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Abstract

A method for the conversion of pyrimidines into pyrazoles by a formal carbon deletion has been 

achieved guided by computational analysis. The pyrimidine heterocycle is the most common 

diazine in FDA-approved drugs, and pyrazoles are the most common diazole. An efficient 

method to convert pyrimidines into pyrazoles would therefore be valuable by leveraging the 

chemistries unique to pyrimidines to access diversified pyrazoles. One method for the conversion 

of pyrimidines into pyrazoles is known, though it proceeds in low yields and requires harsh 

conditions. The transformation reported here proceeds under milder conditions, tolerates a 

wide range of functional groups, and enables the simultaneous regioselective introduction of 

N-substitution on the resulting pyrazole. Key to the success of this formal one-carbon deletion 

method is a room-temperature triflylation of the pyrimidine core, followed by hydrazine-mediated 

skeletal remodeling.
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INTRODUCTION

Of the top 200 selling U.S. FDA-approved drug compounds as of 2014, 59% contain at 

least one N-heterocycle.1 While monoazacycles are the most prevalent,1 di-azacycles also 

feature prominently. Of the latter, pyrimidines are the most common diazine (and the 6th 

most abundant N-heterocycle overall), and pyrazoles are the most common diazole.1–5 

These heterocycles are privileged by virtue of the vectors they present for interactions (e.g., 

H-bonding) with biological targets4 and the numerous synthetic methods for their peripheral 

functionalization.6,7 Moreover, their late-stage peripheral diversification can accelerate the 

pace of drug and agrochemical discovery. This type of molecular editing8 can circumvent 

the need to effect a change on the periphery of a target heterocycle at the outset of a drug 

derivative synthesis or even a complete redesign of the route.

In comparison, direct, late-stage modifications of the core framework of heterocycles are 

challenging to accomplish. To expand the chemical space accessible from a given compound 

beyond peripheral modifications, interest in the skeletal editing of N-heterocycles (illustrated 

in Figure 2A) has increased in recent years.9–13 In combination with peripheral editing, the 

continued development of skeletal editing would facilitate the late stage, omnidirectional 

exploration of chemical space around a central molecule.

While pyrimidines are competent directing groups for peripheral functionalization by C–H 

functionalization (typically of substituents at C2 of the pyrimidine, vide infra),14–19 few 

methods for their skeletal editing are known (Figure 2B); however, reports describing 

the conversion of other hetero-cycles into pyrimidines have begun to appear. Recently, 

Morandi and coworkers reported a nitrogen insertion into indole C–C bonds to generate 

quinazolines.20 Similarly, Levin and coworkers recently disclosed an analogous carbene 

insertion into pyrazole N–N bonds to generate 2-aryl pyrimidines.21 Here, we report a 

reverse of the latter process—a method for the conversion of pyrimidines into pyrazoles by a 

formal carbon deletion (Figure 1B).

Unlike pyrimidines, pyrazoles are relatively poor directing groups for the C–H 

functionalization of their C-bound substituents, especially when the nitrogen adjacent to 

the substituent is itself substituted (Figure 2C,D).22 Because both NH - and N-functionalized 

pyrazoles are found in many biologically relevant molecules, we reasoned that a general, 

functional group tolerant method for the transformation of pyrimidines into pyrazoles 

would enable access to C–H functionalized pyrazole-containing compounds by leveraging 

the directing ability of the parent pyrimidine (Figure 2E). This example of skeletal 

editing would thus constitute a rapid diversification of the heterocyclic moiety and would 

complement typical peripheral diversification tactics.

Bartholomew et al. Page 2

J Am Chem Soc. Author manuscript; available in PMC 2023 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In fact, such a transformation was reported in 1968, when van der Plas and Jongejan found 

that heating pyrimidine to 200°C in the presence of solvent quantities of aqueous hydrazine 

affected its conversion to pyrazole, as outlined in Figure 1A. However, this reaction failed 

on substituted pyrimidines.23 N-Methylation of the pyrimidine nitrogen by iodomethane 

lowered the LUMO of the pyrimidine ring such that the nucleophilic attack of hydrazine 

to effect the contraction could occur at 100°C, though the scope remained limited, and this 

two-step protocol required solvent quantities of iodomethane.

To broaden the scope of this transformation and generalize the conditions, we sought 

to achieve even more pronounced LUMO lowering of the pyrimidine unit in a one-pot 

process. Computations indicated that pyrimidine N-triflylation would sufficiently lower the 

pyrimidine LUMO(−3.88vs −3.13eV for N–Me pyridinium, corresponding to a difference of 

13.98 kcal/mol; see the Supporting Information for details) to facilitate the nucleophilic 

attack of hydrazine at 23°C. We experimentally confirmed triflic anhydride to be a 

competent equimolar activator. This discovery ultimately enabled the contraction of a broad 

range of substituted pyrimidines to the corresponding pyrazoles under mild conditions 

(Figure 1B). This formal carbon deletion converts the most prevalent diazine into the most 

common diazole found in FDA-approved pharmaceuticals. Importantly, the pyrimidine-to-

pyrazole conversion sets the stage for using well-established pyrimidinedirected peripheral 

C–H functionalization for the diversification of the eventual pyrazole-containing products.

RESULTS AND DISCUSSION

We first sought to identify conditions for the catalytic activation of the pyrimidine core; 

however, no reactivity was observed using sub-stoichiometric amounts of Brønsted or Lewis 

acids, likely due to competing protonation or binding to the hydrazine nucleophile. We 

instead reasoned, with support from computations (see the Supporting Information for 

details), that successful activation might be achieved by N-acylation or N-sulfonylation.24–27 

The activators evaluated on the basis of this hypothesis are summarized in Table 1. This 

investigation led to our discovery that triflylation of the pyrimidine nitrogen prior to addition 

of hydrazine effected the desired contraction in 37% yield at 23 °C (Table 1, entry 8). 

This preactivation stage is necessary to prevent hydrazine triflylation, which was found to 

be irreversible at temperatures up to 100 °C. A significant increase in yield to 72% was 

observed when the reaction was conducted at 35 °C (Table 1, entry 9); at this temperature, 

nucleophilic attack on the ring by hydrazine could outcompete detriflylation (Figure 

3A). A solvent screen led to the identification of anhydrous 1,4-dioxane as the optimal 

solvent, giving 5-phenyl-1H-pyrazole in 90% yield (Table 1, entry 10; see the Supporting 

Information for details). While water quenched the activated N-triflylpyrimidinium triflate 

species, exposure to air did not impede the reaction. Furthermore, N-triflylation could 

be quantitatively achieved at temperatures as low as −78° C, reflected in the calculated 

low barrier of this step (Figure 3). As anticipated, hydrazine addition at −78° C led to 

quantitative detriflylation of the N-triflylpyrimidinium species.

Mechanistically, as initially proposed by van Veldhuizen,28 this transformation may proceed, 

as shown in Figure 3. N-Triflylation of the least sterically hindered (and most π-excessive) 

pyrimidine nitrogen (ΔG‡ ≈ 0.99 kcal/mol; Figure 3A) serves to activate the pyrimidine ring 
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toward nucleophilic attack (see the Supporting Information for details). The site-selectivity 

for N-triflylation is supported by the formation of 1-methyl–4-phenylpyrimidinium iodide 

(1a, Figure 3C) upon methylation of A and corroborated by the higher Fukui nucleophilicity 

index that was calculated for this atom (Figure 3D). The activated pyrimidinium is then 

attacked at C6 by hydrazine to give C. Computations found this step to be rate limiting, 

as shown in Figure 3. Detriflylation at this stage was found to be competitive at a lower 

temperature (Figure 3A), reflected in the yield increase when the reaction temperature 

was increased to 35 °C. Deprotonation of highly acidic hydrazinium species C gives D, 

followed by 6π electrocyclic ring opening to give E. The barrier to electrocyclic ring 

opening from charged species C was calculated to be 16.18 kcal/mol higher than from 

neutral species D. Additionally, the barrier for aminal collapse from D was calculated to 

be 5.57 kcal/mol higher than 6π electrocyclic ring opening from the same intermediate 

(Figure 3B). Thereafter, the terminal hydrazone nitrogen engages the ring-opened species 

(after tautomerization) at C4 to give charge-separated species G. Subsequent proton transfer 

to give H and elimination of N-triflylformamidine through a 1,5-sigmatropic H-shift results 

in the pyrazole product. In total, the reaction of 4-phenylpyrimdine (A) with hydrazine to 

give 5-phenyl-1H-pyrazole (I) and formamidine was calculated to be exergonic by 11.64 

kcal/mol.

The scope of the formal carbon deletion is summarized in Figure 4. Because some substrates 

were observed to react more slowly than others, and product decomposition did not occur 

over prolonged reaction times, reactions were run over 18 h for consistency. The contraction 

protocol was found to be tolerant of electronically diverse arenes, as shown in Figure 4A 

(compare yield for 2a and 3b). Ortho- and meta-phenyl derivatives displayed a similar trend 

(see 3a and b). Only a slight difference in yield was observed for ortho- and meta-methyl 

derivatives (see 4a and 4b). Halogenated substrates were tolerated as evidenced by the 

formation of 5a and 5b as well as 6a and 6b.

Heteroarene substitution on the pyrimidine ring was also well-tolerated. For example, 7 was 

formed in 81% yield. 4-(3-Pyridyl)pyrimidine and 4-pyrazinylpyrimidine, where competing 

triflylation of the heterocycle substituents was anticipated, contracted to 8a and 8b in 

poorer yields of 47% and 24%, respectively. Mass recovery in these cases was modest, and 

distinct competing reactivity was observed at the pyrazine unit. 2-Furanyl and 2-thiophenyl 

derivatives also participated in the ring contraction, giving 9 and 10 in 56 and 87% yield, 

respectively.

Because directed C–H functionalization is often employed to introduce aromatic 

groups15,29,30 we also evaluated the effect of biaryl substituents on the pyrimidine 

contraction. These results are summarized in Figure 4A. Contraction of a para-

dimethylaminophenyl derivative led to 13 in a modest yield of 40%, possibly due to 

competing N-triflylation of the more nucleophilic dimethylaniline nitrogen; 59% of the 

starting material was recovered in this case. A para-methoxyphenyl derivative gave 14 in an 

appreciable 65% yield, though some demethylation was observed. meta-Chlorophenyl and 

para-cyanophenyl derivatives gave 16 and 17 in 33 and 49% yield, respectively, along with a 

significant amount of recovered starting material.
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We then sought to investigate the effect of functional groups appended directly to the 

pyrimidine ring. These results are summarized in Figure 4B. Hydrocarbon groups at C5 

of the pyrimidine were well tolerated, giving yields of 50–88% (see 20, 22, or 23). A 

fused pyrimidine participated readily, giving 28 in 88% yield. Steric encumbrance at C5 

adversely affected the contraction; isopropyl appended 21 was formed in only 24% yield. 

Though electron rich polar groups were tolerated (e.g., methoxypyrazole 19 is formed 

in 60% yield), electrondeficient pyrimidines performed poorly (see 24–27), likely due to 

incomplete triflylation or competing detriflylation of these substrates upon the addition of 

the hydrazine nucleophile. Heating these substrates to 60 °C for 2 h during the activation 

stage (to increase triflylation) then cooling to 35 °C prior to hydrazine introduction increased 

the yield significantly (e.g., from 9 to 53% for trifluoromethyl derivative 27).

Because N1-functionalized pyrazoles, such as 31, are incapable of directing C–H 

functionalizations (vide supra), we also evaluated the formation of N1-substituted pyrazoles 

(Figure 4C). Phenylhydrazine provided N1-phenylpyrazole (31) in 50% yield, which was 

a lower yield than when unsubstituted hydrazine was used likely due to the reduced 

nucleophilicity of the phenyl-bearing nitrogen. The constitution of 31 is consistent with a 

faster initial attack of the terminal phenylhydrazine nitrogen. Phenylhydrazine hydrochloride 

derivatives also affected the contraction smoothly to give 30 and 32a-b when excess Na2 

CO3 was added (see the Supporting Information for details). Notably, these hydrazines 

performed poorly in their free base forms. Electron-poor benzohydrazide contracted to 33 in 

50% yield. A reverse in regioselectivity was observed when cyclohexylhydrazine was used 

as the contraction coupling partner, generating a 2.5:1 mixture of isomeric pyrazoles 34a-b 
in 70% combined yield favoring substitution at N2 (confirmed by NOESY). This switch in 

selectivity likely arose from the increased nucleophilicity of the alkyl-bearing nitrogen in 

this case, favoring its initial addition to the activated pyrimidinium. C2-Aryl derivatives gave 

only trace amounts of the desired contraction products (see the Supporting Information for 

details). In these cases, because the C2-aryl group would be excised upon contraction, these 

substrates are not particularly well-aligned with the goal of diversification of substituted 

pyrimidines to afford the corresponding substituted pyrazoles.

We also modified the protocol so that the ring contraction could be carried out in the 

presence of free OH and NH groups (Figure 5A). To this end, transient OH triflylation was 

achieved by using an excess of triflic anhydride along with Na2 CO3 as an acid scavenger, 

enabling the contraction of an OH-containing pyrimidine to give 35 in 65% yield after basic 

workup (to unveil the in situ-triflylated phenol-OH). When the basic detriflylation step was 

omitted, O-triflylated product 36 was isolated in 61% yield along with 35 in 39% yield, 

presumably arising through hydrazine-mediated detriflylation of the phenol. This approach 

was applied to NH-containing 4-(para-aminophenyl)pyrimidine to give 37 in 47% yield 

along with a 33% recovery of starting material. A substituted quinazoline (a structural motif 

common in pharmaceuticals) contracted to give 38 in 41% yield (Figure 5B).

We also investigated the contraction of the pyrimidine group in complex molecules of 

pharmaceutical relevance, such as those shown in Figure 5C. Sterically hindered pyrimidine 

39 (benzpyrimoxan)31 failed to undergo contraction under the typical conditions. However, 

the established protocol could be adapted to overcome the steric hindrance in 39 by 
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increasing the reaction temperature to 60 °C, which led to a 20% yield of the desired 

contraction product. In comparison, the pyrimidine moiety of 40 readily underwent 

contraction in 57% yield with 41% starting material recovery.32 The successful contractions 

of 40–42 demonstrate the applicability of the method to C5-substituted pyrimidines. The 

agrochemical Fenarimol (41) underwent contraction in 37% yield along with 51% of the 

starting material recovered. Pyrimidinylated Rivaroxaban (Xarelto) derivative 42 underwent 

ring contraction in HFIP in 17% yield with 79% starting material recovery when triflylation 

carried was out at 0 °C. Notably, amidinecontaining methylsulfinyl pyrimidine 43 underwent 

contraction in 65% yield with 31% starting material recovery. The successful contraction of 

this compound demonstrates that substrates bearing non-aryl C2-substitution can participate 

successfully in the transformation.

Finally, pyrimidine-directed C–H functionalization of 44 followed by contraction to the 

corresponding pyrazole gave a C–H functionalized derivative of Celecoxib (Celebrex) 

precursor 46.33 Specifically, pyrimidine-directed rutheniumcatalyzed C–H bis-arylation14 

of 44 gave 45 in quantitative yield. Alternatively, directed C–H mono-arylation of 44 could 

be achieved in 75% yield (see the Supporting Information for details). Notably, no C–H 

functionalized products were formed under the same conditions with the analogous pyrazole 

substrate. Arylpyrimidine 45 underwent contraction to the corresponding pyrazole in 53% 

yield with 44% starting material recovery. The sequence shown in Figure 5D highlights 

the power of this transformation for heterocycle swaps, enabling the use of a pyrimidine 

as a surrogate for a pyrazole. Additionally, directed C–H functionalization reactions of 

2-arylpyrimidines, such as ortho-acetoxylation17 and ortho-chlorination,34 were successfully 

applied to 4-arylpyrimidine 44 to give 47 and 48 in good yields (Figure 5E; see the 

Supporting Information for details). Finally, in a large-scale demonstration, the contraction 

of 4-phenylpyrimidine was found to proceed in 80% yield on a 10.0 mmol(1.56 g) scale.

CONCLUSIONS

The approach reported here accomplishes the conversion of pyrimidines into pyrazoles 

under milder conditions and with a much broader substrate scope than was previously 

possible. While a pyrimidine to pyrazole conversion has been reported previously, it 

required high temperatures or methylation of the starting substrates with solvent quantities 

of the methylating reagents, thus limiting the utility of that previously reported method. 

Furthermore, we have established a new platform for the preparation of diversified pyrazole 

compounds by leveraging the pyrimidine core as a strong directing group for C–H 

functionalization, which is then followed by scaffold hopping9,12,13 to the corresponding 

pyrazole. Our approach also provides access to a diverse range of N2-substituted pyrazoles, 

which are not easily accessed at a late stage due to the poor directing ability of these 

substituted diazoles in C–H functionalizations and the difficulty of their preparation 

through regioselective functionalization of substituted NH-pyrazoles. This report serves as a 

demonstration of the concept of “single atom” skeletal editing, examples of which continue 

to emerge.

Bartholomew et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2023 July 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Original disclosure of the hydrazine-mediated contraction of pyrimidine to pyrazole. (B) 

Summary of present disclosure.
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Figure 2. 
(A) Conceptual outline of peripheral and skeletal editing strategies. (B) Peripheral edits 

available about the pyrimidine heterocycle, including its use as a directing group for C–

H functionalization. (C) Peripheral edits available for pyrazoles, noting its key inability 

to direct C–H functionalizations. (D) Rationale behind the poor directing group strength 

of pyrazoles relative to pyrimidines. a ωB97x-D, 6–31G(d,p). (E) Conceptual outline to 

leverage both peripheral and skeletal editing to access C–H functionalized pyrazoles.
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Figure 3. 
Mechanism of the triflylation-promoted, hydrazine-mediated ring contraction of 

pyrimidines. (A) Competitive detriflylation of B. (B) Calculations for aminal collapse 

pathway. (C) X-ray crystal structure of N-methyl-4-phenylpyrimidinium iodide (MeCN 

molecule omitted for clarity). (D) Fukui nucleophilicity (left) and electrophilicity (right) 

indices for A and B, respectively.
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Figure 4. 
Ring contraction scope. Reactions performed on 0.10 mmol of substrate. Percentages 

reported are isolated yields. (A) Scope of substrates substituted with arenes and heteroarenes 

at C4. (B) Scope of substrates substituted at C5. aTriflylation stage run at 60 °C for 2 h 

before the reaction mixture was cooled to 35 °C for the addition of hydrazine. (C) Scope of 

hydrazines. CHydrochloride salt of hydrazine derivative was used together with 4.0 equiv of 

Na2 CO3. dThe products were isolated as a 3:1 N2/N1 substitution mixture.
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Figure 5. 
(A,B) Scope of specialized substrates. a3.0 equiv Tf2O was employed together with 4.0 

equiv Na2 CO3; the reaction mixture was stirred with 10.0 equiv aqueous NaOH in 2:1 

1,4-dioxane:methanol (0.33M) at 23 °C after completion to affect detriflylation. bThe basic 

workup step was omitted. (C) Scope of druglike substrates. cThe reaction was run at 60 

°C. dHFIP was used as the reaction solvent, and triflylation was carried out at 0°C. (D) 

Synthesis of a C–H functionalized late-stage intermediate of Celecoxib. (E) Demonstrative 

pyrimidine-directed C–H functionalization reactions.
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Table 1.

Effect of Pyrimidine Activator

entry activator yield (%)a

1 BzCl 0

2 AcCl 0

3 EtOCOCl 0

4 PhOCOCl 17

5 1:1 PhOCOCl, NaI 62

6 MsCl 0

7 TsCl 0

8 Tf2O 37

9b Tf2O 72

10 c Tf 2 O 90

a
Determined by 1H NMR.

b
35°C.

c
Dioxane used as solvent.
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