenone
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O

isobutyrophenone

O
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O

4'-methylacetophenone
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92 ± 1% ee (R)

73 ± 2% Conv.
95 ± 3% ee (R)

23 ± 2% Conv.
81 ± 2% ee (R)

17 ± 2% Conv.
21 ± 2% ee (S)

79 ± 0% Conv.
88 ± 2% ee (R)

89 ± 2% Conv.
86 ± 2% ee (R)

95 ± 1% Conv.
87 ± 1% ee (R)

99 ± 1% Conv.
87 ± 1% ee (R)

O

cyclohexyl phenyl ketone

31 ± 2% Conv.
66 ± 3% ee (S)

Figure 13. Substrate scope for ATH of ketones catalyzed by Ir(IMe)2(L-Pro)(H)(I). All reactions were
carried out using the optimized catalytic conditions.
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2.3.7. Proposed Catalytic Mechanism

While detailed experimental and computational mechanistic studies are ongoing,
it is likely that transfer hydrogenation in this system proceeds through an outer-sphere
mechanism in a similar fashion to Noyori’s metal-ligand bifunctional ruthenium diamine
ATH catalyst (Scheme 4). Upon addition of base, the active catalytic species is generated by
dissociation of the iodide ligand (A). Simultaneous transfer of the proton and hydride from
the catalyst to the substrate occurs via a cyclic six-membered transition state (B). Although
the active catalyst can then potentially be regenerated by hydrogen transfer through another
cyclic six-membered transition state between IPA and the coordinatively unsaturated
species (C), the requirement of a strong base to achieve any substrate conversion in this
system (as seen in the base optimization studies) suggests the active catalyst is regenerated
by coordination of J (D) and subsequent β-hydride elimination of acetone.

(R)(R)

OH

OO

OH

O

H

H

Ir
N

ONHC

NHC

H

I

O

H

H
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N
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H

H

Ir
N

ONHC

NHC

S

O
H

NaOH 
Solvent (S)

NaI

A
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C

D

Scheme 4. Proposed catalytic cycle for ATH of aryl ketones in this system, where S is representative
of the solvent (IPA). Steps: A. solvent complexed cationic resting state of catalyst; B. positioning
of substrate with hydride attacking the carbonyl carbon and N-H bonding to carbonyl oxygen;
C. elimination of reduced product; D. coordination of isopropanol followed by reductive elimination
to regenerate metal hydride (A). Metal-ligand bifunctional catalysts of this type typically operate
through an outer-sphere mechanism, where the substrate does not directly bind to the metal center.
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The small decrease in enantiomeric excess observed when screening electron-withdrawing
acetophenone derivatives suggests that if CH3/π interactions are occurring between the
aryl group of the substrate and a methyl group on one of the NHC ligands, they are
likely not significant. Therefore, it seems most probable that steric inhibition between the
alkyl groups of the substrate and NHC N-substituents dominate the enantiodetermining
step, as highlighted by the diminished conversions and ee’s obtained for branched ace-
tophenone derivatives. This is also supported by the catalytic trials featuring bulkier
NHC N-substituents (IEt, IiPr), which still favorably generated the same enantiomer of
1-phenylethanol as the IMe-based catalyst, but in notably lower enantiomeric excess.

3. Materials and Methods

Reagent grade solvents and all materials for synthesis, purification, characteriza-
tion, and catalysis were purchased from commercial sources and used as received unless
otherwise stated. Iridium(III) chloride hydrate was purchased from Pressure Chemical
(Pittsburgh, PA, USA). 1,3-Diisopropylimidazolium chloride, L-phenylglycine, acetophe-
none, 4’-chloroacetophenone, and 4’-methylacetophenone were purchased from Sigma
Aldrich (St. Louis, MO, USA). L-Alanine, L-pipecolic acid, D-proline, L-proline, L-valine,
cyclohexyl phenyl ketone, 4’-fluoroacetophenone, isobutyrophenone, propiophenone, 4’-
(trifluoromethyl)acetophenone, and 2,2,2-trimethylacetophenone were purchased from
Alfa Aesar (Ward Hill, MA, USA). L-Azetidine-2-carboxylic acid and cis-4-fluoro-L-proline
were purchased from Indofine Chemical (Hillsborough, NJ, USA). Glycine was purchased
Qiagen Sciences (Germanstown, MD 20874, USA). Deuterated solvents for NMR spec-
troscopy were obtained from Cambridge Isotope Laboratories (Andover, MA, USA).

1H NMR, 13C NMR, and 19F NMR spectra were collected on an Agilent U4-DD2 or
Agilent MR4 400 MHz spectrometer. 13C NMR were correspondingly recorded at 101 MHz
and 19F NMR at 376 MHz. High-resolution mass spectra were collected on an Agilent
6220 Accurate Mass TOF LC-MS. X-ray crystallographic data were collected at 100 K on a
Rigaku Oxford Diffraction Synergy diffractometer operating with Mo Kα radiation. Crystals
were coated in Paratone oil and mounted on a fiber. Data collection and data reduction were
performed using Agilent’s CrysAlisPro software [54]. Structure solution was performed
using SHELXT [55] and refined using SHELXL [56] via Olex2. The final refinement model
involved anisotropic displacement parameters for non-hydrogen atoms and a riding model
for all hydrogen atoms. Olex2 was used for molecular graphics generation [57]. Searches
of the Cambridge Structural Database (CSD) [58] were carried out using the program
Conquest [59], and the results were analyzed with the statistical functions of the program
Mercury [60,61]. GC chromatograms were acquired on a Hewlett Packard 5890 equipped
with a flame-ionization detector and CP-ChiraSil-Dex CB 25 m × 0.25 mm column for
determination of conversion and enantiomeric excess (inlet temp = 240 °C, detector temp =
250 °C). Column temperatures are provided with the respective GC chromatograms in the
Supplemental Information.

3.1. Synthesis of Imidazolium Salts and Iridium Complex Precursors

The NHC ligand synthetic precursors 1,3-dimethylimidazolium iodide [62] and 1,3-
diethylimidazolium iodide [63], as well as the iridium complex synthetic precursors
[Ir(COD)Cl]2 [64], [Ir(COD)(IMe)2]I [65], and [Ir(COD)(IEt)2]I [65] were all synthesized
and characterized as reported previously.

3.2. General Procedure for the Synthesis of Ir(NHC)2(aa)(H)(X) Complexes

A Schlenk flask was charged with the desired iridium COD bis-NHC complex, amino
acid, and 15 mL of water. Upon heating the mixture to 100 °C, both reagents fully dissolved,
and solution was allowed to react for period of 12 h, over which time the color changed
from bright orange to light yellow. The water was removed by rotary evaporation, and
the crude product was extracted into dichloromethane. After drying with magnesium
sulfate, the mixture was filtered through Celite, and the dichloromethane was removed by
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rotary evaporation. Following trituration with diethyl ether, the products were isolated on
a fritted glass filter as off-white solids, and dried overnight under vacuum.

3.2.1. Synthesis of Ir(IMe)2(Gly)(H)(I)

Following the general procedure: [Ir(COD)(IMe)2]I (0.2000 g, 0.3228 mmol) and glycine
(0.0500 g, 0.6666 mmol) were reacted in water to give Ir(IMe)2(Gly)(H)(I) (0.0999 g, 53%).
1H NMR (400 MHz, DMSO-d6, δ): 7.45 (d, J = 2.0 Hz, 1H, NHC backbone), 7.33 (d, J =
2.0 Hz, 1H, NHC backbone), 7.31 (d, J = 2.0 Hz, 1H, NHC backbone), 7.27 (d, J = 1.9 Hz,
1H, NHC backbone), 5.21 (m, 1H, NH), 4.94 (m, 1H, NH), 4.06 (s, 3H, NHC CH3), 3.80 (s,
3H, NHC CH3), 3.33–3.25 (m, 1H, αCH2), 3.18 (s, 3H, NHC CH3), 3.17–3.10 (m, 1H, αCH2),
2.89 (s, 3H, NHC CH3), −24.33 (s, 1H, hydride). 13C NMR (101 MHz, DMSO-d6, δ): 178.8
(C(O)), 149.4 (Ccarbene), 143.5 (Ccarbene), 123.5 (NHC backbone), 123.2 (NHC backbone),
122.8 (NHC backbone), 122.7 (NHC backbone), 47.0 (αC), 38.3 (NHC CH3), 38.2 (NHC
CH3), 36.8 (NHC CH3), 35.0 (NHC CH3). HRMS/ESI+ (m/z): Calc. for C12H21O2[193Ir]N5:
460.1319; Found: 460.1304.

3.2.2. Synthesis of Ir(IMe)2(L-Ala)(H)(I)

Following the general procedure: [Ir(COD)(IMe)2]I (0.2000 g, 0.3228 mmol) and L-
alanine (0.0575 g, 0.6456 mmol) were reacted in water to give Ir(IMe)2(L-Ala)(H)(I) (0.1503
g, 78%). Analysis for major isomer (51%): 1H NMR (400 MHz, DMSO-d6, δ): 7.46 (d, J = 1.9 Hz,
1H, NHC backbone), 7.42 (d, J = 1.9 Hz, 1H, NHC backbone), 7.32 (d, J = 1.9 Hz, 1H, NHC
backbone), 7.29 (d, J = 2.0 Hz, 1H, NHC backbone), 5.07 (dd, J = 12.5, 6.1 Hz, 1H, NH), 4.29
(dd, J = 12.7, 9.6 Hz, 1H, NH), 4.11 (s, 3H, NHC CH3), 3.76 (s, 3H, NHC CH3), 3.19 (s, 3H,
NHC CH3), 2.98 (s, 3H, NHC CH3), 2.55–2.41 (m, 1H, αCH), 1.23 (d, J = 7.0 Hz, 3H, ala CH3),
−24.00 (s, 1H, hydride). 13C NMR (101 MHz, DMSO-d6, δ): 179.9 (C(O)), 149.0 (Ccarbene),
142.1 (Ccarbene), 123.3 (NHC backbone), 123.2 (NHC backbone), 122.8 (NHC backbone),
122.7 (NHC backbone), 53.7 (αC), 38.6 (NHC CH3), 38.2 (NHC CH3), 36.8 (NHC CH3), 35.2
(NHC CH3), 20.6 (ala CH3). Analysis for minor isomer (49%): 1H NMR (400 MHz, DMSO-d6,
δ): 7.34 (d, J = 2.0 Hz, 1H, NHC backbone), 7.32 (d, J = 2.0 Hz, 1H, NHC backbone), 7.25
(d, J = 1.9 Hz, 1H, NHC backbone), 7.24 (d, J = 1.9 Hz, 1H, NHC backbone), 5.59 (dd, J =
11.6, 5.1 Hz, 1H, NH), 4.52 (t, J = 11.4 Hz, 1H, NH), 4.06 (s, 3H, NHC CH3), 3.94 (s, 3H,
NHC CH3), 3.41 (ddt, J = 13.9, 10.0, 6.9 Hz, 1H, αCH), 3.18 (s, 3H, NHC CH3), 2.86 (s, 3H,
NHC CH3), 1.14 (d, J = 6.9 Hz, 3H, Ala CH3), −24.23 (s, 1H, hydride). 13CNMR (101 MHz,
DMSO-d6, δ): 179.0 (C(O)), 149.0 (Ccarbene), 143.6 (Ccarbene), 123.8 (NHC backbone), 123.3
(NHC backbone), 122.9 (NHC backbone), 122.8 (NHC backbone), 53.3 (αC), 38.7 (NHC
CH3), 38.3 (NHC CH3), 36.6 (NHC CH3), 34.9 (NHC CH3), 20.0 (Ala CH3). HRMS/ESI+
(m/z): Calc. for C13H23O2[193Ir]N5: 474.1476; Found: 474.1455.

3.2.3. Synthesis of Ir(IMe)2(L-Val)(H)(I)

Following the general procedure: [Ir(COD)(IMe)2]I (0.2000 g, 0.3228 mmol) and L-
valine (0.0756 g, 0.6456 mmol) were reacted in water to give Ir(IMe)2(L-Val)(H)(I) (0.1756 g,
87%). Analysis for major isomer (55 %): 1H NMR (400 MHz, DMSO-d6, δ): 7.44 (d, J = 2.0 Hz,
1H, NHC backbone), 7.36 (d, J = 2.0 Hz, 1H, NHC backbone), 7.28 (d, J = 2.0 Hz, 1H, NHC
backbone), 7.26 (d, J = 2.0 Hz, 2H, NHC backbone), 4.78 (dd, J = 12.5, 6.2 Hz, 1H, NH),
4.17 (br d, J = 12.4 Hz, 1H, NH), 4.13 (s, 3H, NHC CH3), 3.96 (s, 3H, NHC CH3), 3.25 (s,
3H, NHC CH3), 3.10 (s, 3H, NHC CH3), 2.32 (ddd, J = 11.2, 6.0, 3.1 Hz, 1H, αCH), 2.13
(ddp, J = 9.9, 6.9, 3.5 Hz, 1H, Val CH), 0.93 (d, J = 7.1 Hz, 3H, Val CH3), 0.83 (d, J = 6.9 Hz,
3H, Val CH3), −23.80 (s, 1H, hydride). 13C NMR (101 MHz, DMSO-d6, δ): 178.5 (C(O)),
148.0 (Ccarbene), 141.2 (Ccarbene), 124.0 (NHC backbone), 123.9 (NHC backbone), 123.0 (NHC
backbone), 122.9 (NHC backbone), 62.1 (αC), 38.7 (NHC CH3), 38.4 (NHC CH3), 36.9 (NHC
CH3), 35.3 (NHC CH3), 31.5 (Val CH), 18.4 (Val CH3), 16.9 (Val CH3). Analysis for minor
isomer (45%): 1H NMR (400 MHz, DMSO-d6, δ): 7.45 (d, J = 2.0 Hz, 1H, NHC backbone),
7.34 (d, J = 2.0 Hz, 1H, NHC backbone), 7.31 (d, J = 2.0 Hz, 1H, NHC backbone), 7.26 (d, J =
1.7 Hz, 2H, NHC backbone), 5.43 (dd, J = 12.0, 6.6 Hz, 1H, NH), 4.09 (s, 3H, NHC CH3),
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3.89 (s, 3H, NHC CH3), 3.23 (s, 3H, NHC CH3), 3.16 (ddd, J = 9.0, 6.7, 4.5 Hz, 1H, αCH),
2.95 (s, 3H, NHC CH3), 2.04 (dtd, J = 13.9, 6.9, 4.5 Hz, 1H, Val CH), 0.90 (d, J = 6.9 Hz, 3H,
Val CH3), 0.49 (d, J = 6.9 Hz, 3H, Val CH3), −23.84 (s, 1H, hydride). 13C NMR (101 MHz,
DMSO-d6, δ): 179.0 (C(O)), 149.3 (Ccarbene), 142.1 (Ccarbene), 123.8 (NHC backbone), 123.3
(NHC backbone), 123.1 (NHC backbone), 122.9 (NHC backbone), 61.3 (αC), 38.6 (NHC
CH3), 37.5 (NHC CH3), 36.8 (NHC CH3), 35.2 (NHC CH3), 31.0 (val CH), 19.3 (Val CH3),
16.5 (Val CH3). HRMS/ESI+ (m/z): Calc. for C15H27O2[193Ir]N5: 502.1789; Found: 502.1777.

3.3. Synthesis of Ir(IMe)2(L-Phg)(H)(I)

Following the general procedure: [Ir(COD)(IMe)2]I (0.2000 g, 0.3228 mmol) and L-
phenylglycine (0.0976 g, 0.6456 mmol) were reacted in water to give Ir(IMe)2(L-Phg)(H)(I)
(0.1401 g, 66%). Phenyl 1H NMR signals from both isomers ranged from 7.35–7.13 and
overlapped with each other and with the signals for the NHC backbones, while phenyl
13C NMR signals from both isomers ranged from 128.3–127.1 and overlapped with each
other. Analysis for major isomer (55%): 1H NMR (400 MHz, DMSO-d6, δ): 7.38 (d, J = 2.0 Hz,
1H, NHC backbone), 7.31 (dd, J = 2.2, 0.7 Hz, 2H, NHC backbone), 7.21 (d, J = 1.9 Hz, 1H,
NHC backbone), 6.06 (m, 1H, NH), 4.66–4.51 (m, 2H, overlapped αCH and NH), 4.12 (s,
3H, NHC CH3), 3.65 (s, 3H, NHC CH3), 3.24 (s, 3H, NHC CH3), 2.87 (s, 3H, NHC CH3),
−24.33 (s, 1H, hydride). 13C NMR (101 MHz, DMSO-d6, δ): 177.0 (C(O)), 148.4 (Ccarbene),
142.3 (Ccarbene), 140.1 (Ph), 123.3 (NHC backbone), 123.0 (NHC backbone), 122.9 (NHC
backbone), 122.8 (NHC backbone), 61.5 (αC), 38.2 (NHC CH3), 36.8 (NHC CH3), 35.0 (NHC
CH3). Analysis for minor isomer (45%): 1H NMR (400 MHz, DMSO-d6, δ): 7.50 (d, J = 2.0 Hz,
1H, NHC backbone), 7.25 (d, J = 1.9 Hz, 2H, NHC backbone), 7.15 (dd, J = 1.9, 0.5 Hz, 1H,
NHC backbone), 5.66 (dd, J = 12.3, 6.6 Hz, 1H, NH), 4.78–4.67 (m, 1H, NH), 4.18 (s, 3H,
NHC CH3), 3.96 (s, 3H, NHC CH3), 3.61 (dd, J=10.5, 6.5 Hz, 1H, αCH), 3.33 (s, overlapped
with H2O peak, NHC CH3), 3.11 (s, 3H, NHC CH3), −24.04 (s, 1H, hydride). 13C NMR
(101 MHz, DMSO-d6, δ): 178.1 (C(O)), 147.8 (Ccarbene), 141.1 (Ccarbene), 141.9 (Ph), 124.0
(NHC backbone), 123.9 (NHC backbone), 123.4 (NHC backbone), 123.2 (NHC backbone),
61.1 (αC), 38.3 (NHC CH3), 37.0 (NHC CH3), 35.4 (NHC CH3). HRMS/ESI+ (m/z): Calc. for
C18H25O2[193Ir]N5: 536.1632; Found: 536.1636.

3.3.1. Synthesis of Ir(IMe)2(L-Aze)(H)(I)

Following the general procedure: [Ir(COD)(IMe)2]I (0.2000 g, 0.3228 mmol) and L-
azetidine-2-carboxylic acid (0.0653 g, 0.6456 mmol) were reacted in water to give Ir(IMe)2(L-
Aze)(H)(I) (0.1088 g, 55%). HRMS/ESI+ (m/z): Calc. for C14H23O2[193Ir]N5: 486.1476; Found:
486.1476. Due to the presence of many isomers (that could not be separated by column
chromatography) and overlapping resonances, the NMR spectra were not assigned for
this structure. Additional characterization was not further pursued due to poor catalytic
enantioselectivity.

3.3.2. Synthesis of Ir(IMe)2(L-Pro)(H)(I)

Following the general procedure: [Ir(COD)(IMe)2]I (0.2000 g, 0.3228 mmol) and L-
proline (0.0743 g, 0.6456 mmol) were reacted in water to give Ir(IMe)2(L-Pro)(H)(I) (0.1861
g, 92%). 1H NMR (400 MHz, DMSO-d6, δ): 7.42 (d, J = 1.9 Hz, 1H, NHC backbone), 7.35 (d,
J = 2.0 Hz, 1H, NHC backbone), 7.31 (d, J = 2.0 Hz, 1H, NHC backbone), 7.25 (d, J = 2.0
Hz, 1H, NHC backbone), 5.97 (dt, J = 10.7, 5.5 Hz, 1H, NH), 4.09 (s, 3H, NHC CH3), 3.94
(s, 3H, NHC CH3), 3.63 (dd, J = 8.6, 5.5 Hz, 1H, αCH), 3.31 (s, 3H, NHC CH3), 3.00 (s, 3H,
NHC CH3), 2.02 (dq, J = 12.9, 8.0 Hz, 1H, Pro CH2), 1.93 (ddd, J = 17.9, 8.9, 4.7 Hz, 1H, Pro
CH2), 1.77 (dt, J = 13.3, 7.1 Hz, 1H, Pro CH2), 1.69 (t, J = 7.5 Hz, 1H, Pro CH2), 1.64–1.55
(m, 1H, Pro CH2), 1.49 (qd, J = 11.6, 7.2 Hz, 1H, Pro CH2), −24.12 (s, 1H, hydride). 13C
NMR (101 MHz, DMSO-d6, δ): 178.9 (C(O)), 150.0 (Ccarbene), 140.2 (Ccarbene), 123.9 (NHC
backbone), 123.6 (NHC backbone), 123.3 (NHC backbone), 122.6 (NHC backbone), 60.7 (Pro
αCH), 52.4 (Pro CH2), 39.8 (NHC CH3), 38.3 (NHC CH3), 36.8 (NHC CH3), 35.4 (NHC CH3),
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28.9 (Pro CH2), 24.1 (Pro CH2). HRMS/ESI+ (m/z): Calc. for C15H25O2[193Ir]N5: 500.1632;
Found: 500.1624.

3.3.3. Synthesis of Ir(IMe)2(D-Pro)(H)(I)

Following the general procedure: [Ir(COD)(IMe)2]I (0.2000 g, 0.3228 mmol) and D-
proline (0.0743 g, 0.6456 mmol) were reacted in water to give Ir(IMe)2(D-Pro)(H)(I) (0.1450 g,
72%). HRMS/ESI+ (m/z): Calc. for C15H25O2[193Ir]N5: 500.1632; Found: 500.1631. NMR
spectra were identical to Ir(IMe)2(L-Pro)(H)(I).

3.3.4. Synthesis of Ir(IMe)2(L-F-Pro)(H)(I)

Following the general procedure: [Ir(COD)(IMe)2]I (0.2000 g, 0.3228 mmol) and cis-
4-fluoro-L-proline (0.0859 g, 0.6456 mmol) were reacted in water to give Ir(IMe)2(L-F-
Pro)(H)(I) (0.0921 g, 44%). 1H NMR (400 MHz, DMSO-d6, δ): 7.41 (d, J = 1.9 Hz, 1H, NHC
backbone), 7.35 (d, J = 1.9 Hz, 1H, NHC backbone), 7.31 (d, J = 1.9 Hz, 1H, NHC backbone),
7.26 (d, J = 2.0 Hz, 1H, NHC backbone), 6.42 (dt, J = 11.5, 5.4 Hz, 1H, NH), 5.28–4.96 (tm, J =
112.1, 53.9, 1H, FCH), 4.14 (dd, J = 11.4, 5.1 Hz, 1H, αCH), 4.09 (s, 3H, NHC CH3), 4.06–3.98
(m, 1H, Pro CH2), 3.96 (s, 3H, NHC CH3), 3.34 (s, 3H, NHC CH3), 3.00 (s, 3H, NHC CH3),
2.35–2.15 (m, 2H, proline CH2), 1.79 (app dtd, J = 25.4, 13.3, 3.7 1H, Pro CH2), -24.19 (s, 1H,
hydride). 13C NMR (400 MHz, DMSO-d6, δ): 149.3 (Ccarbene), 138.9 (Ccarbene), 124.1 (NHC
backbone), 123.7 (NHC backbone), 123.4 (NHC backbone), 122.7 (NHC backbone), 93.9
(d, J = 174.8 Hz, Pro CF), 63.4 (Pro αCH), 62.0 (d, J = 18.5 Hz, Pro CH2), 38.4 (NHC CH3),
37.5 (NHC CH3), 36.9 (NHC CH3), 35.5 (NHC CH3), 35.4 (Pro CH2), 19F NMR (376 MHz,
DMSO-d6, δ): −169.18 – −173.96 (m). HRMS/ESI+ (m/z): Calc. for C15H24FO2[193Ir]N5:
518.1543; Found: 518.1503.

3.3.5. Synthesis of Ir(IMe)2(L-Pip)(H)(I)

Following the general procedure: [Ir(COD)(IMe)2]I (0.2000 g, 0.3228 mmol) and L-
pipecolic acid (0.0834 g, 0.6456 mmol) were reacted in water to give Ir(IMe)2(L-Pip)(H)(I)
(0.1359 g, 66%). HRMS/ESI+ (m/z): Calc. for C16H27O2[193Ir]N5: 514.1789; Found: 514.1783.
Due to the presence of many isomers (that could not be separated by column chromatogra-
phy) and overlapping resonances, the NMR spectra were not assigned for this structure. Ad-
ditional characterization was not further pursued due to poor catalytic enantioselectivity.

3.3.6. Synthesis of Ir(IEt)2(L-Pro)(H)(I)

Following the general procedure: [Ir(COD)(IEt)2]I (0.2000 g, 0.2960 mmol) and L-
proline (0.0682 g, 0.5920 mmol) were reacted in water to give Ir(IEt)2(L-Pro)(H)(I) (0.1369 g,
68%). HRMS/ESI+ (m/z): Calc. for C19H33O2[193Ir]N5: 556.2259; Found: 556.2249. Due to
the presence of many isomers (that could not be separated by column chromatography) and
overlapping resonances, the NMR spectra were not assigned for this structure. Additional
characterization was not further pursued due to poor catalytic enantioselectivity.

3.3.7. Synthesis of Ir(IiPr)2(L-Pro)(H)(Cl)

Following the general procedure: [Ir(COD)(IiPr)2]Cl (0.2000 g, 0.2960 mmol) and
L-proline (0.0682 g, 0.5920 mmol) were reacted in water to give Ir(IiPr)2(L-Pro)(H)(Cl)
(0.1580 g, 82%). HRMS/ESI+ (m/z): Calc. for C23H41O2[193Ir]N5: 612.2885; Found: 612.2887.
Due to the presence of many isomers (that could not be separated by column chromatogra-
phy) and overlapping resonances, the NMR spectra were not assigned for this structure. Ad-
ditional characterization was not further pursued due to poor catalytic enantioselectivity.

3.4. General Procedure for Asymmetric Transfer Hydrogenation of Ketones

Using the optimized reaction conditions, the catalyst (0.005 mmol) was dissolved
in 2 mL of isopropyl alcohol and stirred at 25 °C. Catalysis was initiated by addition of
the desired substrate (0.200 mmol) and NaOH (2 equiv.), and maintained at 25 °C for
the appropriate period of time (usually 24 h). When initially screening ATH substrates,
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the products were isolated for characterization via NMR spectroscopy to confirm their
structures. Isopropyl alcohol was removed by rotary evaporation and water was added
to the reaction vial. The products were then extracted with diethyl ether, and dried over
magnesium sulfate. Following filtration and solvent removal under vacuum, the 1H and 13C
NMR spectra of all products were acquired, and consistent with previously reported data.

Conversion and enantiomeric excess were determined by chiral GC-FID using a
CP-ChiraSil-Dex CB 25 m × 0.25 mm column (inlet temp = 240 °C, detector temp =
250 °C.) For quantification, 1,3,5-trimethoxybenzene was employed as an internal standard.
Absolute configurations of the products were assigned by using the appropriate alcohol
standard. Column temperatures are provided with the respective GC chromatograms in
the Supplemental Information.

4. Conclusions

Novel complexes of the form Ir(NHC)2(aa)(H)(X) were synthesized by oxidative
addition of α-amino acids to [Ir(COD)(NHC)2]X precursors and screened for asymmetric
transfer hydrogenation of ketones. Following optimization, high enantioselectivity was
achieved when employing the Ir(IMe)2(L-Pro)(H)(I) catalyst, which reduces a range of
acetophenone derivatives in up to 95% ee. These results are comparable to other well-
regarded ATH catalysts previously reported in the literature, and superior to many of
those featuring NHC ligands. This work illustrates the design of highly enantioselective
noble metal catalysts by incorporation of inexpensive, “off-the-shelf” chiral amino acids in
combination with easily accessible N-heterocyclic carbenes; thus, providing an alternative
to costly or synthetically challenging chiral ligands. The facile modularity of this catalytic
system may also allow for simple tailoring towards additional ATH substrates, such as
alkyl ketones, and potentially other enantioselective transformations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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NMR spectra of the minor isomer of Ir(IMe)2(L-Ala)(H)(I), Figure S5: NMR spectra of the major isomer
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isomer of Ir(IMe)2(L-Phg)(H)(I), Figure S9: NMR spectra of Ir(IMe)2(L-Pro)(H)(I), Figure S10: NMR
spectra of Ir(IMe)2(L-F-Pro)(H)(I), Figure S11: FID trace of 1-phenylethanol, Figure S12: FID trace
of 1-phenylpropanol, Figure S13: FID trace of 2-methyl-1-phenylpropanol, Figure S14: FID trace of
2,2-dimethyl-1-phenylpropanol, Figure S15: FID trace of cyclohexyl(phenyl)methanol, Figure S16: FID
trace of 1-(p-tolyl)ethanol, Figure S17: FID trace of 1-(4-fluorophenyl)ethanol, Figure S18: FID trace of
1-(4-(trifluoromethyl)phenyl)ethanol, Figure S19: FID trace of 1-(4-chlorophenyl)ethanol. In addition,
CSD number 2062242 contains the full supplementary .cif files for this paper. This data can be obtained
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Abbreviations
The following abbreviations are used in this manuscript:
aa Amino acid
Ala Alanine
ATH Asymmetric transfer hydrogenation
Aze Azetidine-2-carboxylic acid
COD 1,5-Cyclooctadiene
Cp* Pentamethylcyclopentadienyl ligand
DMSO Dimethyl sulfoxide
ee Enantiomeric excess
F-Pro cis-4-Fluoro-proline
FID Flame ionization detector
GC Gas chromatography
Gly Glycine
HRMS/ESI+ High resolution mass spectrometry/electrospray ionization
IiPr 1,3-Diisopropylimidazol-2-ylidene
IEt 1,3-Diethylimidazol-2-ylidene
IMe 1,3-Dimethylimidazol-2-ylidene
IPA Isopropyl alcohol
NHC N-Heterocyclic carbene
NMR Nuclear magnetic resonance
Phg Phenylglycine
Pip Pipecolic acid
Pro Proline
TsDPEN N-Tosyl-1,2-diphenylethylenediamine
Val Valine
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