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Abstract 

Despite recent advancements in the development of catalytic Markovnikov-selective 

hydroboration of alkenes, the metal-free procedure has long remained an unsolved challenge. 

Here, we report an organocatalytic Markovnikov-selective hydroboration of aryl alkenes using 

a commercially available quaternary ammonium catalyst. The method is operationally simple, 

scalable, and compatible with a wide variety of substrates and it can be successfully applied 

in the synthesis of active pharmaceutical ingredients (API) such as Chlorphenoxamine. 

Through in-depth experimental and DFT studies, we elucidate a nuanced understanding of 

the mechanism and regioselectivity of this reaction. 

Introduction 

Organoboron compounds are highly attractive intermediates due to their ease of 

functionalization through various catalytic processes such as Suzuki coupling,1 Chan-Lam 

coupling,2 halodeborylation,3 amination,4 oxidation,5 and many more.6 Synthesis of 

organoboron compounds in a regio- and stereoselective manner by catalytic processes 

(including hydroboration, diboration and borylation reactions) is in high demand and the 

number of new protocols is constantly growing. Hydroboration reactions of alkenes typically 

favor the formation of linear, anti-Markovnikov products and are well documented.7-9 

Selectivity towards branched Markovnikov products is challenging and generally less 

frequently observed. Though progress has been made in recent years, transition metal (TM) 

complexes are exclusive in Markovnikov-selective hydroboration reactions (Figure 1a).9, 10 

Due to the limited availability of precious metals and environmental concerns, there has been 
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a focus on exploring alternatives involving earth-abundant metals (Mn,11-13 Fe,14-16 Co,17-24 

Ni,25-27 Cu,28-31). However, the excessive use of borylating agent, the frequently low stability of 

the catalyst and base activators that are often required limit the applications of these systems. 

Challenges related to expensive pre-catalysts, multistep ligands synthesis, the use of toxic 

organic solvents as a reaction medium, and overall process sustainability are highly prominent 

in modern organoboron chemistry. 

In the last few decades, organocatalysis has surfaced as a viable alternative to transition 

metal-based catalysis, primarily due to its cost-effectiveness and lower toxicity (absence of 

metal contamination), the ready availability of reagents, and its environmentally friendly 

nature. In recent years, quaternary ammonium salts (QASs) have been used as solvents and 

immobilization media for TM-catalysts but they have garnered significant attention as 

organocatalysts for the hydrofunctionalization of unsaturated C-C bonds.32-37 We previously 

reported an ionic liquid-catalyzed anti-Markovnikov selective hydroboration of alkenes (Figure 

1b).38 In the current work, we investigated QASs as catalysts for hydroboration of alkenes 

leading to Markovnikov organoboranes (Figure 1c). We hypothesized that the high-energy 

alkene can be activated by the addition of hydrogen on the β-carbon via a dihydrideborate 

intermediate thereby determining the α-carbon nucleophilic towards pinacolborane. Herein, 

we report the hydroboration of aryl alkenes in a regioselective fashion. To our knowledge, this 

is the first method for the metal-free Markovnikov-selective hydroboration of alkenes. The 

simplicity of the catalyst and its high selectivity opens a new chapter in Markovnikov 

hydroboration reactions.  
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Figure 1. Markovnikov-selective hydroboration of alkenes. 

Results and Discussion 

With this challenge in mind, we chose styrene (1a) and pinacolborane as the model substrates 

and screened a wide range of quaternary ammonium salts with simple carboxylate anions as 

catalysts. At the outset, the control reactions between 1a and HBpin were conducted at 90 °C 

in the presence of commercially available or easy-to-prepare acetate-based QASs. The 

Markovnikov product 2a was obtained with moderate selectivity and low yield after 24 h when 

[TMA][OAc] was used (Table 1, entry 1). Switching to [TBA][OAc] containing a cation with 

longer alkyl chains substituted to the nitrogen atom resulted in excellent regioselectivity, giving 

branched alkyl boronic ester 2a with 97% yield. A nearly equal isomer ratio was noted with the 

use of hexadecyltrimethylammonium acetate [CTA][OAc] (Table 1, entry 3). Poor conversion 

of 1a and moderate reaction selectivity were also observed for [BMIM][OAc] and [NH4][OAc], 

indicating that the length of alkyl chains may play an important role in the catalysis (Table 1, 

entry 4-5). Lower yields of 2a were observed when other carboxylate-based catalysts were 

used (Table 1, entries 6-7). An analog of [TBA][OAc] featuring a phosphonium cation was 

examined, revealing a significant decrease in selectivity (Table 1, entry 8). With [TBA][OH], no 
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product formation was detected (Table 1, entry 9). The use of potassium acetate or acetic acid 

as catalysts led to a notable decline in selectivities (Table 1, entries 10-11). As expected, the 

presence of the catalyst is crucial.  Without a catalyst, no reaction was observed under applied 

process conditions (Table 1, entry 12).  Based on the catalyst screening, tetrabutylammonium 

acetate [TBA][OAc] was chosen as the best catalyst for the B–H addition to styrene (1a) and 

used for further reaction conditions screening (see ESI). When the reaction temperature was 

lowered to 80 °C, the conversion of 1a dropped to 79% (Table 1, entry 13). Reducing the 

quantity of HBpin from 1.1 equivalents to 1.0 equivalent gave 2a in 87% yield (Table, entry 

14). When 5 mol% of [TBA][OAc] was used, an evident drop in 1a conversion was observed 

(Table, entry 15). However, it was found that 20 hours were sufficient for an excellent product 

yield (Table 1, entry 16). 

Table 1. Survey of catalysts and conditions in 
hydroboration of styrene with HBpin.a 

  

entry catalyst 
conv. of 
1a [%]b 

selectivity 
(2a:3a)b 

yield 
of 2a 
[%]b 

1 [TMA][OAc] 32 74:26 24 
2 [TBA][OAc] >99 98:2 97 
3 [CTA][OAc] 78 51:49 40 
4 [BMIM][OAc] 68 10:90 7 
5 [NH4][OAc] 32 66:34 21 
6 [TBA][OBz] 46 98:2 45 
7 [TBA][HCOO] 90 93:7 84 
8 [TBP][OAc] 88 75:25 66 
9 [TBA][OH] n.r - - 

10 KOAc 71 34:66 24 
11 HOAc 24 6:94 1 
12 none n.r - - 
13c [TBA][OAc] 79 97:3 77 
14d [TBA][OAc] 89 97:3 87 
15e [TBA][OAc] 56 99:1 55 
16f [TBA][OAc] 99 98:2 97 

aReaction conditions: 1a (1.0 mmol), HBpin (1.1 mmol), catalyst (10 mol%), 90 °C, 24 h, argon atmosphere. 
bDetermined by GC-MS and 1H NMR analyzes using mesitylene as an internal standard. c80 °C.  d1mmol of HBpin 

was used. e5 mol% of the catalyst was used. f20 h reaction time.  

With optimized reaction conditions in hand, we investigated the Markovnikov hydroboration of 

various alkenes with HBpin, including substituted styrenes, internal alkenes, and 1,1-

disubstituted olefins (Figure 2). The reactions consumed only 10 mol% of [TBA][OAc] and 
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provided the targeted branched products with high isolated yields (>70%). Styrene derivatives 

bearing two methyl groups (1b) or phenyl ring at the para position (1c) had a marginal impact 

on the product yields. The reaction also worked efficiently for vinylnaphthalene (1d), giving a 

high yield (90%) and excellent regioselectivity (99:1). Styrenes possessing -Cl (1e) and -Br 

(1f) moieties in the para position were also tolerated. A doubly substituted phenyl ring with 

chlorine atoms adjacent to the vinyl group in 2,6-dichlorostyrene (1g) had no impact on the 

product selectivity (steric effect).  High reactivities (88−90% yield) and regioselectivities 

(98:2−99:1) were obtained by using styrenes bearing trimethylsilyl (1h) and -Bpin (1i) groups 

in the para positions. It is noteworthy that the reaction extended beyond terminal styrenes, as 

geminal alkenes 1j-1s were also successfully subjected to the procedure. The reaction of 1j 

gave the tertiary boronic ester 2j in 90% yield with great regioselectivity. The hydroboration of 

1-phenylvinylboronic acid pinacol ester (1k) resulted in product 2k containing two boryl groups 

on the same carbon atom with 89% isolated yield. Reaction with α-methylstyrene containing -

F (1l) and -I (1m) groups in the para positions afforded alkylboronic esters 2l and 2m in 90 

and 91% yields respectively, indicating that the catalyst is also tolerant to other halogens. 

Moreover, the protocol was applicable to alkene with a potentially reducible functional group, 

such as nitrile (1n). Only the double C–C bond underwent hydroboration affording product 2n 

with an isolation yield of 88% with the nitryl group intact. The hydroboration of the alkene 

containing a thiophene heterocycle (1o) demonstrated remarkable regioselectivity, favoring 

the Markovnikov product 2o (99:1). The catalyst showed the ability to tolerate significant steric 

hindrance, as demonstrated in the reactions of the highly sterically demanding 1,1-

diphenylethylenes (1p-1r). These reactions proceeded without impediment, resulting in the 

formation of the corresponding Markovnikov hydroboration products (2p-2r) with excellent 

yields and selectivities. The reaction with an alkene containing both internal and geminal 

double bonds demonstrated the superior reactivity of the geminal C=C bond over the internal 

one, resulting in the formation of organoborane 2s with an 86% isolation yield. Nevertheless, 

internal alkenes 1t and 1u were also successfully subjected to the procedure, providing the 

corresponding products in slightly lower yields (70−85%). Besides the aromatic alkenes, trans-
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1-phenyl-1,3-butadiene (1v) could also be hydroborated, affording the 3,4-addition product 2v 

in 91% isolated yield and with excellent selectivity. However, the application of allyl instead of 

vinyl groups exclusively yields anti-Markovnikov products (3w-y). This is caused due to the 

charge delocalization in the benzylic anion (see the Computational Mechanisms Study for 

details). Styrenes with strongly activating functional groups such as -OH, -NH2, -NMe2 were 

found to be incompatible with the catalyst (see the Supporting Information for more details). 

Figure 2. Hydroboration of various alkenes. Isolated yields are presented. Reaction conditions: 1a (1.0 mmol), 

HBpin (1.1 mmol), [TBA][OAc] (10 mol%), 90 °C, 20 h, argon atmosphere. The process selectivity was determined 

by GC-MS and 1H NMR analyzes using mesitylene as an internal standard. 

To prove the utility of the established procedure, gram scale synthesis of 2a and its further 

transformations were performed (Figure 3a). Product 2a was isolated with high yield (89%) 

and retained regioselectivity (2a:3a = 98:2). Treatment of the hydroboration product 2a with 

BCl3 and benzyl azide, afforded product 5 in 92% yield. Suzuki-Miyaura coupling product (6) 

was obtained using the secondary alkyl boronate 2a generated in situ, without encountering 

undesirable interferences from residual catalyst species. Based on the base-mediated 

dehydrogenative alkylation of secondary boronates,39 the highly valuable α-boryl 
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functionalized alkane (7) was obtained in good yield (79%). The isolated 2a was treated with 

lithiated methoxyamine delivering primary amine (8) with 67% yield.40
 Moreover, a multi-gram 

scale synthesis of tertiary boronic ester 2r was conducted, and the practical feasibility of its 

synthesis was further demonstrated through one-pot transformations (Figure 3b). The as-

synthesized 2r, without isolation or purification, was used directly in a TBAF-catalyzed 

protodeboration reaction,41 delivering product 9 in 82% isolated yield. Additionally, substituting 

D2O for H2O provided deuterium-labeled tertiary alkane 10 in 80% yield. Finally, regioselective 

hydroboration provided an efficient method for the synthesis of Chlorphenoxamine used as an 

antipruritic and antiparkinsonian agent. Treating the hydroboration reaction mixture of 2r with 

NaBO3 × 4H2O resulted in the oxidation product 11 with a yield of 90%. This process further 

enabled the acquisition of product 12 through Williamson ether synthesis, achieving an 

excellent yield of 86%. 
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Figure 3. Gram scale synthesis and synthetic applications. Isolated yields are presented. Reaction conditions (A): 

2a (1.0 mmol), BCl3 (1M in DCM, 5 eq.), rt., 4 h. Then BnN3 (3 eq.), rt., 15 h. (B): 2a (1.0 mmol), 2-bromopyridine 

(1.2 eq.), [Pd(PPh3)4] (5 mol%), Ag2O (1.4 eq.), THF (5 mL), 75 °C, 24 h. (C): 2a (1.1 mmol), LiTMP (1.1 mmol), 0 

°C, 30 min. Then allyl bromide (1.0 mmol) in THF (2 mL), rt., 15 h. (D):CH3ONH2 (2M in THF, 3.0 mmol), n-BuLi 

(2.5M in hexanes, 3.0 mmol), THF (5 mL), -78 °C. Then 2a (1.0 mmol), 60 °C, 12 h. 

 

Experimental Mechanism Study 

To gain insight into the mechanism of the [TBA][OAc]-catalyzed alkene hydroboration, a 

deuterium-labeling experiment was performed (Figure 4a). The hydroboration of styrene-d8 

with HBpin resulted in the formation of the boronic ester 2a-d8, with the proton specifically 
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incorporated at the terminal methyl group (Fig. S14, ESI). This finding eliminated the possibility 

of styrene itself serving as the proton source. Dagorne et al. in their research on acetate-

catalyzed hydroboration of carbon dioxide, proposed that the acetate anion from [TBA][OAc] 

salt combined with HBpin forms tetracoordinated borohydride Lewis adduct, which acts as a 

hydride source.42 In accordance with other reports, tetracoordinated trialkoxyborohydride 

species have been found to be efficient catalysts in hydroboration reactions involving carbonyl 

compounds and N-heteroarenes.43-45 To confirm the findings of Dagorne and better 

understand boronate catalyzed hydroboration reactions of alkenes, the NMR control 

experiments were conducted. A stoichiometric equivalent of pinacolborane was added to 

[TBA][OAc] and examined by 1H and 11B NMR spectroscopy (Figure 4b). In the 1H NMR 

spectrum acquired after 5 minutes, the signal attributed to the methyl hydrogen atoms of –OAc 

(δ = 2.31 ppm) was completely replaced by new resonances at 2.20 and 2.13 ppm (Fig. S3, 

ESI). Additionally, the tetramethyl hydrogen signals originating from the pinacolborane (δ = 

1.01 ppm) were entirely substituted by new resonances at 1.36 and 1.28 ppm, which were 

identified as II and III, respectively. 1H NMR analysis after 30 minutes and 1 hour revealed 

further relocation of these signals, along with an upfield shift of adjacent methylene groups to 

the nitrogen atom in the cation (Fig S4, ESI). Moreover, dihydrogen gas release was observed 

during the addition of pinacolborane, as verified by 1H NMR (δ = 4.47 ppm). In the 11B NMR 

spectrum, after 5 minutes the pinacolborane signal (δ = 28.5 ppm) disappeared and new broad 

resonance at 5.8 ppm (II) became apparent (Figure 4c). While Dagorne initially attributed the 

intermediate II to resonance at 11.4 ppm, this assignment is inconsistent with chemical shifts 

of trialkoxyborohydrides (11B NMR: δ = 0 – 7 ppm).44, 46 Following the 30-minute interval, we 

noted a broad peak at 8.15 ppm, identified as –[H2Bpin] anion (III).45 Additionally, we observed 

a small signal at -36.5 ppm corresponding to –BH4, which can contribute to the formation of 

anti-Markovnikov side-products under the reaction conditions used.44, 47 After 20 hours, the 

resonance assigned to intermediate III disappeared and the signal associated with AcOBpin 

(I, δ = 22.5 ppm) became evident.48 Data obtained from 1H and 11B NMR recordings indicates 

the presence of various borohydride species that undergo coordination and decoordination of 
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–OAc ion, aligning with the observations made by Dagorne. Since the addition of the HBpin to 

[TBA][OAc] in a 1:1 ratio does not reproduce the exact reaction conditions, we conducted 

additional control NMR experiments employing a stoichiometry that is consistent with the 

standard reaction conditions. Applying 11B NMR analysis of the reaction using an excess of 

HBpin relative to the catalyst (1.1:0.1 ratio), we observed only the formation of intermediate II 

and residual HBpin (Fig. S6, ESI). Furthermore, during the reactions of [TBA][OAc], styrene 

(1a) and HBpin in a 0.1:1:1.1 ratio (Fig. S7-13, ESI), we detected the formation of several 

minor borohydride signals, with resonances at -12 ppm and -14 ppm that were successfully 

assigned to BH3 species.44 Given the generation of a nucleophilic adduct (I) during the 

reaction, pinBOAc was assessed as a potential catalyst for the hydroboration of styrene under 

standard conditions (Figure 4d). Examination of the post-reaction mixture revealed the 

formation of an anti-Markovnikov product (3a) with high regioselectivity (2:98 ratio of isomers). 

This outcome rules out the possibility that pinBOAc (I) serves as the actual catalyst of the 

process (see Table S1 in ESI for more details).  
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Figure 4. Experimental mechanistic studies on [TBA][OAc]-catalyzed hydroboration of alkenes. 

 

 

Computational Mechanism Study 

In addition to the experimental investigation of the reaction mechanism, the density 

functional theory (DFT) calculations were carried out at the M06-2X/def2-TZVPPD// M06-

2X/ma-def2-SVP level of theory.49-58 To delve deeper, the reaction using [TBA][OAc] as a 

catalyst was chosen as a model reaction. Due to the challenges in modeling the neat reaction 
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mixture, we opted to investigate the control reaction using benzene as the solvent, as shown 

in Scheme 5 (see the Supporting Information for further details).  

Scheme 1. Proposed reaction mechanism  

 

The mechanistic study began with a search for potential catalytic species, including II, 

III, and IV (Scheme 5). [TBA][OAc] and HBpin can form a Lewis acid-base adduct II, which is 

found to be endergonic for 1.0 kcal/mol. Upon hydride transfer from II to HBpin, the potential 

catalyst III can be formed while releasing I, exhibiting a free energy of 13.6 kcal/mol. These 

hydride species are expected to be in equilibrium, enabling each of them to undergo 

independent catalytic cycles. Furthermore, experimental observations suggest that –BH4 (IV) 
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exists in the reaction mixture, which is also capable of catalyzing the reaction. Based on these 

scenarios, we explored three catalytic cycles and found that the catalytic cycle involving III 

requires the least energy demand, as illustrated in Figure 5. Further details regarding the 

catalytic cycles involving II and IV can be found in the Supporting Information. 

 

Figure 5. Proposed reaction mechanism. The hydrogen marked as blue represents the hydride involved in the C–

H bond formation. 

The catalytic cycle of III initiates with the formation of a C–H bond via hydride transfer 

to styrene, giving carbanion intermediate. Considering that the hydride can react with either 

the α- or β-carbon of the styrene and the process is likely to be irreversible, the C–H bond 

formation is anticipated to be the regiodetermining step.  
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Figure 6. The structure of III-TSM and  III-TSA. Some hydrogen atoms are omitted for clarity. 

Calculations show that the barrier for the Markovnikov product is 29.1 kcal/mol, 

whereas the barrier for the anti-Markovnikov product is 42.9 kcal/mol. Furthermore, the C–H 

bond formation through III-TSM is found to have the highest barrier, making the C–H bond 

formation a rate-determining step. The transition state structures shown in Figure 6 show that 

the positive α-carbon of TBA+ stabilizes the negative charge formation via electrostatic 

interaction between the TBA+ and the phenyl group of the substrate for III-TSM. In the III-TSA, 

the α-carbon of TBA+ exhibits an electrostatic interaction with the β-carbon of the styrene and 

the oxygen of HBpin. 

The regioselectivity of the C–H bond formation is expected to originate from charge 

stabilization by the phenyl group. When forming the C–H bond at the β-carbon of styrene, both 

the transition state III-TSM and carbanion intermediate VM can be stabilized by charge 

delocalization. On the contrary, C–H bond formation at α-carbon yields an alkyl carbanion, 

lacking the stabilization effect, thereby leading to a larger energy demand. 

 While the proposed mechanism can account for the formation of the Markovnikov 

product, the formation of the anti-Markovnikov product cannot be explained due to the 

unrealistic barrier concerning the reaction condition. The experimental observation of BH3 and 
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their adducts with nucleophiles indicate the anti-Markovnikov hydroboration catalyzed by BH3 

potentially occurs in the reaction mixture. 

Turning our attention back to the intermediate VM, the subsequent C–B bond formation 

can proceed with both HBpin and I, giving VIM and VIIIM, respectively. The C–B bond formation 

with HBpin releases 10.6 kcal/mol, while the C–B formation with I (shown as a dashed trace 

in Figure 5) is downhill for 16.4 kcal/mol. Despite the formation of VIIIM being 

thermodynamically favored, the formation of VIM is expected to be dominant due to the 

concentration difference between HBpin and I. The concentration of I will depend on the 

concentration of III, which is in equilibrium with [TBA][OAc] and II. Given the significant energy 

difference between II and III, the active catalytic species III and side product I will be low in 

concentration. It is also worth noting that VIIIM is an off-cycle species based on the proposed 

mechanism. The intermediate VIIIM can regenerate [TBA][OAc] by releasing the product, 

giving a driving force of 2.0 kcal/mol for the first catalytic cycle. But considering that the 

intermediate VIIIM will play a role as a resting state for following catalytic cycles, the energy 

requirement to reach III-TSM from VIIIM will exceed 40 kcal/mol. This makes the following 

catalytic cycles unlikely to occur under the reaction condition, leaving VIIIM incapable of 

undergoing further catalytic cycles. 

 After the C–B bond formation, the intermediate VIM can form an adduct with HBpin to 

regenerate catalyst III. The VIM undergoes an uphill process requiring 26.2 kcal/mol to give an 

HBpin adduct VIIM exhibiting 18.1 kcal/mol. Analogous to C–B bond formation, adduct 

formation with HBpin is expected to be dominant in the reaction mixture compared to that of 

AcOBpin. From VIIM, catalyst III can be regenerated by product release, which is exergonic 

for 23.6 kcal/mol. In comparison with the catalytic cycle using I as a substrate for C–B bond 

formation, the resting state for the reaction is [TBA][OAc], which should be lower in energy 

compared to VIM. Thus the consecutive catalytic cycles would have the same barrier of 29.1 

kcal/mol, with a driving force of –5.5 kcal/mol. 
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Conclusions 

In summary, we have disclosed a protocol for the synthesis of secondary and tertiary 

alkylboronic esters via Markovnikov-selective hydroboration of aryl alkenes with 

pinacolborane. The regioselective reaction was organocatalyzed by simple quaternary 

ammonium salt with good functional group tolerance. The utility of our method was further 

demonstrated by concise synthesis of Chlorphenoxamine and various useful products. 

Experimental and computational analyses delineated the reaction mechanism and its 

underlying regioselectivity. The new methodology fills a long-standing gap in the literature 

concerning Markovnikov-selective transition metal-free hydroboration of alkenes and utilizes 

diverse aspects of organocatalysis. We believe that the principles elucidated in this study will 

facilitate significant progress in the development of other challenging organocatalytic 

hydrofunctionalization reactions. 
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