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a b s t r a c t

An efficient chlorination reaction of in situ generated (β-diazo-α,α-difluoroethyl)phosphonates has been

achieved with hydrochloric acid as a chlorine source under mild and operationally convenient conditions.

The reaction does not need any catalyst and tolerates a wide scope of substrates, which affords the (β-

chlorodifluoroethyl)phosphonate products in good to excellent yields. This reaction represents the first

example of the halogenation of difluoroalkyl diazo compounds, and also provides an easy way for the

synthesis of difluoromethylenephosphonate-containing compounds.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Diazo compounds belong to the most versatile building blocks

and have been extensively applied in organic synthesis for the

preparation of complex compounds as well as biological molecules

[1–10]. Many protocols for diverse transformations of diazo deriva-

tives have been reported, among which, halogenation of diazo

compounds via carbene or carbene-free pathways has been devel-

oped as an alternative strategy for the synthesis of organo halides

[11–14]. In the past decades, several halogen sources, includ-

ing N-fluorobenzenesulfonimide (NFSI), PhSeF, N-chlorosuccinimide

(NCS), PhICl2, N-bromosuccinimide (NBS), oxalyl dibromide, N-

iodosuccinimide (NIS), and others have been used in the respec-

tive transformations to successfully furnish the corresponding halo

products (Scheme 1a) [11–21]. On the other hand, fluoroalkyl-

substituted diazo compounds have been demonstrated to be valu-

able tools for the rapid construction of varieties of fluoroalkyl sub-

stituted organic molecules [22–26]. Although several types of reac-

tions of 2,2,2-trifluorodiazoethane (CF3CHN2) have been well de-

veloped [27–36], there are only a few halogenation reactions re-

ported until now. It was reported that CF3CHN2 could react with

molecular iodine in ether at room temperature to give gem–iodo

compound as the product (Scheme 1b) [37]. Also, the reactions be-
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tween CF3CHN2 and NOCl/NO2Cl were developed, which were con-

ducted at −10 °C affording the chlorinated products in poor chem-

ical yields (Scheme 1b) [38,39]. A similar fluoroalkyl substituted

diazo, difluorodiazoethane (CF2HCHN2), has been well reported for

the easy introduction of CF2H moiety to the molecules in recent

years [40–54]. However, to the best of our knowledge, there is

no example of halogenation reaction of difluorodiazoethane or its

analogs until now. Thus, the development of new protocols of di-

fluorodiazoethane is still being actively pursued in the context of

synthetic fluorine chemistry.

Today, difluoromethylphosphonate (DFMP)-containing com-

pounds have been widely used as versatile high-tech tools in

biomedical research, as they have been established as molec-

ular probes in biochemical and biophysical assays to examine

enzymes and substrate-enzyme interactions [55,56]. Thus, the

development of efficient methodologies and related reagents for

the rapid assembling of these compounds becomes very urgent

and a great challenge. Very recently, we designed and synthesized

an unstable difluoroalkyl-substituted diazo analog, (β-diazo-

α,α-difluoroethyl)phosphonate, which has been applied in the

synthesis of DFMP-containing sulfonic esters, carboxylic acids, and

pyrazoles [57–59].

Inspired by the elegant works on difluoroalkyl-substituted di-

azo derivatives [40–54] and our continuous interest to develop

efficient syntheses of DFMP-containing compounds [57–59], we

questioned that if halogenation of our unstable (β-diazo-α,α-

difluoroethyl)phosphonates is possible with easily available hy-

drochloric acid as a halogen source. A significant difficulty for

the halogenation reaction originates from the fact that the un-

stability of the diazo compounds [58] and the competition be-

tween the reaction of halo anions and other nucleophiles and

anions existing in the reaction system. Herein, we would like

to report an efficient halogenation reaction of (β-diazo-α,α-

difluoroethyl)phosphonates with hydrochloric acid as a chlorine

source affording (β-chlorodifluoroethyl)phosphonate as the prod-

uct in high chemical yields (Scheme 1c). The reaction is performed

under mild conditions without the need of a protecting inert at-

mosphere, which provides a new strategy for the synthesis of α,α-

difluorophosphonate derivatives. It should be mentioned that nu-

cleophilic chloride is involved, which is different from the previous

reports with electrophilic halogen reagents used [37–39]. Further-

more, this reaction represents the first example of halogenation of

difluoroalkyl-substituted diazo compounds.

According to our previous reports on the reactions of (β-diazo-

α,α-difluoroethyl) phosphonates [57–59], we hypothesize that the

in situ generated diazo intermediate can react with hydrochloric

acid via the sequence of protonation and chlorination. Thus, we

started to investigate the chlorination reaction with (2-amino-1,1-

difluoro-2-phenylethyl)phosphonate (1a) as the model substrate

and hydrochloric acid as the chlorine source. Concerned with the

incomplete conversion of amine 1a and unstability of the in situ

generated compound 2a, we used 1.2 equiv. excess of amine 1a

for optimization. The reaction was carried out by using 1.2 equiv.

of tert–butyl nitrite for the diazotization of amino phosphonates

at 60 °C in CCl4, and then chlorination at room temperature. It

was found that a lot of gas bubbles (N2) rushed out simultane-

ously after addition of hydrochloric acid, and the corresponding

(β-chlorodifluoroethyl)phosphonate 3a was obtained in 45% yield

after 3 h (entry 1, Table 1). Inspired by this positive result, we

continued to optimize the conditions by increasing the loading

amount of amine 1a from 1.2 equiv. to 2.0 equiv. Then the reaction

proceeded smoothly to afford the desired chlorinated product with

a dramatically increased yield (96%, entry 2). Further increasing the

amount of amine 1a to 3.0 equiv. did not provide an obvious im-

provement and a similar yield was found (97%, entry 3). Finally, the

reaction conditions were screened by variation of reaction temper-

Table 1

Optimization of the reaction conditions.a

Entry 1a (equiv.) T (°C)b Time (h)c Yield (%)d

1 1.2 r.t. 3 45

2 2 r.t. 3 96

3 3 r.t. 3 97

4 2 0 3 84

5 2 60 3 87

6 2 r.t. 1 83

7 2 r.t. 6 87

a Reaction conditions: amine 1a, t-BuONO and AcOH were dissolved in CCl4 (2 mL)

with the mole ratio of 1:1.2:0.5 and stirred for 15 min at 60 °C, then 12 mol/L HCl

(0.1 mmol) dissolved in MeCN (2 mL) was added.
b Temperature for the step from 2a to 3a.
c Reaction time for the step from 2a to 3a.
d Isolated yields of 3a based on HCl.

Scheme 2. Substrate scope of various amines. Reaction conditions: amine 1

(0.2 mmol), t-BuONO (0.24 mmol), AcOH (0.1 mmol) were dissolved in CCl4 (2 mL)

and stirred at 60 °C for 15 min, then 12 mol/L HCl (0.1 mmol) dissolved in MeCN

(2 mL) was added and the mixture was stirred at room temperature for 3 h. Isolated

yields based on HCl.

ature and time (entries 4–7). The yield decreased to 87% when the

reaction temperature was increased to 60 °C (entry 5), which may

be due to the decomposition of the difluorodiazonium intermedi-

ate at high temperature. Stopping the reaction at 1 h or prolonging

the reaction time to 6 h did not give any improvement (entries 6

and 7).

After obtaining the optimal conditions, we then turned our

attention to investigate the substrate scope for this chlorina-

tion reaction. A series of (β-amino-α,α-difluoroethyl)phosphonates

1 were used as substrates for the reaction with hydrochlo-

ric acid (Scheme 2). It was pleased that this reaction shows

satisfactory functional group compatibility, and several types of

substituents on phenyl group, including methyl, methoxyl, halo,
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Scheme 3. One-step reaction and halogenation with other halogen sources.

and cyano, were well tolerated affording the corresponding (β-

chlorodifluoroethyl)phosphonates 3 in 76%–97% yield. Generally,

amines with electron-donating substituents on the phenyl moiety,

such as 1b-1f, could react well with hydrochloric acid and success-

fully furnish the desired product (3b–3f) in excellent yields (84%–

99%). In contrast, amines with electron-withdrawing substituents

1l-1n provided lower yields (76%–88%). Interestingly, steric hin-

drance almost had no effect on the reaction outcome. The sub-

strates featuring ortho-, meta- and para-substituted phenyl could

all be smoothly converted into the desired product in the same

level of yields. These positive results suggest the potential appli-

cation of this halogenation method in the late-stage modification

of complex molecules and preparation of DFMP-containing com-

pounds.

To further explore the halogen source and demonstrate the syn-

thetic utility of this halogenation reaction, the reaction in a one-

step manner and using of other halogen sources were tried for

this transformation (Scheme 3). First, the reaction with all the

reagents, including amine 1a, t-BuONO, AcOH, hydrochloric acid

and acetonitrile/carbon tetrachloride mixed at the same time, in-

stead of one-pot manner, was performed at 60 °C. The reaction

also proceeded smoothly affording the desired product 3a in 69%

yield (Scheme 3a). Then, we used an easy handling combination of

sodium chloride and sulfonic acid as a chlorine source, instead of

hydrochloric acid, to react with the in situ generated diazo deriva-

tive 2a under the standard reaction conditions. This combination

can also work well in this reaction, affording the desired prod-

uct 3a in 67% yield (Scheme 3b). Besides chlorination, we also

want to check the possibility of iodonation reaction of (β-diazo-

α,α-difluoroethyl)phosphonate 2a (Scheme 3c). Unfortunately, the

desired iodination reaction was almost not observed, and the re-

action generated a complex mixture and no main adducts can be

isolated. A similar result was obtained when sodium bromide was

used as a halogen source, and almost no desired product 5a was

found (Scheme 3d). It should be mentioned that bromination with

the use of aqueous HBr has also been examined. Although the de-

sired bromination product was detected, the reaction mixture was

too complex and the clean product could not be isolated and ob-

Scheme 4. Further transformation of 3f.

Scheme 5. Possible mechanism for the halogenation reaction.

tained. This reaction is also suitable for large-scale synthesis, and a

good yield (82%) was obtained when the reaction scale of HCl was

increased from 0.1 mol to 1.0 mmol (Scheme 3e).

On the other hand, the further chemistry of the obtained

(β-chlorodifluoroethyl)phosphonate products 3 was also investi-

gated. The product 3f was subjected to the substitution reac-

tion with sodium methoxide in methanol at 60 °C under nitrogen

(Scheme 4). The reaction proceeded smoothly and afforded the cor-

responding (β-methoxyl difluoroethyl)phosphonate 6 in 81% yield

at after 24 h.

Then, the following control experiments were performed to

gain insight into the mechanism of the reaction. The 19F NMR

was used for the investigation of the reaction process (for the
19F NMR spectra, Fig. S1 in Supporting information). First, new

peaks (−102 ppm) occurs after addition of tert–butyl nitrite into

the amine 1a solution, which indicates the generation of diazo in-

termediate 2a. After addition of sodium chloride, the peak of diazo

2a does not disappear. However, when sulfonic acid is added, the

peak of diazo 2a disappears rapidly along with the conversion of

diazo 2a to chlorination product 3a, which means protonation is

the key step for the formation of the desired product.

In the light of previous reports on diazo compound [11–14,57–

59] and the above results, a plausible mechanism was proposed for

this halogenation reaction and is shown in Scheme 5. Treatment of

amine 1a by tert–butyl nitrite generates the diazo intermediate 2a,

which then undergoes the protonation reaction affording the inter-

mediate A. Subsequently, nucleophilic reaction of the intermediate

A by chlorine anion happens to complete the halogenation reaction

affording the desired halo product 3a with the release of nitrogen.

In conclusion, we have developed an efficient chlorination reac-

tion of in situ generated (β-diazo-α,α-difluoroethyl)phosphonates

with hydrochloric acids as a chlorine source. A wide range

of (β-amino-α,α-difluoroethyl)phosphonates are competent sub-

strates in this direct halogenation affording a rich library of (β-

chlorodifluoroethyl)phosphonate products with up to 99% yields.

This transformation uses easily available hydrochloric acid as a

halogen source, instead of previously reported electrophilic chlo-

rine reagent. Furthermore, this reaction represents the first ex-

ample of the halogenation of difluoroalkyl-substituted diazo com-

pounds and also provides an efficient pathway for the synthesis of

high-value DFMP-containing compounds.
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