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ABSTRACT

[HPPh3][BF4]

Ph3P'\/\R BF4

Z "R

radical initiator or hv

up to 99% conversion
up to gram scale

The radical-mediated addition of triphenylphosphonium tetrafluoroborate to olefins (hydrophosphonation) is reported. Both standard radical
initiators and photochemical conditions are effective, up to the gram scale. The phosphonium salts are shown to serve as Z-selective Wittig

olefination reagents, even without purification.

Phosphines are a diverse and valuable class of com-
pounds employed in a range of applications from organo-
metallic ligands to organocatalysts to olefination reagents.
One common way to synthesize phosphines is the addition
of the P—H bond to a carbon—carbon multiple bond,
called hydrophosphination. Modern hydrophosphination
methods include transition metal catalysis and radical-
mediated additions to multiple bonds." One application
of phosphorus-based radical reactions is the synthesis of
structurally complex Horner—Wadsworth— Emmons (HWE)
phosphonate esters, which are precursors to E-olefins.?
HWE reagents may also be subjected to conditions that
preferentially provide Z-olefins, but this requires specialized
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phosphonate esters.* An alternative synthesis for Z-olefins
uses alkyltriphenylphosphonium salts, or Wittig reagents.’
To our knowledge, there are no radical-based analogous
methods to generate Wittig phosphonium salts from ole-
fins. Herein we describe a method to functionalize olefins
by the radical-mediated addition of phosphonium salts
(Figure 1).

In order to produce the desired phosphonium salts, the
reaction conditions need to generate a triphenylphospho-
niumyl radical cation (PPh; ™) from a triphenylphospho-
nium salt, [HPPhs][X] (Figure 1). Triphenylphosphonium
salts have been studied in the context of their acidity, not
P—H bond homolysis, so we decided to investigate their
reactivity under radical conditions.® We first attempted
to hydrophosphonate a model substrate, 4-allylanisole,
with a common radical initiator, azobisisobutyronitrile
(AIBN), and a variety of [HPPh;][X]. We found that a
monatomic anion, bromide, did not give the desired
product 1|Br], but the noncoordinating anions BF;~ and
PFs gave 50% and 13% conversion of 1|BF4] and 1[PFg],
respectively (Scheme 1). Encouraged by the initial results,
we embarked on a screen of conditions, seeking to improve
the efficiency of the hydrophosphonation reaction with
[HPPh;][BF,] and to gain a more complete understanding
of the triphenylphosphoniumyl radical cation.
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Figure 1. Proposed hydrophosphonation mechanism.

Scheme 1. Anion Effect
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We sought to optimize the hydrophosphonation condi-
tions by examining the effects of the initiator, temperature,
and triphenylphosphine (PPh;) additive (Table 1). The
initiator 1,1’-azobis(cyclohexanecarbonitrile) (ACN), ac-
tivated at 110 °C, appears to be the most effective. Diben-
zoyl peroxide (DBP) is the least effective, likely due to its
oxidative ability. Triphenylphophine is a useful additive to
the reaction mixture, increasing the yield slightly from
81% to 86% (entries 3 and 4). If the amount of PPhj is
increased further, from 0.1 equiv to 0.5 equiv to 1 equiv, the
conversion actually drops to 76% and 65%, respectively
(entries 5 and 6). We believe that, in small amounts, PPhs
acts to prevent termination. Previous work has shown that
PPh; ", generated by laser flash photolysis from PPh;, will
react with water and oxygen, with further PPh; participat-
ing to preserve the radical chain.” Under hydrophospho-
nation condtions, PPh; may play a similar role as the
sacrifical link in the radical chain.

A Lewis acid—base pair of PPh;"*—PPh; may be re-
sponsible for the deleterious effect of high PPh; concentra-
tion. When bound to PPhs, PPh;** would not be able to
react with an olefin in the desired manner. This interaction
would be favored at high concentration, leading to reduced
conversions. Pulsed addition of both ACN and PPhj; half-
way through the reaction time provides the best conver-
sions (entry 12).

Although standard radical conditions give 1[BF4] in high
conversion (94%), we surmised that a complementary
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Table 1. Hydrophosphonation Optimization

\/\@ Phsﬁw\©\ BF,
OMe OMe

PhClI, temp, 12 h

X equiv initiator
y equiv [HPPh;][BF 4]

z equiv PPh; 1[BF4]
conv
entry initiator® x® y P (%)°
1 ACN 0.01 2.4 0 78
2 ACN 0.02 2.4 0 72
3 ACN 0.02 2.4 0 81
4 ACN 0.02 2.4 0.1 86
5 ACN 0.02 2.4 0.5 76
6 ACN 0.02 2.4 1 65
7 ACN 0.1 1.2 0 50
8 ACN 0.2 1.5 0 57
9 ACN 0.2 1.5 0.1 67
10 ACN 2x(0.1) 1.5 0.1 72
11 ACN 2x(0.1) 2 0 81
12 ACN 2x(0.1) 2.4 2x(0.1) 94
13 AIBN 0.02 2.4 0 34
14 AIBN 0.2 1.2 0 36
15 AIBN 0.5 2 0 52
16 DBP 0.2 2.4 0 35
17 DBP 2x(0.1) 2.4 0 17

“ ACN and DBP were activated at 110 °C. AIBN was activated at 80
°C. ®2x(0.1) indicates that 0.1 equiv of initiator was added at the
beginning and halfway through the reaction. “Conversion measured
by 'H NMR and based on recovered starting material.

photochemical method could be developed.® The afore-
mentioned photolysis gave us a clue that this might be
possible.” To test this hypothesis, 1-hexene was subjected
to photochemical conditions, with the reaction monitored
by NMR (Scheme 2). Phosphonium salt 2|BF,] was pro-
duced quantitatively in approximately 2 h.° The effect of
PPh; was also investigated. While there appears to be a
general trend, as increasing amounts of PPhs gave higher
conversions (Figure 2), the mechanistic underpinnings for
the this phenomenom are unknown. The photochemical
hydrophosphonation method is scalable: 1 g batches of
1|BF,] are easily prepared with 77% isolated yield by simple
trituration of the crude reaction mixture with EtOAc."

Scheme 2. Photochemical Hydrophosphonation of 1-Hexene

5 2.4 equiv [HPPhs][BF.], 1 equiv PPh;
X 1Bu

-B
Phop” T g
CH,Cly, hv, rt, overnight
2[BF,4]
98% conversion

(8) Additionally, standard radical conditions produce the P(O)-
Ph;—BFj; adduct as a side product that is difficult to separate from the
crude reaction mixture.

(9) [HPPh;][PF¢] and [HPPh;][Br] are not effective as hydropho-
sphonating reagents under photochemical conditions. Further experi-
ments showed that the reaction would not continue without irradiation.

(10) All reactions were carried out in Pyrex glassware with a water-
cooled, quartz-jacketed UV lamp. See Supporting Information for more
details.
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equiv PPhs conv (%)
0.00 0
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0.25 65
0.50 61
1.00 72

Figure 2. Effect of PPh; in photochemical hydrophosphonation.

Table 2. Substrate Scope

1.5 equiv [HPPh3][BF 4], 1 equiv PPhy

olefin hydrophosphonation
duct
CH,Cly, hv, 24 h, 1t procuc
entry olefin product yield (%)*
1 N CeHis 3 phip~Ceths  da 95
BF

4b 93

O
OO

2 _/N 3b N
O Ph35/_/7
BF,

o
j_z 4c 41

PhyP

BF,

0.
g 4d 9%
BF,
3¢ Php C de 62
BF4O

With two hydrophosphonation methods in hand, the
reaction was expanded to incorporate an array of func-
tional groups and olefin substitution patterns (Table 2).

W
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Scheme 3. Wittig Reaction with Hydrophosphonation-Derived
Phosphonium Salts

1} 3 equiv base, THF, -78 °C X OMe
1[BF,]
2)-78°Ctort

o)

1.1 equiv /@)LH

Hydrophosphonation conditions were shown to tolerate
ethers and a nitrogenous heterocycle. The PPh;™* species
will add to monosubstituted olefins with a preference over
1,2-disubstituted olefins. Radical 5-exo-trig ring closures
are also possible, simultancously adding complexity and
functionality to these substrates.

Importantly, the phosphonium salts should be viable
Wittig reagents. To examine its efficacy, 1|BF,] was treated
with n-BuLi or KO#-Bu at —78 °C. The phosphorus ylide
intermediate was reacted with p-tolualdehyde and allowed
to warm to room temperature. As expected, dissociating
KO#-Bu conditions possess a better Z/E selectivity than
n-BuLi for the production of 1,2-disubstituted styrene
product 3 (Z/E = 1.5 versus 7), Scheme 3). Furthermore,
crude 1[BF,] can be used in the Wittig reaction with
comparable yield and selectivity of 5 when compared to
the reaction with purified 1[BF4]."" This obviates the need
for a purification step.

We have developed a reliable method for the radical-
mediated P—H bond addition of [HPPh;3][BF,] to unac-
tivated olefins. This reaction, called hydrophosphonation,
may be performed using either standard radical initiators
or photochemical conditions and was applied to a range of
olefins. The alkyltriphenylphosphonium tetrafluoroborate
products are shown to be Z-selective Wittig reagents.
Future work in this area will pursue mechanistic studies
and generalization to other classes of olefins.

5; conversion (Z/E ratio)
n-BuLi, purified 1[BF4]: 69% (1.5)
KOt-Bu, purified 1[BF4]: 95% (7)
KOt-Bu, crude 1[BF4]: 99% (20}
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(11) Crude 1|BF4] was obtained from photochemical hydrophospho-
nation conditions, where the mixture contains unreacted 4-allylanisole,
[HPPh3][BF,4], and PPhs.
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