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5 ABSTRACT: Allyl carboxylates are useful synthetic intermediates in a variety of organic transformations, including catalytic
6 nucleophilic/electrophilic allylic substitution reactions and 1,2-difunctionalization reactions. However, the catalytic 1,3-
7 difunctionalization of allyl carboxylates remains elusive. Herein, we report the first photoinduced, phosphine-catalyzed 1,3-
8 carbobromination of allyl carboxylates, affording a range of valuable substituted isopropyl carboxylates (sIPC). The transformation
9 has broad functional group tolerance, is amenable to the late-stage modification of complex molecules and gram-scale synthesis, and
10 expands the reaction profiles of allyl carboxylates and phosphine catalysis. Preliminary experimental and computational studies
11 suggest a non-chain-radical mechanism involving the formation of an electron donor−acceptor complex, 1,2-radical migration
12 (RaM), and Br-atom transfer processes. We anticipate that the 1,2-RaM reactivity of allyl carboxylates and the phosphine-catalyzed
13 radical reaction will both serve as a platform for future new transformations in organic synthesis.

14 Allyl carboxylates are versatile synthetic intermediates that
15 can be applied to a wide spectrum of reliable
16 derivatizations. For example, they can participate in tran-
17 sition-metal (TM)-catalyzed two-electron redox reactions

f1 18 (Figure 1A), which often proceed through TM-π-allyl
19 intermediates that react with nucleophiles1 or electrophiles,2

20 generating a wide array of allylated organic compounds. The
21 olefin moiety of allyl carboxylates can also engage in one-
22 electron redox reactions with radical species to form alkyl
23 radical intermediates that partake in cross-coupling reactions,
24 furnishing valuable 1,2-difunctionalized products.3 Despite
25 these advances, catalytic radical 1,3-difunctionalization of
26 allyl carboxylates involving 1,2-radical migration (RaM)
27 remains elusive.4 Inspired by the Surzur−Tanner rearrange-
28 ment, in which a β-(acyloxy)alkyl radical undergoes 1,2-RaM
29 via an acyloxy shift to form a more stable radical intermediate,5

30 we questioned whether we could achieve the catalytic radical
31 1,3-difunctionalization of allyl carboxylates via a 1,2-RaM
32 mechanism. If successful, this new reaction manifold could
33 serve as the basis for a broadly useful set of allyl carboxylate
34 derivatization protocols that support the preparation of a wide
35 variety of versatile building blocks for synthesis, medicinal, and
36 material chemistry.
37 Phosphorus-based catalysis has emerged as a promising
38 strategy in organic synthesis for the formation of carbon−
39 carbon and carbon−heteroatom bonds.6 In this area, the vast
40 majority of the reactions, such as nucleophilic phosphine
41 catalysis and phosphine oxide catalysis, take advantage of the
42 two-electron redox reactivity of phosphorus compounds to
43 generate ionic intermediates.7 In contrast, phosphine-catalyzed
44 one-electron pathways that generate radical species are
45 underdeveloped.6b,e,8 One approach to such reactions involves
46 halogen-atom transfer (XAT) reactions9 in which the highest

47occupied molecular orbital (HOMO) of phosphine (i.e., the
48lone pair electrons) interacts with the lowest unoccupied
49molecular orbital (LUMO) of the C−X bond (i.e., the anti-
50bonding orbital of the C−X bond), forming an electron
51donor−acceptor (EDA) complex.10 Photoexcitation of these
52EDA complexes furnishes alkyl radicals and phosphine halide
53radicals. The pioneering work in this area was reported in 2019
54by Czekelius, who developed visible-light-induced phosphine-
55catalyzed 1,2-difunctionalization of alkenes through XAT of
56iododifluoroacetates.8e,11 In spite of these elegant works,
57activation of the corresponding bromodifluoroacetate deriva-
58tives through the same activation mode remains elusive.
59Presumably, this is due to the higher LUMO energy level of
60bromodifluoroacetates,12 weakening the HOMO−LUMO
61interaction (Table S1). DFT calculations show that ΔH of
62the Me3P···Br EDA complex is −3.0 kcal/mol, which is higher
63than that of the Me3P···I EDA complex (−6.7 kcal/mol, Figure
641B), but the negative enthalpic energy suggests that formation
65of the P···Br EDA complex may still be feasible. Accordingly,
66we hypothesized that merging phosphine-catalyzed XAT of
67polyfluoroalkyl bromides with a 1,2-RaM process would (i)
68enable the previously elusive 1,3-carbobromination of allyl
69carboxylates; (ii) expand the reaction profiles of allyl
70carboxylates and phosphine catalysis; (iii) produce organic
71compounds bearing the valuable gem-difluoromethylene
72pharmacophore;13 and (iv) establish a new reaction platform
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73 using allyl carboxylates as a substituted isopropyl carboxylate
74 donor in organic synthesis (Figure 1C).
75 To test our hypothesis, we examined the reaction between

t1 76 allyl benzoate (1a) and ethyl bromodifluoroacetate (2a, Table
t1 77 1). After some initial experimentation, we found that, upon

78 exposing 1a (1.00 equiv) and 2a (3.00 equiv) to 100 W blue
79 light-emitting diodes (LED) in the presence of 1,1-bis-
80 (diphenylphosphino)methane (dppm, 10.0 mol %) and
81 Na2CO3 (2.50 equiv) in 1,2-dichloroethane (DCE, 0.04 M)
82 at 90 °C for 24 h, we obtained the desired 1,3-
83 bromodifluoroalkylated product 3a in 86% yield (entry 1).
84 The dppm catalyst is essential for this reaction, since there was
85 no reaction in its absence (entry 2). Other phosphine catalysts

86such as Ph3P, n-Bu3P, and 2,2′-bis(diphenylphosphino)-1,1′-
87binaphthyl (BINAP) gave lower yields (entries 3−5). While
88organic photocatalysts such as Eosin Y and a Ru-based
89photocatalyst were inefficient, the Ir(ppy)3 photocatalyst
90afforded the desired product in 72% yield (entries 6−8). We
91proceeded with the dppm catalyst ($1.375/mmol) because it is
92more than 1000 times cheaper than Ir(ppy)3 ($1,784/
93mmol).14 Na2CO3 is critical for the reaction efficiency because
94no desired product was obtained in its absence (entry 9).
95Other inorganic and organic bases such as K2CO3, KOAc, and
962,6-lutidine could be used, but they afforded lower yields
97(entries 10−12).15 Use of acetonitrile as the solvent also
98diminished the reaction yield (entry 13). Finally, control
99experiments showed that a temperature of 90 °C, light, and an
100oxygen-free environment were all essential to the success of the
101reaction (entries 14−16).
102With the optimized conditions in hand, we investigated the
103 t2scope of allyl carboxylates (Table 2). A series of substituted
104allyl carboxylates, including linear and cyclic frameworks, were
105well tolerated, affording the corresponding products 3a−3h in
10653−88% yield. Substrates containing cyclic ether, thioether (3i
107and 3j), or the ethylene ketal group (3k) were also compatible.
108However, allyl carboxylates with a secondary alkyl substituent
109or internal alkene failed under standard reaction conditions.
110Next, we examined a wide range of migrating groups with
111different electron-donating and electron-withdrawing substitu-
112ents at various positions of the aromatic ring, all of which

Figure 1. Reactions of allyl carboxylates and visible-light-induced
phosphine-catalyzed 1,3-bromodifluoroalkylation of allyl carboxylates.

Table 1. Selected Optimization Experimentsa,b

entry deviation from the standard conditions yield (%)

1 none 86
2 no dppm N.R.
3 Ph3P instead of dppm 51
4 n-Bu3P instead of dppm 60
5 BINAP instead of dppm 71
6 Eosin Y 10
7 Ru(bpy)3(PF6)2 16
8 Ir(ppy)3 72
9 no base 0
10 K2CO3 instead of Na2CO3 67
11 KOAc instead of Na2CO3 70
12 2,6-lutidine instead of Na2CO3 50
13 MeCN as solvent 68
14 room temperature N.R.
15 no light N.R.
16 with air N.R.

a

bSee the Supporting Information for experimental details. Reaction
yields were determined by 1H NMR using CH2Br2 as an internal
standard. Bz, benzoyl; BINAP, 2,2′-bis(diphenylphosphino)-1,1′-
binaphthyl; LED, light-emitting diode; N.R., no reaction.
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113 underwent 1,3-bromodifluoroalkylation in 51−81% yield (3l−
114 3q). Allyl carboxylates with ortho-, meta-, and para-substituted
115 benzoate substituent migrating groups reacted with similar
116 efficiency. 2-Naphthoates and aliphatic esters also migrated
117 successfully, affording the desired products 3r−3v in moderate

118to good yields. Furthermore, we demonstrated that alternative
119primary, secondary, and tertiary ester substituents on the
120bromodifluoroacetates worked well and delivered 3w−3y in
12163−69% yield. An array of bromodifluoroacetamides such as
122N-diethyl, piperidinyl, morpholinyl, N-adamantyl, and N-

Table 2. Visible-Light-Induced Phosphine-Catalyzed 1,3-Bromodifluoroalkylation of Allyl Carboxylatesa

aSee the Supporting Information for experimental details; 1 (1.00 equiv), 2 (3.00 equiv), dppm (10.0 mol %), Na2CO3 (2.50 equiv), DCE (0.040
M), 100 W blue LED, 90 °C, 24 h. b5.00 equiv of BrC6F13 or BrC8F17 was used and reacted for 48 h.
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123 phenyl bromodifluoroacetamides were viable substrates,
124 producing the corresponding products 3z−3ad in 54−79%
125 yield. Finally, bromoperfluoroalkanes were also competent
126 under this protocol (3ae and 3af).
127 Late-stage modification of bioactive complex molecules is a
128 pragmatic means to discover new medicinal agents.16 To
129 demonstrate the applicability of the visible-light-induced
130 phosphine-catalyzed 1,3-bromodifluoroalkylation to late-stage
131 diversifications, natural-product- and drug-conjugated sub-
132 strates were subjected to the standard reaction conditions

t3 133 (Table 3). For example, probenecid (a drug that prevents

134 gout) and cholic acid-derived allyl carboxylates reacted under
135 standard conditions, affording the desired products 3ag and
136 3ah in 79% and 53% yield, respectively. Riluzole (an
137 amyotrophic lateral sclerosis drug)-derived bromodifluoroace-
138 tamide also participates in this transformation (3ai).
139 Bromodifluoroacetate derivatives of vitamin E, L-menthol (a
140 decongestant and analgesic), diactonefructose, diacetone-D-
141 glucose, and diosgenin worked well under the standard

142conditions, forming the desired products 3aj−3an in 48−
14384% yield.
144To showcase the scalability of this process, a gram-scale
145 s1reaction was performed by using substrates 1a and 2a (Scheme
146 s11A). A satisfactory 82% isolated yield of 3a was obtained under

147the irradiation of two 100 W blue LEDs for 72 h. We also
148performed a series of transformations to demonstrate the
149synthetic utility of the 1,3-bromodifluoroalkylated products in
150forming useful molecular scaffolds (Scheme 1B). The bromine
151and ester functionality in the product could be used for
152subsequent synthetic manipulations. For example, selective
153HBr elimination was achieved in the presence of the benzoate
154leaving group, generating the useful terminal alkene 4. The
155synthetic utility of the ester was exemplified by selective
156reduction, hydrolysis, and amidation of the ethyl ester without
157affecting the alkyl benzoate, furnishing the corresponding
158alcohol 5, acid 6, and amide 7 in 76%, 62%, and 94% yields,
159respectively.
160To gain a better understanding of the reaction mechanism,
161we carried out a series of experimental and computational
162 f2studies (Figure 2). The addition of 2,2,6,6-tetramethylpiper-
163idine 1-oxyl (TEMPO) as a radical scavenger significantly
164inhibited the reaction (Figure 2A). The TEMPO-trapped
165difluoroacetate adduct (8) was isolated and characterized by
166NMR and HRMS spectrometry. A radical clock experiment
167using substrate 1ao formed the ring-opening product 3ao in
16842% yield. These experiments suggest a radical mechanism. We
169then subjected 1,2-bromodifluoroalkylated compound 9 to the
170standard conditions (Figure 2B). We did not obtain the
171desired 1,3-product, indicating that the reaction does not
172proceed through 1,2-bromodifluoroalkylation followed by ionic
173translocation of the benzoate and bromide groups. Crossover
174experiments using substrates 1s and 1e furnished only the non-
175crossover products 3s and 3e, respectively, implying that the
176acyloxy shift probably proceeds through concerted mecha-
177nisms (Figure 2C).18 The O18-labeling experiment using 1-O18

Table 3. Late-Stage Modification of Complex Moleculesa

aSee the Supporting Information for experimental details; 1 (1.00
equiv), 2 (3.00 equiv), dppm (10.0 mol %), Na2CO3 (2.50 equiv),
DCE (0.040 M), 100 W blue LED, 90 °C, 24 h.

Scheme 1. Large-Scale Reaction and Post-
Functionalizationa

aSee the Supporting Information for experimental details. (i) DBU
(1.50 equiv), DMSO (0.200 M), 60 °C, 6 h; (ii) NaBH4 (2.00 equiv),
MeOH (0.200 M), 0 °C to rt, 3 h; (iii) K2CO3 (5.00 equiv), MeOH/
H2O (1:1, 0.100 M), rt, 12 h; (iv) NH3 (10.0 equiv), MeOH (0.100
M), rt, 16 h.
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178 with 95% O18 incorporation afforded the products 3a-O18-1

179 and 3a-O18-2 in a 1.4:1 ratio, indicating that both [1,2]- and

180 [2,3]-acyloxy group shift pathways may operate simultaneously
181 (Figure 2D).19 Light on/off experiments and quantum yield

182
measurement (ϕ = 0.0029) suggested that an extended radical

183chain mechanism is unlikely (Figures S4 and S7).

184
To elucidate the role of dppm in this reaction, we performed

185
19F NMR titration experiments, which showed an upfield shift

Figure 2.Mechanistic studies. All energies are in kcal/mol and are relative to dppm and 2a. Distances between the critical atoms are given in Å (see
the Supporting Information for details). The 3D representation was prepared by using CYLview.17
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186 as the concentration of dppm increased (Figure 2E). This
187 observation suggests the donation of phosphine lone-pair
188 electrons into the anti-bonding orbital of the C−Br bond of 2a,
189 which increases the electron density at the α-carbon and
190 shields the fluorine atoms. The Job’s plot20 and Benesi−
191 Hildebrand plot21 revealed the formation of a 1:1 dppm−2a
192 complex with an association constant (KEDA) of 0.16 M−1

193 (Figure 2F and G).
194 The precise photoexcitation mechanism remains elusive
195 because the UV−vis measurements of a mixture of dppm and
196 2a in DCE showed no visible changes in the absorption
197 compared to individual components (Figure S17). Never-
198 theless, DFT and TD-DFT calculations revealed that (i) the
199 formation of the dppm−2a complex (I) is enthalpically favored
200 by −3.6 kcal/mol and is endergonic by only 6.6 kcal/mol
201 (Figure 2H) and (ii) different conformers of complex I and
202 their Na2CO3 adducts have absorptions extending into the
203 visible light region (Figures S14−S16).22,23 These conformers
204 and adducts are higher in energy and may exist at
205 concentrations outside the detection limit of the UV−vis
206 spectrometer.
207 DFT calculations showed that [1,2]-TS is 1.4 kcal/mol
208 lower than [2,3]-TS in terms of Gibbs free energy but 1.0
209 kcal/mol higher in terms of enthalpy. Thus, the preference of
210 one over another is the subject of entropy corrections and,
211 consequently, experimental conditions (Figure 2H). The Br-
212 atom transfer from bromophosphine radical intermediate II to
213 V is highly exergonic (−29.0 kcal/mol) with ∼4.4 kcal/mol
214 energy barrier at the minimum on the triplet and singlet state
215 (i.e., T/S) seam of crossing (MSX), liberating the phosphine
216 catalyst and product 3a (Figure S19). Thus, this process is
217 more favorable than the alternative radical chain reaction,
218 which is exergonic only by 2.8 kcal/mol but has an energy
219 barrier of 17.7 kcal/mol (Figure S20). Nevertheless, we cannot
220 completely rule out the radical chain mechanism in this stage.
221 Although we do not have a complete mechanistic under-
222 standing of the photoexcitation process, a plausible catalytic

f3 223 cycle is outlined in Figure 3. Photoexcitation of complex I or
224 its Na2CO3 adducts generates bromophosphine radical species

225II and difluoroalkyl radical III.8e,11 Subsequent radical addition
226of III to allyl benzoate 1a affords the secondary alkyl radical
227IV. Intermediate IV undergoes concerted [1,2]- and [2,3]-
228benzoyloxy shifts ([1,2]-TS and [2,3]-TS),5 forming the more
229stable tertiary radical intermediate V. Finally, Br-atom transfer
230from bromophosphine species II (or 2) to radical intermediate
231V delivers the desired product 3 and regenerates dppm, closing
232the catalytic cycle.24

233In summary, we have developed the first visible-light-
234induced phosphine-catalyzed 1,3-carbobromination of allyl
235carboxylates, expanding the reaction profiles of allyl carbox-
236ylates and phosphine catalysis. The reaction forms a series of
237valuable 1,3-bromodifluoroalkylated products, tolerates a wide
238array of functional groups, and is amenable to late-stage
239modification of complex molecules and gram-scale synthesis.
240Preliminary mechanistic studies suggest a non-chain-radical
241mechanism involving the formation of dppm−2a complexes,
2421,2-RaM, and Br-atom transfer processes. We anticipate that
243the 1,2-RaM reactivity of allyl carboxylates and phosphine-
244catalyzed radical reaction will provide a pathway for the
245development of new chemical transformations in organic
246synthesis.
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(22)693 For an example of phosphine−Cs2CO3 adducts, see: Guo, Z.;
694 Li, M.; Mou, X.-Q.; He, G.; Xue, X.-S.; Chen, G. Radical C−H
695 Arylation of Oxazoles with Aryl Iodides: Dppf as an Electron-Transfer
696 Mediator for Cs2co3. Org. Lett. 2018, 20, 1684−1687. Our system
697 likely behaves differently from this mechanism because we did not
698 observe the formation of phosphine oxide and 2,6-lutidine can
699 promote the desired reaction as well.

(23)700 For Lewis-base-promoted photolysis, see: Fang, C.-Z.; Zhang,
701 B.-B.; Li, B.; Wang, Z.-X.; Chen, X.-Y. Water facilitated photolysis of
702 perfluoroalkyl iodides via halogen bonding. Org. Chem. Front. 2022, 9,
703 2579−2584. DFT calculations showed that the cleavage of the C−Br
704 bond through SET from phosphine catalyst to σ* of C−Br is
705 energetically more favorable in our case.

(24)706 Although the Br-atom transfer from the P−Br radical has not
707 been reported, an analogous I-atom transfer from the P−I radical to
708 the alkyl radical has been proposed; see refs 6e and 8h.
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