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Abstract We report the development of an electrocatalytic protocol
for the chlorophosphinoylation of simple alkenes. Driven by electricity
and mediated by a Mn catalyst, the heterodifunctionalization reaction
takes place with high efficiency and regioselectivity. Cyclic voltammetry
data are consistent with a mechanistic scenario based on anodically
coupled electrolysis in which the generation of two distinct radical in-
termediates occur simultaneously on the anode and are both mediated
by the Mn catalyst.
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Electrocatalysis' has recently emerged as a powerful
tool for the synthesis of vicinally difunctionalized molecu-
lar structures from simple and readily available alkenes.? In
general, two distinct mechanistic design principles may be
employed to achieve electrochemical alkene difunctional-
ization. The first scenario entails the direct activation of the
alkene via oxidation to the corresponding radical cation
(Scheme 1A).2 This approach, however, can often be limited
by the oxidation potential of the alkene and is applicable
primarily to electron-releasing substrates. A second scenar-
io entails the oxidation of the reagents to be added across
the C=C n-bond rather than oxidation of the alkene itself.*
This strategy frequently generates radical intermediates ca-
pable of sequential addition to the alkene substrate. None-
theless, due to the formation of multiple transient radicals
en route to the desired product, promiscuous reactivity of
these high-energy intermediates frequently induces che-
mo- and regioselectivity issues during the addition events.

To overcome these challenges, we recently developed a
complementary approach by combining electrochemistry
with redox catalysis.> In particular, we demonstrated that
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Scheme 1 Electrochemical alkene chlorophosphinoylation via anodi-
cally coupled electrolysis (ACE)

three-component heterodifunctionalization of alkenes
could be achieved using anodically coupled electrolysis
(ACE) (Scheme 1B).22 In this mechanistic scheme, two paral-
lel anodic events were combined to activate two distinct
nucleophilic reagents. The resultant pair of radical interme-
diates will then add across the alkene substrate chemo- and
regioselectively in the presence of an appropriate transi-
tion-metal catalyst. For example, we developed electro-
chemical chlorotrifluoromethylation®* and chloroalkyla-
tion> reactions using ACE. These reaction systems entail
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the simultaneous generation of a transient C-centered free
radical via direct or mediated anodic oxidation and a per-
sistent open-shell metal chloride via a catalyst-assisted pro-
cess. Subsequently, the sequential radical addition to the
C=C bond occurs chemo- and regioselectively as predicted
by the persistent radical effect. On the basis of these previ-
ous developments, we herein report the extension of ACE to
the electrocatalytic chlorophosphinoylation reaction’
(Scheme 1C). Organophosphorus compounds are widely
used in agrochemistry and phosphine oxides are commonly
used in metal and organocatalysis;® alkyl chlorides are ver-
satile synthetic intermediates. The proposed transforma-
tion would give rise to multifunctional phosphine-contain-
ing compounds from readily available starting materials.

We set out to investigate the chlorophosphinoylation re-
action by electrolyzing a mixture of t-butylstyrene (1), di-
phenylphosphine oxide (2), and LiCl. We found that the de-
sired product 3 could be observed in 82% yield when
Mn(OTf), was used as the catalyst along with bipyridine
(bipy) as the ligand, acetic acid (HOAc) as the terminal oxi-
dant (reduced to H, at the cathode), lithium perchlorate (Li-
ClO,) as the electrolyte, and MeCN as the solvent under a
constant cell voltage (U.y) of 2.3 V (initial anodic potential,
E,;=0.9 V) (Table 1, entry 1). Meanwhile, dichlorination
product 4 was also formed in a trace amount (<5%). In the
absence of the Mn catalyst, only 5% of the heterodifunction-
alized product was generated together with 23% of byprod-
uct 4 (entry 2). Without bipy, the reaction was sluggish and
provided 3 in 63% yield during the same time span, along
with an increased amount of byproduct 4 (entry 3). The role
of bipy was not simply that of a base, as reaction with pyri-
dine (12 mol%) instead of bipy resulted in a nearly identical
reaction outcome to that without bipy (entries 4 vs 3). The
electrolysis was also carried out at a constant current of 5
mA for 2 hours (2 F charge passed), which furnished 3 in a
comparable 85% yield (85% Faradaic efficiency) with 5% of 4
(entry 5).

We also tested various reaction conditions that would
lead to a more practical reaction setup. For example, replac-
ing LiCl with NaCl resulted in a 56% yield of 3; an elevated
temperature of 50 °C was necessary to enhance the solubil-
ity of NaCl (entry 6). The electrolyte LiClO, did not play an
explicit role in the chlorophosphinoylation, as substituting
it with tetrabutylammonium tetrafluoroborate (TBABF,) or
lithium triflate (LiOTf) resulted in comparable reactivity
(entries 7 and 8). In fact, owing to the ionic nature of LiCl
employed in the reaction, an exogenous electrolyte proved
unnecessary (entry 9). Finally, using commercial ElectraSyn
2.0° as the reaction vessel and power supply gave the de-
sired product in a satisfactory yield alongside 10% of by-
product 4 (entry 10).

The optimal electrolysis conditions were successfully
applied to the synthesis of a variety of chlorophosphinoyla-
tion products starting from simple alkenes (Scheme 2A).10

Table 1 Reaction Optimization

il
Ph,P—H (2) + LiCl

XX Mn(OT), (5 mol%), bipy (6 mol%) ¢l ('p)' . ¢
- LiCIOy, HOAG, MeCN, 22°C A "\ 0Ph A

1 C(+)/PY(=), Upes = 2.3V (E;;=0.9V), 2h .

Entry Variation from optimal conditions Yieldof 3  Yield of 4

(%) (%)
1 none 82 <5
2 without Mn 5 23
3 without bipy 63 8
4 with pyridine (12 mol%) instead of bipy 62 6
5 constant current (5 mA) electrolysis 85 5
6 NaCl instead of LiCIP 56 <5
7 TBABF, instead of LiClO, 75 6
8 LiOTf instead of LiClO, 72 <5
9 no LiClO,, i =3 mA (constant current)© 55 8
10 Using ElectraSyn 2.09 84 10

2 Reactions are conducted on 0.2 mmol scale and yields are determined by
"H NMR using 1,3,5-trimethoxybenzene as the internal standard.

b Reaction at 50 °C.

¢ Full cell voltage (U varies between 2.1 and 2.5 V.

4 Using 1.5 equiv of 2, 0.3 mmol scale.

In addition to substituted styrenes (3, 5, 6, 8), vinylpyridine
also reacted smoothly to form 9. Electronically unactivated
alkenes with mono-, di-, and trisubstitution all underwent
the desired electrochemical reaction. In the cases with cy-
clic alkenes, the product diastereoselectivity was excellent,
presumably owing to the large steric profile of the phos-
phine oxide group (7, 11, 12). Functional groups such as al-
dehyde (8), alkyl halide (13, 15), alcohol (14) and benzimid-
azole (17) were also compatible with the reaction system,
providing the corresponding adducts in high yield.

We also surveyed several different nucleophiles
(Scheme 2B). Substituted aromatic secondary phosphine
oxides (18, 21), phosphinate (19), and phosphonates (20,
22) all readily underwent the desired chlorofunctionaliza-
tion. Moreover, using TMSN; instead of LiCl, azidophosphi-
noylation product 23 was isolated in a synthetically useful
yield.! Our reaction was also applied to t-butylphenylacet-
ylene and a single alkene geometric isomer (E)-24 was iso-
lated in 59% yield. However, extending this methodology to
bromophosphinoylation proved challenging at this stage, as
only the dibromination product was observed when using
various bromide salts instead of LiCl. Finally, the heterodi-
functionalized products could be further derivatized via
elimination (8") and reduction (22') reactions.

The stepwise, radical nature of the reaction was sup-
ported by a radical cyclization experiment using diene 25,
which resulted in pyrrolidine 26 as a pair of diastereomers.
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Scheme 2 Substrate scope. Reactions are conducted on 0.2 mmol scale under optimal conditions (see Table 1, entry 1);'%isolated yields are reported.
2 Stereochemistry was determined from coupling constants (7, 11, 12) or 2D NOESY for 24; see the Supporting Information for more details. ® 3 mmol

scale. ¢ Using TMSN; instead of LiCl and DMF in place of MeCN as the solvent

The observed cyclization activity is consistent with the hy-
pothesized reaction pathway involving P- and C-centered
radical intermediates (Scheme 3).
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Scheme 3 Radical cyclization experiment

Finally, we conducted a set of cyclic voltammetry exper-
iments. The results are consistent with the proposed cata-
lytic mechanism in Scheme 4 in which both P-centered rad-
ical I'> and [Mn"]-ClI (I),'3 the latent Cl radical, were gener-
ated on the anode via Mn-mediated processes. The catalyst
combination [Mn(OTf),+bipy] displayed several weak oxi-
dative features between 0.6 and 1.2 V (Figure 1, top panel,
black line). However, the addition of HOAc/NaOAc—species

that are present in the electrocatalytic reaction—led to a
significant increase of the redox activity of the Mn complex
(red line). Phosphine oxide 2 proved difficult to oxidize di-
rectly on the anode (blue line). The addition of Mn+bipy to
2 led to new oxidative features but minimal current en-
hancement (orange and green lines).

LiCl alone can be oxidized on the anode directly, pre-
sumably forming the Cl radical, resulting in a peak at ca. 1.1
V (Figure 1, bottom panel, red line). Synonymous to our
previous observation in the context of electrocatalytic chlo-
rofunctionalization reactions,”*d addition of the Mn cata-
lyst to a solution of LiCl in MeCN led to current enhance-
ment of the oxidative wave (blue line vs red line), indicating
that Mn promotes the oxidation of Cl-, presumably via the
formation of [Mn'']-C1.# Interestingly, mixing 2 and LiCl to-
gether with the catalyst combination led to a marked cata-
lytic current, which increased as the amount of 2 was in-
creased (purple and green lines). These observations are
consistent with [Mn"]-Cl being capable of oxidizing 2, pre-
sumably to the corresponding radical L.
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Scheme 4 Proposed mechanism

Upon formation of open-shell intermediates I and II, the
addition of I to the alkene will occur preferentially over the
addition of II, leading to C-centered radical IIL This selectiv-
ity arises from the highly reactive nature of transient radi-
cal I in comparison to the more stable, persistent interme-
diate II. Subsequently, per the persistent radical effect, the
cross-coupling of Il with another equivalent of I to form
the bisphosphinoylation product is challenging due to the
transient nature of both Il and I. On the contrary, the reac-
tion of Il with 11, a persistent open-shell complex, is favor-
able, which results in transfer of the Cl atom from II to III to
deliver the desired chlorophosphinoylation product. This
process regenerates [Mn'], which is then turned over on the
anode.”

In conclusion, we report the application of ACE in the
development of an electrocatalytic chlorophosphinoylation
reaction for the heterodifunctionalization of alkenes. Regu-
lated by a Mn catalyst, this three-component coupling reac-
tion takes place with high chemo- and regioselectivity. Fu-
ture work will focus on the structural elucidation of the Mn
catalyst that is responsible for the anodic generation of key
radical intermediates and the further use of this electrocat-
alytic strategy in new reaction discovery.!®
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