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Abstract: On June 20, 2024, Gilead Sciences announced the interim results of the pivotal Phase 3 PURPOSE 1 trial for 
Lenacapavir, a new HIV prevention drug administered via subcutaneous injection twice a year, demonstrating 100% efficacy in 
preventing HIV infection in young women.

On August 22, 2022, the European Commission approved Lenacapavir globally for use in combination with other 
antiretroviral drugs to treat adult HIV-infected patients with multidrug-resistant virus who cannot achieve viral suppression.

The synthesis of the key intermediate LNKPW01 for Linaclotide involves the Suzuki reaction, during which we identified 
several impurities. Through in-depth investigation of these impurities, we gained a deeper understanding of the process. Let’s 
take a closer look at these impurities, with impurity M being the most significant.
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1. Synthesis of LNKPW01
The synthesis route and process are as follows:
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Figure 1. The synthesis route and process LNKPW01

Synthesis process: 1.0eq LNKPWA, 1.2eq LNKPWC, 1.5eq Cs2CO3, 10.0V/W THF, 2.0V/W N007B, N2 
displacement three times, add 0.05eq Pd (dppf) Cl2, N2 displacement three times, heat up to 80℃ for 4 hours, TLC control 
LNKPWA reaction is complete, the reaction solution is dissolved to dryness, 5.0V/W EA is added, and after dissolution, 
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it is washed twice with 2 * 2.0V/W H2O. After organic addition to MTBE, a solid is precipitated and filtered to obtain 
LNKPW01 product. The purity of the obtained LNKPW01 product is only 75-85%.

2. The HPLC chromatogram of the reaction solution is as follows

Figure 2. The HPLC chromatogram of the reaction solution

As shown in the above figure, the main impurities involved in the reaction include C dehydroborylation products, 
C dehydroborate ester products, ligand oxidation products, C self coupling products, debromination products, hindered 
isomers, impurities with a molecular weight of 939, and impurities with a molecular weight of 894.

3. Impurity analysis of reaction solution
3.1. Boron deprotonation products

Figure 3. The LCMS spectrum and analytical structural formula of the impurity

The LCMS spectrum and analytical structural formula of the impurity are shown in the figure above[1]. The impurity 
accounts for about 5% of the reaction solution. Borination is a common impurity in Suzuki coupling reactions, which 
can occur under the action of water, acid, and base. Under alkaline conditions, boric acid forms an unstable adduct with 
hydroxide ions, and after a transition state, boric acid is removed to produce protonated products. The deprotonation 
mechanism of boronic acid esters under alkaline conditions is relatively complex, mainly involving two pathways[2]. 
Firstly, the hydroxyl adducts of boronic acid esters can be directly deprotonated. Another approach is to first hydrolyze the 
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boronic acid ester adduct into a boronic acid adduct, and then proceed with boron removal[3].

3.2. Dehydration products of boron (oxidation products)

Figure 4. LCMS and structural analysis of the trace impurity (~0.15% by TOF) in the deborylative hydroxylation product.

The LCMS spectrum and analytical structural formula of the impurity in the boron removal hydroxylation product are 
shown in the figure above. The Suzuki coupling reaction produces boron removal hydroxylation products in the presence 
of oxygen[4]. Compared with the boron removal protonation products, the boron removal hydroxylation products are only 
trace amounts, but the impurity was indeed detected on TOF at about 0.15%.

3.3. Ligand oxidation products

Figure 5. LCMS spectrum and analytical structural formula of the impurities

The catalyst [1,1 ‘- bis (diphenylphosphine) ferrocene] palladium dichloride will be oxidized in the presence of 
oxygen, producing oxidation impurities, which account for about 2% of the reaction solution. The LCMS spectrum and 
analytical structural formula of the impurities are shown in the above figure[5].

3.4. Boric acid (ester) dehalogenation self coupling product

Figure 6. The LCMS spectrum and analytical structural formula of boronic acid (ester) dehoronation self coupling products
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The LCMS spectrum and analytical structural formula of boronic acid (ester) dehoronation self coupling products are 
shown in the figure above[6]. In 2006, based on previous research, Carlo Adamo et al[7,8]. further improved the mechanism 
of boronic acid self coupling through detailed control experiments, kinetic studies, and DFT (Density Functional Theory) 
calculations, and proposed a more detailed mechanism. This mechanism highlights the roles of oxygen, boric acid, and 
water at different stages throughout the catalytic process. The mechanism is as follows:

Figure 7. the mechanism of boronic acid self coupling

1. Zero valent Pd (0) is first oxidized by oxygen to form ternary active Pd species 4[9]

2. 4 reacts with one molecule of boric acid to generate 6
3. 6. Transfer metalization occurs with another molecule of boric acid to generate intermediate cis-7
4. CIS-7 reacts with water to generate CIS-5
5. Cis-5 isomerizes to trans-5, which is the reactive intermediate
6. Trans-5 undergoes transfer metalization with the third molecule boric acid to generate the intermediate trans-8
7. Trans-8 also undergoes isomerization to generate cis-8
8. 9 undergoes reduction and elimination, generating self coupling products.

3.5. Dehalogenation impurities

Figure 8. The LCMS spectrum and analytical structural formula of dehalogenation impurities 
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The LCMS spectrum and analytical structural formula of dehalogenation impurities are shown in the above figure, 
and the classical mechanism of dehalogenation is shown in the following figure[4]:

Figure 9. the classical mechanism of dehalogenation

The main process of this mechanism includes:
1. Oxidative addition of halogenated hydrocarbons to Pd (0) complexes
2. Substitution of halogen ions in complexes by alkaline centers[10]

3. The complex undergoes β - elimination to generate corresponding aldehydes, ketones, and palladium hydrides[11]

4. Reduction and elimination of palladium hydride to produce dehalogenated products[12]

5. The core viewpoint of this mechanism is that oxidative addition is the rate limiting step, and the addition of base 
and catalyst is necessary for dehalogenation. The increase of base often leads to an increase in dehalogenation products[13].

3.6. Tandem side reaction impurities (Mw=894 and Mw=938)
Two impurities were found behind the main peak, with impurities with a molecular weight of 938 accounting for 
approximately 0.4-0.5% and impurities with a molecular weight of 894 accounting for approximately 2%. When the reaction 
is incomplete and boronic acid ester C is added, these two impurities will increase. The TOF results are as follows:

Figure 10. TOF analysis of M_w 894 (~2%) and M_w 938 (~0.5%) impurities
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3.6.1. Serial side reaction impurities（Mw=938）

Figure 11. The LCMS spectrum and analytical structural formula of the impurity (Mw=938) in the series side reaction

The LCMS spectrum and analytical structural formula of the impurity (Mw=938) in the series side reaction are shown 
in the above figure, and the peak of 939 is M+1; The peak of 961 is 938+23; The peak of 883 is 939-56.

3.6.2. Tandem side reaction impurities (Mw=894)

Figure 12. The LCMS spectrum of the impurities (Mw=894) in the series side reaction

The LCMS spectrum of the impurities (Mw=894) in the series side reaction is as shown above, and the initial 
speculated structure is as follows:

Figure 13. the initial speculated structure
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The H-NMR of LNKPW01 is as follows:
The H-NMR of impurity (Mw=894) is as follows:

Figure 14. The H-NMR of LNKPW01 and The H-NMR of impurity

By comparison, it can be found that the methylsulfonyl group of LNKPW01 exhibits a single peak with an integral of 
3 at position 3.1, but there is no peak at position 3.1 in the NMR hydrogen spectrum of the impurity (Mw=894), indicating 
that the methylsulfonyl group has indeed been lost. Further compare the hydrogen spectrum of LNKPW01 with the 
hydrogen spectrum of impurity (Mw=894).

LNKPW01 low field hydrogen nuclear magnetic resonance analysis:
Mw=894 impurity low field H-NMR analysis:

Figure 15. LNKPW01 low field hydrogen nuclear magnetic resonance analysis
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Figure 16. Mw=894 impurity low field H-NMR analysis
By comparing the LNKPW01 H-NMR with the low field H-NMR analysis of 894 impurity, it was found that the 

H-NMR Mw-894 impurity is also basically consistent. Below is an analysis of the C-NMR of impurity 894:

Figure 17. analysis of the C-NMR of impurity 894

The carbon spectrum and speculated structure of impurity 894 are also basically consistent, but a single peak appears 
around 207, which does not match the speculated structure.

Through literature review, it was found that olefins can transform into dienes under palladium carbon catalysis. The 
mechanism described in the literature is as follows[14]:

Figure 18. The mechanism described in the literature

Based on the literature, we speculate that the impurity structure and mechanism of 894 should be as follows:
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Figure 18. the impurity structure and mechanism of 894

Reason:
1. The isotopic peak of chlorine shows a ratio of 9:6:1, which is consistent with two chlorides;
2. The methyl group of the methylsulfonyl group disappears in both the hydrogen and carbon spectra, consistent with the 

Mestrenova simulation;
3. The number and position of hydrogen and carbon spectra are consistent, and the carbon position of the diene is exactly 

around 2.5.
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