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Abstract: 
[bookmark: _Hlk71819442]Historically, organophosphonium salts containing C(sp3)–+P bonds are known to be among the most precious reagents in organic synthesis, providing rapid access for the construction of C–C double bond, however, their use as C-selective electrophilic groups has been rare. In this work, we explored an efficient, general, transition-metal-free method for the sequential chemo- and regioselective C–H and C(sp3)–+P bond functionalizations. The C–H alkylation leads to the synthesis of diarylmethane phosphonium salts. This was achieved by one pot of four component cross-coupling reaction of simple and commercially available starting materials. The utility of the diarylmethane phosphonium salts building blocks was demonstrated by chemoselective post-functionalization of the benzylic C(sp3) –+PPh3. These functionalizations comprise examples of C(sp3)–+PPh3 C-selective amination, thiolation and arylation of diarylmethane phosphonium salts to provide ubiquitous motifs in many pharmaceuticals and biologically active benzhydrylamines, benzhydrylthioethers and triarylmethanes respectively. These include the base- and metal-free synthesis of two anti-cancer agents in only 2-3 steps from simple materials. Additionally, a protocol of late-stage functionalization of bioactive drugs has been successfully developed using the diarylatedmethane phosphonium salts. We believe that this new approach holds great promise for organic synthesis as well as bioactive compounds synthesis and that it will result in more transformations in both academic and pharmaceutical research.









Introduction: 
Over the years, generations of chemists have learned how to prepare new molecular structures, typically by the interconversion of functional groups. Since the end of the twentieth century, the scientific community has been witnessing the emergence of truly complementary trends in organic synthesis for unified approaches that forge bioactive compounds from simple materials. Driven by environmental and economic requirements, chemists have focused on the discovery and disclosure of new reactions that enable multi-direct derivations of organic molecules, for example, the direct diversification of compounds containing the carbon-hydrogen (C–H) and carbon– phosphor (C–P) bond, which has historically been considered as a fundamental tool in synthetic organic chemistry. The synergetic functionalization of these (C–H) and (C–P) bonds expected to improve the synthetic tool toward the discovery of noble unified approaches to construct complex bioactive compounds. 
[bookmark: _Hlk70851153]Organophosphonium salts have emerged as highly indispensable and useful building blocks in organic chemistry. These compounds exhibit numerous forms such as alkylated or arylated, phosphonium salts, which can be applied as reagents, catalysts1, organiccatalyst2, chiral ligands3, and ionic liquids4 in a wide range of chemical processes. In particular, organophosphorus-based Wittig-salts, which are ranked among the most powerful compounds for C−C double bonds construction and are commonly used in olefination reactions5. In recent years, organophosphonium salts have undergone a new paradigm shift for developing new methods for C−heteroatom construction by C−+P(R)3 bond functionalization. These new directions have not been satisfactorily addressed (Figures 1A-B), and there are few examples for the selective C(sp2)−+PPh3 groups functionalization of prydines, diazines and benzothiazoles that are subsequently converted into C−O, C−N, and C−S, C−C bonds6 (Figure1C). Hence, it is of importance to develop further synthesis methodology of these salts and such phosphonium salt-based transformations, i.e. for C(sp3)−+PPh3 (Figure 1B), which may unveil new opportunities and facilitate the implementation of novel synthetic strategies. 


Figure 1. Overview of the work. (A) The C(sp2)−+PPh3 groups functionalization (B) Rare C(sp3)−+PPh3 group functionalization. (C) C(sp2)−+PPh3 group functionalization of pyridines, diazines and benzothiazoles moieties with alcohols, amines, thiols and arenes. (D) Nucleophilic ring-opening amination of phosphorus three-membered onium ions. (E) Our approach: Sequential Selective C–H and C(sp3)–+P Bond functionalizations includingig amination, thoilation and arylation. (F) Unified, diarylphosphnium salts-based strategy to bio-active benzhydryl and triarylmethanes scaffolds.

We hypothesize that functionalization of C(sp3)−+P can be achieved by C-selective nucleophilic substitution. However, the polarity of the C(sp3)−+P bond which inherently places electrophilicity on phosphorus atom, which leads to P-selectivity7. To overcome this main challenge, we anticipate that a synergetic association of the electronic properties of the organophosphonium salt with appropriate nucleophiles could lead to polarity inversion of the C(sp3)−+P bond to favor the nucleophilic C-attack. Therefore, nuchlophies needs to be identified to exhibit the suitable balance of key nucleophilicity, pKa, and size attributes required to properly control the site selectivity in the C‐centered electrophilicity of C(sp3)−+PPh3 groups. 
In this regard, Taillier and co-workers have recently reported, the underlying C‐centered electrophilicity of phosphiranium ions has been tamed for the first time (Figure1D). This elegant method reveals the C-centered ring opening of relatively strained three-membered quaternary phosphonium salts using aniline derivatives as nuclyphiles8. This transformation provided a new C-N bond and leads to a series of β-amino-phosphines structures. However, this new amination approach is limited to the aniline derivatives that have less nucleophilicity, and the reaction did not show any conversion with amine derivatives under the optimized condition (Figure 1D) Without doubt, there is high demand for complimentary, general and diversifiable method for C(sp3)-+P functionalization is needed to be developed.  
[bookmark: _Hlk69037208]As a part of a general research to synthesize bio-active compounds and their late-stage modification   including benzhydrylamins (5), benzhydrylthioethers (10), and triarylmethanes scaffolds (11) and others, we recognized that the core scaffold of these compounds could arise from sustainable diarylmethane-phosphnium salts 1 (Figures 1E-F). A key challenge in achieving such a unified strategy to these compounds (in particular 5, 10, 11) would rely on identifying a divergent substitution reaction of diarylmethane-phosphnium salts which needs to undergo C-selective nucleophilic substitution reaction by tuning electrophilicity of the the C(sp3)−+P bond, that would lead to the programmed installation of the different N- , S- and C-based  electrophiles by functionalizations of C(sp3)−+PPh3 (Figure 1E). A second challenge would be the need of a mild condition reaction of free-use of TM and base in order to keep the acidic benzylic proton intact, avoiding the generation of the stabilized ylide. 
Here we describe a much more unified, general and operationally simple sequential approach that can lead to bio-active scaffold materials (e.g., 2a-2e) and late stage modification of bio-active compounds (from 1 to I) by applying by the use of a diarylmethane-phosphnium salts 1 (Figure 1F).  

Results and discussion: 

The preparation of the diarylmethane-phosphonium (1).

We commenced our studies with the development of a facile, mild, and efficient approach for the synthesis of diarylmethane-phosphonium salts 1, in high atom economy, via C-H functionalization of arene derivatives 3 (Figure 2A). For the preparation of diarylmethane-phosphonium salts 1, we inspired by the work of Lin and his coworkers11. Their approach is mainly based on the coupling reaction between N-methylindole and salicylaldehyde in the presence of acids and phosphine. The method produced a variety of stable and isolable indole-containing phosphonium salts. To this end, we imagined that we could take advantage of their elegant transformation and generalize it to the coupling reaction of arene-derivatives 3 with aldehydes 4. One main key question was: can this reaction deliver the diarylated-salts with high chemo and regionselective C-H functionalization manner? 
To address these questions, we initially treated p-anisaldehyde (4a) with anisole (3a), triphenylphosphine (PPh3), and triflic acid in CH3CN for 20 h at 45 oC to fruitfully obtain the desired phosphonium salts 1a (Figure 2). In the same reaction manner, the deuterated slat 1a-D was prepared in good yield using the deuterated p-anisaldehyde (4a-D).
Moving forward, a series of phosphonium salts 1a-1ab were synthesized from different arene derivatives 3, substituted with electron donating groups (EDG), including anisole (1a, 1a-D, 1c-d, 1f, 1j-k), phenol derivatives (1b, 1e, 1g-i, 1q, 1aa), thiophenol (1l-n), 1,3,5-trimethoxy benzene (1r-1z, 1ab) and different types of aromatic aldehydes 4 (Figure 2). In all cases, the Freidle-Craft phosphonium alkylation type reaction selectively occurs at the C-H bond para-position of the EDG of the arene 3. This was supported by X-ray structures of 1b and 1u Remarkably, the reaction showed high levels of group tolerance and the arylated salts can continues fluorine (1d, 1k, 1x), chlorine (1w), boron (1y), and hydroxyl (1f-1g, 1m, and 1s) groups in different positions (Figure 2).   
Moreover, these products 1 were simply purified by only precipitation, without the need of chromatography purification, which was additional advantageous. These one-pot, four-component reaction were performed in gram scales to demonstrate the feasibility of scale-up (see 1a, Figure 2). Additionally, under modified reaction conditions, we succeeded to synthesize phosphonium salts (1o-p) from benzene and toluene by heating the reaction to 80 °C. We also succeed to control the regioselectivity when arene 3 had multiple substitutions. For example, when 4a reacts with 3b, the desired product 1b was isolated in good yields and with very high regioselectivity, towards the para-position of the most EDG (i.e. OH) of the aromatic ring yielding a single regioisomer as determined by X-ray crystallography (see X-ray structure of 1b, Figure 2). The same scenario was applied when 1e was regioselectivity prepared. In addition, by blocking the para-position of (EDG) on the arene 3, in which it forces the formation of the C−C bond at ortho-position of the aromatic ring (1q; Figure 2). Heterocycle containing phosphonium salts 1z, 1aa were also successfully synthesized under the reaction condition (Figure 2).
In the same reaction fashion, diphousponium salt (1ab) was prepared from terephthalaldehyde (4i) and 1,2,5-trimethoxy benzene (3i). The structure of 1ab was determined by X-ray crystallography (Figure 2). Of note, after recrystallization 1ab was formed in high diastereoselectivity of 1:16 of 1ab1:1ab2. 


Figure 2. (A) General reaction condition for one-pot four component reaction of diarylmethane-phosphonium salts (1) via the coupling of 3 with 4. (B) Examples of regioselective synthesis of diaryl-phosphonium salts (1).


Amination of the C-P bond: 

Next, we have investigated the developments of a new strategy for the synthesis of benzhydrylamines in environmentally benign and very mild reaction conditions through the direct amination of the C(sp3)–+PPh3 bond (Figure 3A). For long-standing benzhydrylamines (e.g., 5-7) have been considered as building blocks of many important drugs-like bifonazole (2a) 12e, chlorcyclazine (2b) 12f, Meclozine (2c) 12g, Buclizine (2d) 12g. Toward the benzhydrylamine syntheses, initially, we have chosen diarylmethanephosphonium-salt 1a, and benzylamine as a nucleophile in DMSO at 60 °C, with the absence of any additives. The reaction underwent smoothly to afford clean product 5a in 95% yield (Figure 3B). Under the same reaction conditions, different phosphonium salts 1a were treated with benzylamine which successfully lead to benzhydrylamines products 5b-l with good yield. Notably, Bpin (5e), chloro (8f), fluoro (5g), phenolic (5h-k) functional groups were well tolerated in the amination reactions (Figure 3B). These functional groups can be accessible for further transformations like cross-coupling, and substitution reactions. Importantly, heteroatom containing indole-based phosphonium salt (1z) also successfully delivered the desired product (5l) (Figure 3B). 
Subsequently, we examined the reaction with a variety of aliphatic primary amines with diarylmethane phosphonium salt 1a which resulted the desired products 5m-p in 93-96% yields (Figure 3C). To explore the substrate scope to arylated amines, aniline was treated with phosphonium-salt 1a delivered the chemoselective desired product 5q (Figure 3C). Interestingly, 2-amino pyridine and 3-methyl-2-amino pyridine proved to be suitable nucleophilic amines to forge chemoselectively products 5r-s (Figure 3C). The structure of the aminated product (5s) unambiguously confirmed by X-ray analysis. Notably under the optimized condition tryptamine exclusively produced the amination product 5t in good yield (Figure 3C).
Next, secondary amines were tested as a substrate to be linked to salt 1a (Figure 3D). In this series, the yield of the corresponding amination products is very good to excellent (5u-5y) (Figure 3D). Accordingly, heterocyclic amines such as piperidine, morpholine and imidazole chemoselectively provided the desired amination products (5v-5x respectively). Under the optimized condition, piperazine was reacted with 1a, to selectively access the mono-aminated product 5y in 60% yield. However, when the reaction heated to 80 °C, the double amination product 5z was observed in10% yield along with 50% 5y (Figure 3D).
Next, a variety of amino acid derivatives was tested (Figure 3E). Remarkably, these reactions resulted with highly chemoselective desired products 5aa-5ae in good yields (Figure 3E). Additionally, three nucleophilic centers containing L-tryptophanol showed excellent chemoselectivity to exclusively obtain the amination product 5af (Figure3E). In case of the amination reaction of 1v with amine, the amination product 5ag observed in 1:1 diastereomeric mixture, in which upon chromatography pure diastereomer was isolated in 45% yield (Figure 3E). All of these observations show the potential of this method to be served as selective last-stage alkylation of amino acid derivatives. 

Further, we succeeded to modify the biologically active amine drugs 13 i.e., tolazoline, BZP, (-)-epidrine, and isopentylamine using phosphonium salts 1a, 1u as a late-stage functionalized reagent, to deliver the amine- functionalizated drugs 5ah-al (Figure 3F).
To demonstrate the utility of our strategy we further synthesized the biologically active drug analogues 5am-ap of bioactive compounds 2a-d using phosphonium salt 1h, 1r and 1c respectively in moderate to good yields (Figures 3G). 
Then we turned our attention to understand the mechanism path of the amination reaction. Based on the literature reports three different possible mechanism paths i.e., SN1, SN2 and cross coupling, can be expected (ref.6,8) for the amination of phosphonium salts (possible pathways has been described in SI, see page SI). To find out the exact mechanism, we have synthesized the phosphonium salt 1ab having 1:1 diastereomeric mixture of 1ab1:1ab2 and 16:1 diastereomeric ratio of same phosphonium salt 1ab1:1ab2 (after crystallization) and 1:3 diastereomeric ratio of 1ab1:1ab2 (filtrate part after crystallization).  The 1:1, 16:1 and 1:3 diastereomeric mixtures of 1ab1:1ab2, was treated separately with benzyl amine under the optimized condition, unfortunately we observed the undistinguished diastereomeric bis-amination product (6a) in the crude 1H NMR (Figure 3H).
To overcome this limitation, we used 2-amino pyridine as nucleophile, in this first-case, 1:1 diasteromeric mixture of 1ab1:1ab2 delivered the 1:1 ratio of diastereomeric product 6b (determined by crude 1H NMR, see SI page 55). In the second-case, under the same reaction condition 16:1 diastereomeric ratio of 1ab1:1ab2 provided 1:1 diastereomeric ratio of same product 6b (determined by crude 1H NMR, see SI page 56) (Figure 3H). in the third case, 1:3 diastereomeric ratio of 1ab1:1ab2 provided 1:1 diastereomeric ratio of same product 6b (determined by crude 1H NMR, see SI page 57). Moreover, when deuterated salt 1a-D was subjected to the reaction conditions amination product 5a was formed with losing the deuterium atom, this due to the basic nature of the amine in which it can de-deuterated this benzylic acidic deuterium atom during the reaction progress as described in Figure I (from 1a-D to 1a). Based on these observations, we envision that amination most likely follows the substitution mechanism via the stabilized carbocation intermediate (I, II, SN1 path) and it expels the product 5 and PPh3 as described in the proposed mechanism in Figure 3I (See from I to III). Following this proposed mechanism, additional mild nucleophiles can be used as described in the following parts. 


Figure 3. Chemoselective amination of phosphonium salts (1). 

Next, we were wondering about the possibility to expand our direct amination method to the synthesis of primary amines using phosphonium salts 1 under new reaction conditions (Figure 4A). Initially 1a was treated with sodium azide (NaN3) in DMSO at 120 °C after 5 hours the reaction efficiently delivered the amination product 7a with 93% yield (Figure 4a). Moreover, a large-scale amination of phosphonium salt 1a (1 g, 1.56 mmol) with sodium azide (197 mg, 3.13 mmol) also underwent smoothly to produce benzhydrylamine 7a in 90 % yield. Under the same reaction condition, we were screened with varieties of quaternary phosphonium salts 1a-D, 1c, 1s, 1t, 1u and 1x to access desired primary amine products 7b-f in 75-96% yields (Figure 4A-B).
A proposed mechanism for this substituted reaction is described in Figure 4D. The reaction’s progress was monitoring by 1H- and 31P-NMR spectroscopy (See Figures 4C and E). At first phosphonium salt 1a followed the likely SN1 pathway with sodium azide to give intermediate 8 and PPh3. Of note, intermediate 8 was identified by 1H-NMR (8-Hb) after 30 minutes of reaction (Figure 4C), which also confirmed by HRMS ([M + H]+); m/z = 270.1236 (Figure 4D). Then the diarylmethane-azide intermediate 8 underwent Staudinger reaction to produce phosphoimine intermediate 9, which was started to be formed after 90 minutes of reaction (9-Hc in 1H-NMR and 9-P in 31P-NMR, Figures 4C-4E) and confirmed by HRMS ([M + H]+); m/z = 504.2089 (Figure 4D). Then the intermediate 9 hydrolyzed at 120 °C to give desired product 7a and PPh3O (Figures 4C-4E).

 Figure 4. Synthesis of primary amines (7) from phosphonium-salt (1) via Staudinger reaction.  

Thiolation of the C-P bond:

Inspiring by the amination results, we turned our attention to investigate other mild nucleophiles such as thiols (RSH) that can lead to the conversion of C(sp3)−+PPh3 bond into the C(sp3)−S bond formation reactions as shown in Figure 5A , which can provide an direct access to the core of bio-active benzhydrylthioethers scaffolds (Figure 5A).14a-b Under the simple reaction condition (DMSO at 60 °C), thiols-based nucleophiles, with the absence of any additives, reacted with phosphonium-salts 1a-1a-D, 1e, 1u, 1x-1y, and 1aa-1ab to afford series of thioethers 10a-j in very good yields as shown in the Figure 5B. Importantly, 2-Mercaptoethanol reacted with phosphonium-salt 1a and delivered chemoselectively product 10a in 85% yield. The thiophenol coupled with salts 1a, 1u, and 1x and produced alkylation products 10b-d in highly chemoselective manner in up to 92% yield. The thiolation of phosphonium-salts 1a-1a-D, 1u, 1e, 1y, 1aa, and 1ab using 1-heptanethiole produced desired products (10e-k) in up to 91% yield. We also observed that (OH) substituent (10g, 10i), (Bpin) group (10h) and (F) substituents (10d) are well tolerated in this thiolation simple approach. Interestingly, deuterated phosphonium salt (1a-D) reacted with 1-heptanethiole to yield deuterium-intact product (10j) in 91% yield, this can be explained by the fact that thiols have less basic-nature than amines. For the mechanistic insight, the same experiment was carried out to identify the mechanism pathway. When three different mixtures of 1ab1:1ab2 with the ratios 1:1, 16:1 and 1:3 separately reacted with -heptanethiole, in all of these reactions a 1:1 ratio of diastereomeric mixture product 10k was observed according to crude 1H NMR (Figure 5B, see SI page 67-69). Of note, the structure of the bis-thiolation product 10k was determined by X-ray crystallography analysis (Figure 5B). Similar to the amination proposed mechanism (See Figure 3I), these observations also suggest the likely hood of SN1 substitution mechanism through the stabilized carbocation (See intermediates I and II; Figure 3I).


Figure 5. Chemoselective thiolation of phosphonium salts (1).


Arylation of the C-P bond: 

Encouraging by the selective amination and thiolation approaches, our methodology was also expanded to synthesis of chiral triarylmethanes via a regioselective C-C bond formation (Figure 6A). Triarylmethanes, which are valuable structures in materials, sensing and pharmaceuticals. Their preparation has attracted much attention in the area of medicinal chemistry for potential biological activity.15a-c Although the Friedel–Crafts reaction is widely engaged method for the synthesis of triarylmethanes, this reaction often results in the formation of undesired regioisomers. The reductive dehydroxylation of triarylmethanol derivatives is another common method for the multi‐step synthesis of triarylmethanes. Over the last years, (transition) metal‐catalyzed routes have been developed that begin to address these limitations and significantly contributing to simplifying synthesis routes as well as minimizing synthesis steps. Despite these advances, further efforts toward the development of new metal-free methods for chiral triarylmethanes are needed. Complementary to these methods we report a new metal-free method that employs simple and readily available starting material for the synthesis of triarylmethanes 11 in overall only two steps from arene 3 and aldehyde 4 (Figure 6A). This transformation leads to the additive- free regioselective construction of triarylmethanes via the arylation reaction of C(sp3)-+P of phosphuniom salt 1 via the likely trail of the stabilized carbocation intermediate I-II (Figures 6A and 3I). 
Under the reaction temperature of 80 °C, the reactive 1,3,5-trimethoxybenzene 3i reacted with phosphonium salts (1a, 1a-D, 1w, 1e, 1r, and 1aa) to successfully afford the triarylated products (11a-f) in 74-86% yields (Figure 6B). Resorcinol 3j exclusively delivered the chemo and regeoselective C-alylation products (11g-h). Crystal structure of triarylmethane 11g undoubtedly confirms the chemo- and regioselectivety of the overall process of sequential functionalization of C(sp2)-H, C(sp3)-PPh3 and C(sp2)-H bonds (See X-ray structure of 11g, Figure 6B). N-methylaniline showed highly chemo and regioselective formation of the chiral triarylmethane products (11i-j) and the structure of 11i was confirmed by the X-ray crystallography (See X-ray structure of 11i).  Under the same reaction conditions, heterocyclic amine skatole reacted with phosphonium salt 1a and afforded the chemo- and regioselective product 11k in 62% yield. In the same line, phosphonium salt 1a was treated with 2-naphthylamine which delivered the arylated product 11l. To significantly extend the scope of heterocyclic nucleophiles, we have treated 2-methoxythiophene with phosphonium salts 1f, and 1a afforded directly the analogues 11m-n of the bioactive anti-tuberculosis agent triarylmethane 2g in 80-85% yields (Figures 6B and 1F). Importantly deuterated salt 1a-D afford the deuterated triarylmethane product (11b). 
Finally, we have also successfully synthesized the anti-ovarian cancer agent15c (11o) in only two steps from the commercially available 3j and 4b, this include the selective alkylation coupling reaction of 3j and 4b to generate phosphonium salt 1ac which then react with dimethylaniline through a regioselective C-C bond cross-coupling reaction in a single operation (Figure 6C). The structure of anti-ovarian cancer agent15c (11o) has been determined by X-ray crystallography (see X-ray structure of 11o, Figure 6C). 
Inspiring by these remarkable results, we also achieved the metal-free total syntheses of anti-breast cancer agent 2h with only three chemoselective cross-coupling steps from the simple materials 3a and 4n which went through the salt 1ad followed by C-C coupling reaction with the phenol that leading to triarylmethane 11p which finally underwent etherification reaction of the hydroxy group of 11p to obtain 2h. Although, these bio-active agents have been previously reported in literature, this might be the first time their total synthesis described in only 2-3 steps from simple and commercially available materials and in a metal-free manner. 





Figure 6. Synthesis of chiral triarylmethanes. (A) arylation of phosphonium salts 1. (B) substrate scope. (C) Total synthesis of anti-ovarian cancer agent 11o in two steps from 3j and 4b. (D) Total synthesis of anti-breast cancer agent 2h in tree steps from 3a and 4n.

[bookmark: _Hlk71820315]In summary, we have developed a broadly unified straightforward method to access a variety of synthetically highly useful bioactive benzhydrylamines, benzhydrylthioethers and triarylmethanes motifs from commercially available arenes and aldehydes through direct sequential of C-H/C-P bonds functionalization. The setup is simple, mild, and can be carried out in (transition) metal-free fashion without the use of any additives. The valuable bio-active building blocks were obtained in high yield and with high chemoselectivity, and their synthetic utility was highlighted by exemplary stepwise C-H/C-P bonds functionalization with complete control of regioselectivity. To the best of our knowledge, these kind of C-selective aminationof amination, thiolation and arylations are reported for the first time with benzylic C(sp3)−+PPh3 moiety. We envision that this protocol will greatly simplify access to pharmaceutical and further advance their use in a variety of new applications. 
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