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Abstract: Herein, we developed the recyclable ligand-free iridium (Ir)-

hydride based Ir(0) nanoparticles (NPs) for the first regioselective 

partial hydrogenation of P(V)-substituted naphthalenes. Both the 

isolated and in-situ generated NPs are catalytically active. Control 

nuclear magnetic resonance (NMR) study revealed the presence of 

metal’s surface-bound hydrides, most likely formed from Ir(0) species. 

A control NMR study confirmed that hexafluoroisopropanol as a 

solvent was accountable for substrate activation via hydrogen 

bonding. High-resolution transmission electron microscopy of the 

catalyst supports the formation of ultrasmall NPs, while X-ray 

photoelectron spectroscopy confirmed the dominance of Ir(0) in the 

NPs. The catalytic activity of NPs is broad as showcased by highly 

regioselective aromatic ring reduction in various phosphine oxides or 

phosphonates. The study also showcased a novel pathway toward 

preparing bis(diphenylphosphino)-5,5',6,6',7,7',8,8'-octahydro-1,1'-

binaphthyl (H8-BINAP) and its derivatives without losing 

enantioselectivity during catalytic events. 

Introduction 

Hydrogenation of arenes is a direct and elegant method for 
preparing saturated cyclic compounds. The common issues 
making this reaction less attractive are the selectivity, recyclability 
of the reaction medium and the catalyst, and scalability. 
Nonetheless, selective arene hydrogenation remains a significant 
challenge in synthetic chemistry.[1] Compared to stereoselective 
hydrogenation of ketones or imines,[2] it is a less established 
reaction. Using cyclic (alkyl)(amino)carbene rhodium (Rh-CAAC) 
catalyst, chemoselective reduction of arenes containing reducible 
or labile functional groups have been achieved by Zeng[3] and 
Glorius[4] groups (Scheme 1A). In fused-heterocyclic structures, 
the reduction of a heteroaromatic ring is more favored due to its 
lower aromaticity value.[5] However, a few reports on the 
regioselective reduction of a non-heteroaromatic ring in such 
structures using ligated ruthenium catalysts have appeared in the 
literature (Scheme 1B).[6] Regioselective reduction of a single ring 
of naphthalene is more challenging and is generally dictated by 
the substitution—such examples remain scarce. Selective 
reduction of naphthols has been described by the groups of Luo  

 

Scheme 1. (A) Chemoselective reduction of arenes; (B) Chemoselective 

reduction of bicyclic (hetero)arenes; (C) Regioselective reduction of P(V)-

substituted (naphthyl)phosphine oxides. 

and Zeng[7] and Huang.[8] In these examples, the reduction of a 
substituted ring was achieved. Hydrogenation of 1,1′-bi-2-
naphthol (BINOL) with platinum[9] or palladium catalysts[10] using 
harsh conditions is also precedented. Very recently, 
regioselective transfer hydrogenation of a few functionalized 
arenes has also been reported.[11] Apart from work mentioned 
above, the literature lacks a methodology for the highly 
regioselective reduction of (naphthyl)phosphine oxide scaffolds, 
and also selective chemoreductions by ligand-free catalysts. 
Notably, often the cost of the ligand is significantly more than the 
metal. Furthermore, it is much easier to recycle the metal than the 
ligands. Aiming for the late-stage diversification of highly 
important bis(diphenylphosphino)-5,5',6,6',7,7',8,8'-octahydro-
1,1'-binaphthyl (H8-BINAP) ligands, we envisioned a hydrogen-
bonding assisted novel pathway for regioselective reduction of 
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(naphthyl)phosphine oxides. Herein, we described the first ligand-
free regioselective hydrogenation of P(V)-substituted 
naphthalenes catalyzed by in-situ formed ultrasmall iridium (Ir) 
nanoparticles (NPs). This reaction tolerates diverse P(V) 
substituents, including phosphines and phosphonate esters. 
Besides, this methodology allows the rapid and facile synthesis of 
H8-BINAP ligands from inexpensive 2,2′-bis(diphenylphosphino)-
1,1′-binaphthalene (BINAP) precursors that could benefit 
researchers in academia and industry to quickly access new chiral 
ligands (Scheme 1C). 

For the catalyst design, our findings were based on the hypothesis 
that when a metal salt is subjected to a hydrogen atmosphere in 
a lipophilic polar-protic solvent, it tends to form nanostructured 
catalytic material (driven thermodynamically) containing metal-
hydridic species stabilized by intermolecular hydrogen bonding 
with solvent molecules (Figure 1). The reductive elimination of 
hydrogen from metal hydride generates a metal atom in a lower 
oxidation state that further acts as a nucleus for the formation of 
ultrasmall NP in the nanostructured material. In the NP, the 
presence of hydride on the metal surface and the site (metal in 
the lower oxidation state) for the selective metal-arene interaction 
could lead to selective reduction of the aromatic ring. The less 
hindered and unsubstituted flat aromatic ring in the naphthalene 
moiety is most likely more accessible for the metal-arene 
interaction. 

 

Figure 1. Metal hydride nanoparticles under hydrophobic environment. 

Results and Discussion 

Due to the ease of formation and more stability of Ir-hydride (Ir-H) 
compared to palladium-hydride (Pd-H), we selected Ir as the 
metal of choice for the synthesis of NPs. In addition, the large 
atomic radius of Ir compared to Pd could assist in the formation 
of hydrophobic nanostructures to promote metal-substrate 
interaction.[12] The large metal’s surface area could also greatly 
assist intermolecular hydrogen bonding between substrate, 
solvent, and Ir-H. Based on these assumptions, we synthesized 
NPs containing Ir-H. The synthetic method for their formation was 
straightforward. Suspending the [Ir(COD)Cl]2 in 
hexafluoroisopropanol (HFIP) and naphthalen-1-
yldiphenylphosphine oxide (1a) and exposing the resulting 
mixture to a hydrogen atmosphere led to the formation of black-
colored nanostructured Ir-H or NPs. After isolation, we thoroughly 
characterized the NPs or reaction mixture containing NPs by 
Infrared (IR) spectroscopy, mass spectrometry, and nuclear 
magnetic resonance (NMR) spectroscopy to support the 
mechanism of the formation of nanoclusters, existence of Ir-H, 
and intermolecular hydrogen bonding. 

 

Figure 2. Iridium hydride (Ir-H) nanoparticles (NPs) under hydrophobic 

environment. (A) Infrared spectroscopic study of NPs; (B, C) 19F nuclear 

magnetic resonance (NMR) study of NPs; (D) Ir-H detection by 1H NMR 

spectroscopy; (E) 31P NMR of Ir NPs for the detection of residual phosphine 

oxide.  

The comparison of IR spectra of [Ir(COD)Cl]2, HFIP, and Ir-NPs 
revealed an association of HFIP with the NPs (Figure 2A). As 
supported by IR data, cyclooctadiene (COD) is fully reduced 
under a hydrogen atmosphere, forming an Ir(0) atom that 
potentially acts as a nucleus for NP formation. 1H NMR 
spectroscopic analysis of Ir NPs, 1,5-cyclooctadiene (COD), and 
[Ir(COD)Cl]2 confirmed the complete reduction of COD to 
cyclooctane (for details, see Supporting Information, Figure S10). 
Neither COD nor cyclooctane was found in the NPs. Mass 
spectrometry of solvent after the NP formation further supported 
the complete reduction of COD that may be responsible for the 
release of Ir atom from the molecule (for details, see Supporting 
Information, Figure S11). 19F NMR spectroscopic study also 
supported the binding of HFIP with NP surface (Figure 2B, C). A 
neat HFIP’s 19F signal appeared at –75.16 ppm, while signals for 
the NP-bound HFIP appeared at –75.81 - –76.34 ppm, indicative 
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of the presence of HFIP in the NP cluster. Further, the formation 
of hydrides of Ir was probed. 1H NMR data of isolated NPs clearly 
supported the presence of Ir-H in the nanoclusters. Three signals 
at –14.02, –14.78, and –15.69 ppm were indicative of three 
different types of Ir-H in a 3:1:2 ratio. (Figure 2D; for details, see 
Supporting Information, Figure S5-S7). Notably, naphthalen-1-
yldiphenylphosphine oxide (1a) used during the synthesis of NPs 
only helps to control the NP morphology. In its absence, only 
catalytically inactive black clumps of Ir were formed (see 
Supporting Information, Figure S17). However, naphthalen-1-
yldiphenylphosphine oxide doesn’t stay in NP, as suggested by 
31P NMR of NP (Figure 2E). 

The scanning electron microscopy (SEM) and high-resolution 
transmission electron microscopy (HRTEM) analysis indicates the 
presence of Ir NPs with different morphologies (Figure 3A-F). 
Energy-dispersive X-ray spectroscopy (EDS) analysis confirmed 
that the Ir is the major component of NPs (Figure 3B, C). These 
NPs tend to make large clusters, responsible for their reduced 
catalytic activity (Figure S12). However, the sonication of these 
black colored clusters in HFIP was performed before the analysis, 
the resulting material was also found as catalytically active. 
HRTEM analysis revealed the formation of ultrasmall NPs with an 
average size of 1.8 nm (Figure 3D-G). X-ray photoelectron 
spectroscopic (XPS) analysis predominantly showed the 
presence of Ir(0) in the peak deconvolution spectrum of Ir4f. The 
majority of Ir(0) may be formed after the reductive elimination of 
molecular hydrogen from hydrides of Ir. A low amount of Ir(IV), 
likely corresponding to IrO2, was also detected (Figure 3H, I). The 
oxidation of ligand-free Ir(0) happened due to air exposure of NPs. 
Finally, selected area electron diffraction (SAED) of the catalyst 
sample confirmed the crystal structure and the lattice type typical 
for Ir. Moreover, the lattice parameter of the catalyst sample was 
measured to be acat = 3.874 Å, which agrees very well (within 99% 
accuracy) with the 3.831 Å value reported for Ir.[13] The above 
analysis strongly suggest that the NPs are mainly composed of 
Ir(0). This oxidation state is responsible for the catalytic 
hydrogenation of these aromatic phosphine oxides (vide infra). 

 
Figure 3. Analysis of Ir NPs. (A, B) scanning electron microscopic (SEM) 

analysis; (C) energy-dispersive X-ray spectroscopic (EDS) analysis; (D-F) high-

resolution transmission electron microscopic (HRTEM) analysis; (G) average 

NP size; (H, I) X-ray photoelectron spectroscopic (XPS) analysis. 

Table 1. Optimization of regioselective hydrogenation[a] 

 

Entry Catalyst (1 mol%) Solvent t (h) Conversion (%)[b] 

1[c] [Ir(COD)Cl]2  HFIP 20 66 

2[c] [Ir(COD)Cl]2  1,2-DCE 20 22 

3[c] [Ir(COD)Cl]2  Hexane 20 0 

4[c] [Ir(COD)Cl]2  MeOH 20 28 

5[c] [Ir(COD)Cl]2  HFIP (0.1 M) 20 29 

6[d] [Ir(COD)Cl]2  HFIP 20 0 

7[e] [Ir(COD)Cl]2  HFIP 20 43 

8[f] [Ir(COD)Cl]2  HFIP 48 > 99 

9 Pd/C  HFIP 20 0 

10 Pd black  HFIP 20 0 

11[c] [Rh(COD)Cl]2  HFIP 20 20 

12[c] Rh(PPh3)3Cl  HFIP 20 15 

[a]Conditions. 1a (0.15 mmol), H2 (30 bar), HFIP (0.5 M), rt. [b]Conversion based 

on 1H-NMR or 31P-NMR. [c]ratio semi:full > 20:1. [d]H2 (1 bar). [e]H2 (10 bar). [f]ratio 

semi:full = 9:1. 

Next, we employed our catalyst for the selective remote aromatic 
ring reduction of the naphthyl group in 1a. For the sake of 
simplicity, we preferred using in-situ generated NPs. To our 
delight, our in-situ generated Ir-H NPs (derived from 1 mol% 
[Ir(COD)Cl]2 in HFIP afforded desired product 2a in 66% yield in 
20 hours (Table 1, entry 1). The desired product 2a could be 
obtained in high regioselectivity as hydrogenation of the remote 
ring was observed. To boost the selectivity and activity, we further 
fine-tuned reaction parameters, including solvent, reaction 
temperature, and NPs in-situ derived from other metals. 
Regarding desired reactivity, dichloroethane (DCE) solvent was 
inferior compared to HFIP, and only 22% conversion was 
observed (entry 2). The catalytic reaction in more lipophilic solvent 
hexane did not proceed (entry 3). The reaction in methanol was 
also slow, and only 28% conversion was achieved (entry 4). The 
prolonged reaction time in methanol did not improve the yield, 
possibly due to catalyst deactivation. Nonetheless, it indicates 
both hydrophobicity, hydride stability, and substrate activation via 
solvent-assisted hydrogen bonding are crucial for the catalytic 
activity. Thus, we further proceeded to optimize the conditions in 
HFIP solvent. Reaction concentration diluted to 0.1 M had a 
negative impact on the conversion of 1a, and only 29% desired 
product was observed (entry 5). High pressure of hydrogen gas 
was necessary as either no conversion or a lower conversion was 
observed when 1 bar or 10 bar of hydrogen pressure was 
employed (entries 6, 7). Global concentration 0.5 M and H2 
pressure 30 bar were optimal, and the reaction was completed in 
48 h at rt (entry 8). Isolated NPs under these conditions were also 
equally active. We compared the activity of our Ir-H NPs with other 
state-of-the-art catalysts or NPs of rhodium (Rh), but none of them 
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worked well. Palladium on charcoal and palladium black were 
inactive for the desired transformation (entries 9, 10). NPs derived 
from [Rh(COD)Cl]2 (1 mol%) or Wilkinson’s catalyst only afforded 
20% and 15% conversions, respectively (entries 11, 12). Thus, Ir 
catalyst is superior compared to the Rh and Pd-based catalysts. 

Table 2. Substrate scope for hydrogenation of P(V)-substituted naphthalene 

scaffolds[a] 

 

[a]Conditions. Substrate 1 (0.15 mmol), in-situ formed Ir-H NPs derived from 1 

mol% [Ir(COD)Cl]2, HFIP (0.5 M), H2 (30 bar), rt, 48 h. [b]Ir-H NPs derived from 

2 mol% [Ir(COD)Cl]2. All reported yields are isolated yields. 

Using the optimized protocol, the substrate scope of this reaction 
was investigated (Table 2, 2a-q). Using naphthalen-2-
yldiphenylphosphine oxide 1b, the desired selectively reduced 
product 2b could be afforded in quantitative isolated yield. 
Switching the diphenylphosphine oxide substituent to the second 
position of the naphthalene did not impact the reactivity of the 
catalytic process, and 2b was also obtained in a quantitative yield. 
The substrates containing electron-donating groups, such as 
methyl and methoxy, para to the phosphine substituent, also 
worked well under the optimized protocol—the desired 
products 2c and 2d were obtained in excellent yields. Likewise, 
the substrate with methoxy substituent ortho to the phosphine 
oxide groups afforded quantitative yield (2e), indicating that the 
substituent at the proximal ring of naphthalene is not significantly 
impacting the selectivity and reactivity. In terms of the diversity of 
polyaromatic rings, more than one aromatic ring could be reduced, 
providing access to diverse phosphine scaffolds, as shown with 
the products 2f and 2g. Only single-ring reduction can also be 
achieved in an anthracene ring of 2h—it indicates that the ring 
reduction is more feasible for the ring located remote to the 

phosphine oxide substituent. The substrate bearing hindered tert-
butyl group could also be reduced to obtain product 2i in 
quantitative yield. Notably, selective reduction at the two different 
naphthyl rings was achieved in this example. The regioselective 
hydrogenation could also deliver phosphonamide as the 
product 2j was obtained in good yield. More importantly, this 
methodology could also provide selective hydrogenation in fused 
binaphthyl phosphine oxide. In the formation of 2k, no five-
membered ring opening was observed, and desired product was 
obtained in excellent yield. Furthermore, this catalytic process 
provides facile access to H8-BINAP-type ligands, as showcased 
for the hydrogenation of 2,2′-bis(diphenylphosphine oxide)-1,1′-
binaphthalene (BINAPO) derivatives. H8-BINAPO 2l and its 
derivatives 2m and 2n could be produced in quantitative yields. 
Most notably, no racemization was observed during the catalytic 
events, and the desired product retained the original 
enantioselectivity (for details, see Supporting Information, page 
S23). This novel pathway could be an alternative strategy to 
circumvent the lengthy preparation of H8-BINAP ligands and their 
derivatives, potentially reducing the cost of these valuable 
ligands.[14] The selective hydrogenation of naphthyl phosphonates 
was also accomplished to produce 2o, 2p, and 2q in high yields, 
demonstrating the reactions’ diversity. 

 

Scheme 2. (A). Repeatability experiment; (B) phosphine synthesis; (C, D) 
parameter control for the regioselective hydrogenation; (E) substituents on the 
distal ring impacting reactivity. 
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Scheme 3. (A). 31P NMR study to validate hydrogen bonding between HFIP and 

substrate; (B). Catalyst recycling in parallel; (C) HRTEM and XPS analysis of 

the recycled catalyst; (D) Control hot filtration study.  

Furthermore, to demonstrate the reproducibility and scalability of 
the methodology, we prepared an enantiopure H8-BINAPO 2l on 
a larger scale (Scheme 2A). Parallel hydrogenation of 1l (10 
times) was achieved, and ca. one gram of the desired H8-BINAPO 
ligand was obtained in excellent yield. To prove an easier access 
to nonracemic H8-BINAP ligand, the reduction of (R)-2l into (R)-
H8-BINAP 3 was accomplished in an excellent yield while 

retaining the enantioselectivity from the selective ring reduction to 
phosphine oxide reduction steps (Scheme 2B; also see 
Supporting Information, pages S26). The axial chirality in the 
substrate was retained due to the high rotational barrier around 
C2-C2’ bond, and the transformation occurs away from the chiral 
axis, so even under the hydrogenation with an achiral catalyst, the 
enantiomeric excess was retained.[15]  

To gain insights into the reaction pathway, several control 
experiments were conducted. First, to understand the 
regioselectivity of this reaction, 3-substituted quinoline 1r was 
subjected to hydrogenation. The opposite regioselectivity was 
obtained, and the heteroaromatic ring was reduced—the product 
2r was obtained in high yield. (Scheme 2C). The altered 
regioselectivity may be due to the less aromaticity value for the 
nitrogen atom-containing ring. In all examples shown in Table 2, 
the regioselectivity was dictated by the substituent on the 
aromatic ring, impacting the aromaticity value, and creating a 
more hindered environment for the catalyst. The role of HFIP was 
also investigated. As protic solvents enabled a higher reactivity, 
we hypothesized that hydrogen bonding between HFIP and the 
oxygen atom of the phosphine oxide modifies the electronic 
properties of the substrate and enhances the reaction rate. As the 
phosphine sulfide group is less prompt to hydrogen bonding than 
phosphine oxides, we replaced the phosphine oxide group with 
sulfide. The resulting substrate 1s was tested for selective 
hydrogenation. Not even traces of the expected product 2s was 
detected, revealing the importance of the hydrogen bonding with 
HFIP (Scheme 2D). Besides hydrogen bonding, a steric effect 
also plays a crucial role in determining the reactivity. As proposed 
in the hypothesis, due to less steric hindrance, metal-arene 
interaction is anticipated to be more favorable with the ring 
containing no substituent. To verify this point, we installed 3-anisyl 
(3a) and bromo (3b) substituents onto the distal rings (Scheme 
2E). Both the substrates were unreactive, and only staring 
material was recovered, indicating that the electronic and steric 
effects govern the reaction.  

To further support the impact of hydrogen bonding on the 
electronic environment in the substrate, we conducted control 31P 
NMR experiments. A significant deshielding and the downfield 
shift of the 31P signal was observed when 20 equivalents HFIP (as 
an optimal amount) were added to substrate 1a (Δδ = 8.9 ppm), 
compared to lesser deshielding upon addition of MeOH (Δδ = 2.8 
ppm). This suggests a significant alteration of the electronic 
properties of the phosphine oxide substrate, which likely affects 
the aromaticity of the naphthalene rings and the steric 
environment on one ring, leading to selective reduction (Scheme 
3A; also see Supporting Information, Figures S1, S2 and Table 
S6). Based on control NMR study, compared to methanol, HFIP 
forms stronger intermolecular H-bonding with the substrate and, 
thus, acts as a better solvent.  

The catalyst recycling was also explored for two substrates 
(Scheme 3B, also see Supporting Information, Scheme S10). 
After the selective reduction of 1a, NPs were isolated and then 
engaged in another hydrogenation reaction of 1a. Surprisingly, 
the reactivity was only slightly affected, and the reduction of 1a 
occurred with 91% conversion. The second and third recycling 
only afforded 83% and 78% conversions. Likewise, recycling was 
also achieved while synthesizing 2I H8-BINAP(O). Compared to 
the catalyst recycling using 1a, the reduction in yield was less in 
each recycling when 1I was used as substrate. This was due to 

A. 31P NMR study to investigate the role of hydrogen bonding in selectivity

B. Recycling study
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(1 mol%)

: centrifugation.
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[a] [a] [a] [a]

+
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3 ppm Ir
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no further reaction 
after hot-filtraion



COMMUNICATION          

6 

 

the increase in reaction scale, i.e., 0.25 mmol instead of 0.15 
mmol. The slight decrease in reactivity is attributed to the slight 
oxidation of Ir(0) during air exposure and the slight mass loss of 
the catalyst during filtration. Nonetheless, this experiment 
supported the potential recyclability of the catalyst. 

We also characterized the recycled catalyst by HRTEM, EDS, and 
XPS. In all recycled catalysts (Scheme 3C), NPs size remained 
average of ca. 2 nm, while a 1% increase in Ir(IV) amount was 
observed in the second recycle. The recycled catalyst still 
contains 83% Ir(0), as found in XPS. Also, the heterogeneous 
nature of the catalyst was established by the control hot filtration 
study (Scheme 3D, also see Supporting Information, pages S43). 
The substrate 1I was exposed to catalysis for 12 h. 12% 
product 2I was achieved after 12 h. The hot filtration was 
performed for the reaction mixture after 12 h, and the filtrate was 
re-subjected to a hydrogen atmosphere for the next 48 h. No 
further conversion of 1a to 2a was detected, and the mixture only 
contained 12% of 2I. The same reaction mixture was also 
analyzed for trace Ir by ICP-MS analysis. Only ca. 3 ppm Ir was 
detected in the mixture, revealing the heterogeneous nature of the 
catalyst. 

Conclusion 

We described the first example of regioselective hydrogenation of 
(naphthyl)phosphine oxides or phosphonates using in-situ formed 
Ir(0) NPs in low amounts. This practical methodology offers new 
opportunities to quickly access enantiopure H8-BINAPO- or H8-
BINAP-type important ligand derivatives from commercially 
available inexpensive BINAP ligands. The reaction starts from 
Ir(0), most likely generated from the in-situ reductive elimination 
of the hydride of Ir. The catalyst can be recycled, but with a slight 
decrease of reactivity, attributed to the generation of IrO2. 
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