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Abstract

This paper describes the terminal-selective Pt-catalyzed C(sp3)–H oxidation of aliphatic amines 

without the requirement for directing groups. CuCl2 is employed as a stoichiometric oxidant, and 

the reactions proceed in high yield at Pt loadings as low as 1 mol %. These transformations are 

conducted in the presence of sulfuric acid, which reacts with the amine substrates in situ to form 

ammonium salts. We propose that protonation of the amine serves at least three important roles: (i) 

it renders the substrates soluble in the aqueous reaction medium; (ii) it limits binding of the amine 

nitrogen to Pt or Cu; and (ii) it electronically deactivates the C–H bonds proximal to the nitrogen 

center. We demonstrate that this strategy is effective for the terminal-selective C(sp3)–H oxidation 

of a variety of primary, secondary and tertiary amines.

The development of methods for the selective functionalization of strong 1° C(sp3)–H bonds 

in the presence of weaker 3° and 2° C(sp3)–H bonds remains a major challenge in the 

burgeoning field of transition metal-catalyzed C–H functionalization.1,2,3 The Pt-catalyzed 

oxidation of alkanes offers a promising approach to tackle this challenge.4 In the 1970s, 

Shilov demonstrated that aqueous solutions of PtII and PtIV salts effect the C–H 

hydroxylation of alkanes.5 These transformations generally afford selective functionalization 

of 1° C-H bonds over 2° C–H bonds.4,6 However, despite the great promise of Shilov-type Pt 

catalysis, these transformations have found minimal application in organic synthesis over the 

past 40 years.7 This is due, in large part, to three key limitations: (1) the scope of substrates 

remains extremely narrow (predominantly due to the low water solubility of most organic 

molecules); (2) the selectivity remains modest (1° vs 2° C(sp3)–H bond selectivity generally 

ranges from 1.5 : 1 to 3 : 1); and (3) costly PtIV salts are typically used as the terminal 

oxidant (rendering the reactions impractical on even small scales).

We reasoned that all of these challenges could potentially be addressed in the context of the 

Pt-catalyzed C(sp3)–H oxidation of aliphatic amines. Aliphatic amines are a very important 

class of compounds that serve as the core structures of diverse organic materials, natural 

products, and bioactive molecules.8 Most existing methods for the C(sp3)–H 

functionalization of aliphatic amines involve either: (1) functionalization at the highly 
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activated C–H site α-to nitrogen9 or (2) the use of the amine nitrogen as part of a directing 

group.7c,10,11 We sought to utilize Pt catalysis to achieve complementary reactivity: namely, 

terminal-selective C–H functionalization at sites remote to nitrogen.12

We hypothesized that terminal-selective Pt-catalyzed C–H oxidation would be enabled by 

protonation of the amine substrates (eq. 1). The formation of ammonium salts would address 

two of the existing challenges of Shilov catalysis. First, quaternization should render the 

substrates water-soluble. Second, the inductive electron withdrawing effect of the 

ammonium cation13 is expected to electronically deactivate C–H sites proximal to nitrogen, 

thereby enhancing selectivity for remote 1° C(sp3)–H bonds.14 In addition, we sought to 

leverage prior work by Sames7c and Sen7d demonstrating that CuII salts can be used as 

oxidants for Shilov-type reactions in place of costly K2PtCl6.15 Our protonation strategy is 

also crucial in this context, since unprotonated amines could potentially undergo undesired 

side reactions with the CuII oxidant.16

(1)

Our initial studies focused on the K2PtCl4-catalyzed C–H hydroxylation of dipropylamine, 

which was protonated in situ with H2SO4. We started with traditional Shilov conditions, 

using 10 mol % of K2PtCl4. 1 equiv of K2PtCl6 as the terminal oxidant (and limiting 

reagent), and 2 equiv of the amine H2SO4 salt at 120 °C. As shown in Table 1, entry 1, these 

conditions afforded the C(sp3)–H hydroxylation product with high terminal selectivity (>10 : 

1 ratio of 1 to 1a) but only modest yield (36%) over 48 h. Changing the terminal oxidant to 

CuCl2 under otherwise analogous conditions provided an enhanced yield (66%), while 

maintaining high selectivity (>10 : 1; entry 2). Increasing the temperature to 150 °C afforded 

a similar yield (63%) over 30 h (entry 3). At this temperature, the catalyst loading could be 

dropped to 1 mol %, with minimal impact on the yield or selectivity (although this reaction 

now required 48 h; entry 5). Upon moving to 5 equiv of amine H2SO4 salt relative to Cu, the 

hydroxylated product was obtained in 97% yield (97 turnovers of Pt) and 8 : 1 selectivity for 

1 over 1a (entry 6). To our knowledge, this result represents the highest combination of 

terminal selectivity and TON reported to date for Shilov-type Pt catalysis.4 Importantly, 

control reactions show that no product is formed in the absence of Cu or Pt (entries 7 and 8). 

Furthermore, <1% of the C–H hydroxylation product was observed under the standard 

conditions but in the absence of added acid (entry 9). This is consistent with our hypothesis 

that protonation of the amine is essential for this transformation.

We next examined the Pt-catalyzed C–H hydroxylation of a series of N-alkyl pyrrolidine 

substrates in order to probe the impact of chain length on selectivity (Table 2). In all cases, 

the major product derived from C–H hydroxylation at the terminal position. As the terminal 

methyl group is moved closer to the amine nitrogen, the terminal selectivity increases 

sequentially from 2 : 1 in 5 to >20 : 1 in 2.17 In all cases, the site selectivity was determined 
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by 1H NMR spectroscopic analysis of the crude reaction mixture (see Supporting 

Information for spectra). The amino alcohol products were then derivatized with pivaloyl 

chloride (PivCl) to facilitate product isolation and characterization. Using these conditions, 

the oxygenated amino ester products 3–5 were isolated in high yields.18

The observed increase in selectivity with shorter chain length correlates with a decreased 

rate of C–H functionalization at sites that are proximal to the ammonium cation. For 

example, the C–H hydroxylation of N-ethyl pyrrolidine to form 2 proceeded in modest 25% 

yield under conditions analogous to those used to obtain products 3–5. This is consistent 

with β-C(sp3)–H bonds being significantly less reactive than more remote C–H sites. In 

addition, a competition between N-propyl and N-butylpyrrolidine afforded a 10 : 7 : 1 : <1 

ratio of products 4-OH : 3-OH : 4a-OH : 3a-OH (Scheme 1). Again, the selectivity for 4-
OH over 3-OH as well as for 4a-OH over 3a-OH is consistent with higher reactivity of C–

H sites that are more remote from nitrogen. Overall, these results support our hypothesis that 

quaternization of the amine deactivates the C(sp3)–H sites proximal to nitrogen via an 

inductive electron withdrawing effect.

Our standard conditions proved effective for the C–H hydroxylation of a variety of other 2° 

and 3° aliphatic amine substrates (Table 3). In all cases, the site selectivity was determined 

by 1H NMR spectroscopic analysis of the crude reaction mixtures (see Supporting 

Information for spectra).17 The amino alcohol products were then derivatized with pivaloyl 

chloride to facilitate isolation and characterization. Notably, the oxidant is used as the 

limiting reagent in these transformations. As such, yields greater than 100% reflect 

regeneration of the Cu oxidant (presumably by ambient air).19

All of the examples in Table 3 display modest to excellent terminal selectivity.17 Notably, 

the derivatization and purification sequence generally results in an upgrade of selectivity for 

the terminal product. The terminal selectivity partially reflects the inherent steric preference 

of Pt for the activation of 1° over 2° or 3° C–H bonds.4,6 However, selectivity is highest in 

the formation of the products in entries 1, 4, 5, and 7–10, where the competing 2° C(sp3)–H 

sites are β or α to the quaternized nitrogen. Again, these results implicate significant 

inductive deactivation by the ammonium cation. Nitrogen heterocycles including 

pyrrolidine, piperidine, and morpholine are compatible with the reaction conditions, and 

minimal C–H oxidation of the ring (<5%) is observed in these systems. Although terminal β-

C(sp3)–H sites are electronically deactivated, triethylamine does undergo high yielding β-C–

H oxygenation under slightly modified reaction conditions (15 equiv of amine relative to 

CuCl2 over 48 h; entry 7). Minimal oxidation of tert-butyl groups is observed, even in the 

absence of competing terminal sites for C–H oxidation (e.g., entries 11, 12). Similar 

observations have been made by Hartwig in Ir-catalyzed alkane borylation2 and can be 

attributed to steric deactivation of the tert-butyl C–H bonds.

We next compared this C–H hydroxylation reaction to Ir-catalyzed C–H borylation, the 

current state-of-the-art method for terminal-selective alkane C–H functionalization.2 

Hartwig has recently reported that the 3° amine substrate diethylbutylamine undergoes Ir-

catalyzed C–H borylation to afford the terminal β- C(sp3)–H borylation product 18-BPin 
with 6 : 1 selectivity over the analogous terminal δ-C(sp3)–H borylation product 19-BPin 
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(Scheme 2a).12 In this system, none of the 2° C(sp3)–H borylation product 19a-BPin was 

reported. In contrast, the Pt-catalyzed hydroxylation of this same substrate provides 

completely different site selectivity, affording a >20 : 1 preference for 19-OH over 18-OH, 

and a 3 : 1 ratio of 19-OH to 19a-OH (Scheme 2b). These results highlight the 

complementarity of the two methods. Notably, Pt catalysis has the additional advantages of 

compatibility with ambient air and moisture as well as applicability to 1°, 2° and 3° amine 

substrates.

A final set of investigations focused on probing the mechanism of this transformation. In 

particular, we noted that C–H hydroxylation products are formed exclusively under our 

reaction conditions, despite the presence of a high concentration of chloride. In other studies 

of Shilov-type alkane C–H oxidation, mixtures of C–H chlorination and C–H hydroxylation 

products have been reported under related conditions.5,6,20 When the Pt-catalyzed C–H 

oxidation of dipropylamine was monitored by 1H NMR spectroscopy, we observed rapid 

initial formation of an intermediate (A), which then fully converted to the C–H 

hydroxylation product over 24 h (Figure 1). Intermediate A was identified as the terminal C–

H chlorination product based on in situ characterization by 1H NMR spectroscopy, as well as 

by the independent synthesis of this compound. We also confirmed that an authentic sample 

of A undergoes quantitative conversion to 1 over 24 h at 150 °C in H2O, both in the presence 

and in the absence of the Pt catalyst. This suggests that a significant quantity of the 

hydroxylated product 1 is formed from A via a nucleophilic substitution reaction.

The data in Figure 1 suggest the feasibility of selectively accessing C(sp3)–H chlorination 

products, particularly with substrates in which nucleophilic substitution with H2O is slow. 

As proof-of-principle, we subjected substrates 20 and 24 to our Pt-catalyzed C–H oxidation 

conditions for short reaction times (2 h). Analysis of the crude reaction mixtures by 1H 

NMR spectroscopy showed exclusive formation of the C–H chlorination products 21 and 25. 

While 21 and 25 proved challenging to isolate due to their high volatility, work up of these 

reactions with KHCO3 resulted in the formation of the corresponding oxazinones 23 and 26, 

which were isolated in 65% and 55% isolated yield, respectively (Scheme 3). In addition, 

the treatment of 21 with phenyl isothiocyanate afforded 22 in 73% yield.

In conclusion, this report describes a Pt-catalyzed method for the terminal selective C(sp3)–

H oxidation of protonated aliphatic amines using CuII as the terminal oxidant. These 

reactions proceed with some of the highest TONs and selectivities reported to date for Pt-

catalyzed alkane oxidation. We propose that protonation of the amine is critical to the 

success of these transformations for several reasons. First, protonation renders the substrates 

water-soluble. Second, protonation prevents deactivation of the catalyst/oxidant by amine 

binding. Finally, the inductive electron withdrawing ammonium cation electronically 

deactivates proximal C–H bonds, resulting in high selectivity for terminal C(sp3)–H sites 

that are remote to nitrogen. Efforts to design second generation Pt catalysts that exhibit 

enhanced efficiencies and terminal selectivities in this transformation are underway in our 

lab and will be reported in due course.
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Figure 1. 
Formation and Decay of Intermediate A in the Pt-Catalyzed C–H Oxidation of Dibutylamine
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Scheme 1. 
Competition Between N-Propyl and N-Butylpyrrolidine
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Scheme 2. 
Comparison of Selectivity of (a) Ir-Catalyzed C–H Borylation versus (b) Pt-Catalyzed C–H 

Oxygenation of Diethylbutylamine
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Scheme 3. 
Pt-Catalyzed C(sp3)–H Chlorination and Subsequent Functionalization of 20 and 24
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Table 2

Pt-Catalyzed C–H Functionalization of N-Alkylpyrrolidines

substrate major product isolated yield isolated selectivity
(crude selectivity)a

25%b (β : α = >20 : 1)

85% γ : β = >20 : 1
(γ : β = 10 : 1)

126% δ : γ = 4 : 1
(δ : γ = 4 : 1)

73% ε : δ = 3 : 1
(ε : δ = 2 : 1)

a
Crude selectivity determined by 1H NMR spectroscopic analysis prior to treatment with PivCl.

b
Yield determined by 1H NMR spectroscopic analysis prior to treatment with PivCl.
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Table 3

Substrate Scope of Pt-Catalyzed C-H Hydroxylation of Secondary and Tertiary Aminesa

entry major product isolated yield isolated selectivity
(crude selectivity)

1 87% >20 : 1
(8 : 1)

2 76% 7 : 1
(5 : 1)

3 47% >10 : 1
(3 : 1)

4 54% >20 : 1
(8 : 1)

5 46% >20 : 1
(>20 : 1)

6b 65% >10 : 1
(5 : 1)

7c 88% >20 : 1
(>20 : 1)

8d 102% >20 : 1
(7 : 1)

9e 90% >20 : 1
(14 : 1)

10e 122% >20 : 1
(10 : 1)

11f <5%g ----

12f <5%g ----

a
General conditions: 1 mol % K2PtCl4, 1 equiv CuCl2, 5 equiv of amine, 5.5 equiv H2SO4 (1.1 equiv relative to amine), 150 °C, 24 h.

b
Entry 6: Amine used as HCl salt, 10 mol % K2PtCl4.

c
Entry 7: 15 equiv amine, 16.5 equiv H2SO4, 48 h.

d
Entry 8: 0.5 mol % K2PtCl4, 15 equiv amine, 16.5 equiv H2SO4.
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e
Entries 9–11: 5 mol % K2PtCl4.

f
Entries 11–12: amine used as HCl salt, 10 mol % K2PtCl4;

g
Yields estimated by 1H NMR analysis of crude reaction mixtures; <5% of C(sp3)–H hydroxylation or C(sp3)–H chlorination products were 

observed.
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