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ABSTRACT: Phosphines are among the most widely used
ligands, catalysts, and reagents. Current synthetic approaches to
phosphines are dominated by nucleophilic displacement reactions
with organometallic reagents. Here, we report a radical-based
approach to phosphines that proceeds by a cross-electrophile
coupling of chlorophosphines and redox-active esters. The
reaction allows for the synthesis of a broad range of substituted
phosphines that were not readily attainable with present methods.
Our experimental and DFT computational studies also clarified
the catalytic, autocatalytic, and inhibitory roles of additives and
intermediates, as well as the mechanistic details of the
photocatalytic and zinc-mediated redox modes that can have
implications for mechanistic interpretation of other cross-
electrophile coupling reactions.

KEYWORDS autocatalysis, biphosphine, carboxylic acid,
phosphine, photocatalysis, redox-active ester, zinc activation

1. INTRODUCTION

The impact of phosphines on chemistry is broad, spanning
organic, inorganic, organometallic, and analytical chemistry,
materials science, and biochemistry.! Fine-tuning of steric and
electronic properties of phosphines enabled a wide range of new
transition metal-catalyzed carbon—carbon and carbon—heteroatom
bond-forming reactions that revolutionized organic synthesis.?
Phosphines have also emerged as efficient organocatalysts® and
reagents,* further enhancing their impact on synthetic
methodology. Most of synthetic methods used to access
phosphines rely on reactions of air-sensitive organometallic
reagents or phosphide salts that suffer from limited scope, tedious
purification, and low yields.> In contrast, radical phosphine
synthesis remains less explored and is not used in synthetic
applications, despite the reduced steric hindrance and enhanced
reactivity of carbon- and phosphorus-centered radical
intermediates, as well as structural diversity of radical precursors
that can enable access to phosphines with previously unattainable
substitution patterns.® The limitations of the available radical
phosphine methods include narrow substrate scope, use of toxic
organotin reagents, and the oxidative isolation conditions or use
of pentavalent phosphorus precursors that require a separate
reduction step for readjustment of the phosphorus atom oxidation
state.

Importantly, while some progress has been achieved in the
functionalization of alkenes by radical phosphination and related
additions,” other types of carbon—phosphorus(IIl) bond forming
transformations, in particular, radical cross-electrophile coupling
reactions® have remained relatively unexplored. However, recent
examples of reactions of organohalides by Yorimitsu and Oshima,

as well as Studer and Smith point to the significant potential of
this approach.’
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Figure 1. Decarboxylative Phosphine Synthesis from
Carboxylic Acids

Since the scope of typical precursors to phosphines is limited to
alkyl and aryl halides and organometallic reagents derived from
them, use of carboxylic acids as radical precursors for the
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phosphine synthesis can greatly expand the structural diversity of
phosphines. Carboxylic acids are abundant among natural
products and industrial commodity chemicals. They can serve as
sources of carbon-centered radicals, and a number of efficient
carbon—carbon and carbon—heteroatom bond-forming reactions
were recently developed, in particular with redox-active esters.!?
Interestingly, redox-active esters can participate in cross-coupling
reactions with other electrophiles, but few mechanistic details of
these synthetically powerful transformations are known. Several
recent studies highlighted the complex interplay of effects of the
reducing metal,!' additives and catalysts, but mechanistic
understanding remains limited. We, therefore, considered the
reaction of redox-active esters with chlorophosphines that are
common organophosphorus reagents (Figure 1).
Chlorophosphines are readily synthetically accessible and are
more air-stable than secondary phosphines (R,PH) or phosphide
salts (R,PM). In addition, the use of chlorophosphines will
obviate the oxidation state adjustment step that would be
necessary for pentavalent phosphorus reagents. Prior attempts to
use redox-active esters to create carbon—phosphorus(IlI) bonds
required highly toxic and pyrophoric white phosphorus or
phosphorus-sulfur reagents and did not result in production of
phosphines.!? Thus, the decarboxylative phosphine synthesis from
carboxylic acids has remained elusive.

Herein, we describe a broad-scope phosphine synthesis from
carboxylic acids and chlorophosphines that can operate bimodally
under thermal catalyst-free and photocatalytic conditions. The
reaction provides simple access to a wide range of phosphines.
We also provide mechanistic details that highlight the importance
of additive and autocatalytic effects on the redox processes
underlying this and other cross-electrophile coupling reactions.

2. RESULTS AND DICUSSION

Synthetic studies. Initial studies showed that, under the optimal
conditions, phosphine 1 was produced in 82% yield in a reaction
of chlorophosphine 2 with N-hydroxyphthalimide (NHPI) ester 3
in the presence of 30 mol% triamine PMDTA in DMF after 3 h,
and in 98% after 12 h, resulting in the 95% isolated yield (Table
1). The reaction was substantially less efficient without PMDTA.
Other amines (e.g., TMEDA and DIPEA) or Fe and Ni salts did
not significantly improve the efficiency of the phosphine
synthesis. Although, a beneficial effect of Lewis acid additives,
e.g., lithium salts, was previously demonstrated in some cross-
electrophile couplings of redox-active esters,!! they did not
improve the yield of the phosphine synthesis (e.g., entry 7).
Finally, DMF was found to be the optimal solvent, while N-
hydroxyphthalimide ester 3 was superior to other redox-active N-
alkoxy reagents (e.g., 4 and 5).

We further proceeded with the study of the scope of the
phosphine synthesis. The reaction was tested with a variety of
NHPI esters of carboxylic acids 6 (Table 2). Primary carboxylic
acids were converted to phosphines 7-12 in good yields. Air-
sensitive phosphines were isolated as borane complexes after
treatment with borane solution in tetrahydrofuran. Phosphine-
borane complexes are air-stable compounds that can be readily
isolated by column chromatography and used directly as
phosphine ligand precursors for cross-coupling reactions.!* The
reaction afforded glutamic and aspartic acid-derived phosphines
10 and 11. The decarboxylative phosphine synthesis can also be
used to access bisphosphines, as shown for the new dppp-type
phosphine 12. Secondary carboxylic acids also produced
corresponding phosphines 13-22 bearing acyclic and cyclic alkyl
groups in good yields. Phosphines 18-20 were produced
stereoselectively as frans-isomers. Notably, the reaction enables
facile access to sterically-hindered phosphine 22 in the free form
and as a borane complex 21 with the sterically-demanding
tetramethylcyclopropyl group. A tartaric acid-derived phosphine

20 can also be prepared in good yield. Phosphine-borane
complexes can be readily converted to free phosphines on
treatment with DABCO (e.g., 21 to

Table 1. Reaction Conditions for the Decarboxylative
Phosphine Synthesis from Carboxylic Acids.”

o

PMDTA (30 mol%
oX + o Reen PMDTA (30 moP) RPh
Ph Zn, DMF Ph
35 2 1

Entry Deviation from standard conditions Yield, %

1 No change 82, (98,7 95°)

2 No PMDTA 55

3 DIPEA instead of PMDTA 70

4 TMEDA instead of PMDTA 63

5 Fe(acac); (5 mol%) instead of 60
PMDTA

6 Ni(dtbbpy)Br, (5 mol%) instead of 58
PMDTA

7 LiCl (0.5 equiv.) instead of PMDTA 53

8 MeCN instead of DMF 34
Ester 4 instead of 3 30

10 Ester 5 instead of 3 0

@ Reaction conditions: chlorophosphine 2 (0.4 mmol), ester 3 (0.6
mmol, 1.5 equiv.), PMDTA (30 mol%), Zn (1.2 mmol, 3.0
equiv.), DMF (0.4 mL), r.t., 3 h. Yields were determined by 'H
NMR spectroscopy with 1,4-dimethoxybenzene as an internal
standard. ® After 12 h. ¢ Isolated yield. PMDTA: N,N,N'N",N"-
pentamethyldiethylenetriamine, DIPEA: diisopropylethylamine,
TMEDA: N,N,N',N'-tetramethylethylenediamine.

CHs GHy o)
N N.
H3C \/\N/\/ CHs; 3 X = N‘E
CHs,
PMDTA 0
o)
HsC
_ N—%

4 X= | N—% 5 X = pr—(

HsC N

(0}

22 in 95% yield) and to the corresponding phosphonium
tetrafluoroborate salts (e.g., 21 to 22-HBF, in 91% yield) that can
also be used as air-stable phosphine precursors for transition
metal-catalyzed cross-coupling reactions.!4

Tertiary alkyl phosphines are key ligands for many cross-coupling
reactions.> We were delighted to see that phosphines 23-31
bearing a variety of tertiary alkyl groups can be readily prepared
from the corresponding carboxylic acids by the decarboxylative
phosphine synthesis. Tertiary alkyl groups with rings of various
sizes were installed, allowing for facile adjustment of steric and
electronic environment around the phosphorus atom. The
structures of phosphine borane complexes 18, 25 and 27 were
confirmed by X-ray crystallography. Additionally, the structure of
phosphine 22 was confirmed after conversion to the
corresponding  trans-Pd(22),Cl, complex. The phosphine
syntheses can be set up outside of a glovebox (e.g., 1, 7 and 21)
and carried out on gram scales (e.g., 22 and 27). Carboxylic acids
can also be converted to the corresponding NHPI esters in situ
and directly subjected to the decarboxylative phosphine synthesis
(e.g., phosphines 7-9, and 21).

The scope of the reaction was further studied with substituted
chlorophosphines (Table 3). The reaction proceeded in good
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yields with chlorophosphines bearing both electron-withdrawing
and electron-donating substituents in the aryl ring in the meta and
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para  positions  (32-36).  Heteroaryl  substituents in
chlorophosphines, e.g., 2-furyl, can also be tolerated (37).

Table 2. Scope of the Decarboxylative Phosphine Synthesis from Carboxylic Acids and NHPI Esters.*

BH
o activation o PMDTA (30 mol%) i
o mcteten x X+ gReen  PMDTAROMOR) - _Rupn or _Rupn
R™ "OH Ph Zn, DMF Ph Ph
6 2 (then BH5 THF)
Primary
o 0
FPhe HsC )prhz tBuO)K/\P -BHs ?Ha CHs I:3H3
/©/\/ s PPh, HsC™ PPh, BuO” Y Bochii L’Ph PhiyP RePh
. ey NHBoc oc Bh PH Ph
7, 96% (82%,° 90%°) 8, 92% (70%P) 9, 97% (75%P) 10, 56% 11, 66% 12, 53%7
Secondary
HsC_.PPh, Crpphz O/F’th PPh, PPh, PPh,
CHs o v C
13, 96% 1, 95% (89%°) 14, 75% 15, 66% 16, 78% 17, 95%
-.,d-
BH; BH; 3
BH3 CHy I CHs ; ’
| PPh 0 = R H PPh [
Phi,._ _Ruph— v«é‘?ﬁ?{: O’ 2 H30>< :// \'Ph H3c—y/ i Hac—y/ 24,
\/ Ph=, " HsC ! 5
CO,CHs “CO,CH; hod CHs Hid! “CHs
18, 76% ol 19, 73% (10 : 1) 20, 60% 21, 68% (65%, 66%°) 22, 64%, 1.08g
(95%° from 21) s By
22'HBF, (91%) trans-Pd(22),Cl,
Tertiary
BHs BH3 BH; HsC_ CHs
Reph HoCRuph Pho Roph = e OMP,’BH3
chﬁ’ X K = P
CHj
23,65% 24, 68% 25, 60% 26, 67%
BH; 'Y BH3 BH3 BH; BH;
v Reph ¥y ‘Lﬁf& Rerph RePh Reph Reph
<j Ph — 3 . /©/2§ Ph Ph /@ Ph @ Ph
b A HaC H3CO,C
27, 60% 28,51% 29, 62% 30,51% 31, 45%

1.13g (64%) ';

@ N-Hydroxyphthalimide esters 6 were used. Reaction conditions for small scale experiments: chlorophosphine 2 (0.4 mmol), ester 6

(0.6—0.8 mmol, 1.5-2.0 equiv.), PMDTA (30 mol%), Zn (1.2 mmol, 3.0 equiv.), DMF (0.25-0.4 mL), r.t.,

12 h. ? Yield with ester 6

prepared in situ from carboxylic acid, N-hydroxyphthalimide (1.5 equiv.), and diisopropylcarbodiimide (1.5 equiv.). ¢ Reaction was set up
outside of a glovebox. ¢ Chlorophosphine 2 (3 equiv.) and Zn (6 equiv.) were used. ¢ Reaction conditions: DABCO, THF, 80 °C, 3 h./

Reaction conditions: HBF,, DCM, rt, 1 h.

Alkyl-substituted chlorophosphines were also suitable coupling
partners (e.g., 38 and 39). Further studies showed that diversely
substituted chlorophosphines can be readily coupled with a
variety of esters 6 bearing primary, secondary and tertiary alkyl
groups (40-52). Interestingly, the reaction can also be extended to
dichlorophosphines via a twofold coupling with redox-active
esters, resulting in formation of two C—P bonds, as shown for
phosphine-borane product 53.

The decarboxylative phosphine synthesis method enables access
to phosphines with functional groups that are incompatible with
synthetic methods based on organometallic reagents (e.g.,
phosphines 10, 11, 19 and 20). Furthermore, the availability of
diversely substituted cyclic and acyclic carboxylic acids provides
an easy entry to phosphines with previously unexplored structural
and electronic environments that would not be readily accessible
with currently used methods (e.g., 21, 25, 29, and 30). Several of
the tertiary alkyl substituents (e.g., 2,2,3.3,-
tetramethylcyclopropyl, tecyl) that are readily introduced with the
present method can provide enhanced steric environment that is

distinct from the commonly used ferz-butyl group (See additional
discussion in the SI).

Given the recent progress in the development of photocatalytic
methods, we were also interested in translating the zinc-mediated
decarboxylative phosphine synthesis into a photocatalytic process.
Indeed, after initial optimization studies, we observed formation
of a variety of phosphines from chlorophosphines and esters 6 in
the presence of DIPEA and 0.5-1 mol% [Ir(ppy).bpy]PFs under
either LED irradiation (Am.x = 400 nm) or sunlight. Phosphines
bearing a variety of alkyl groups were easily accessed, including
bisphosphines 54-57 with variable alkylidene chain length, as
well as diverse substituents on the phosphorus atoms and
variedsteric environment (Table 4). In particular, bisphosphines
55 and 57 feature the sterically-demanding structural elements
that may be difficult to introduce by other methods and that may
significantly alter catalytic behavior of corresponding metal
complexes. The photocatalytic variant of the decarboxylative
phosphine synthesis tolerated chlorophosphines bearing alkyl and
aryl substituents that could be successfully coupled with primary,
secondary, and tertiary carboxylic acids (13, 14, 22, 23, 37, 46,
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48, 52). The yields were comparable or slightly higher than for
the zinc-mediated synthesis with equally broad scope of

chlorophosphines and esters 6.

Table 3. Scope of Chlorophosphines for the Decarboxylative Phosphine Synthesis from Carboxylic Acids and NHPI Esters.”

- BH3
o activation 0 P PMDTA (30 mol%) P {5
)k Wk X + C|/ \uuR3 RW’ \'"'RS or R"’ \'"'R3
R™ "OH RY O R? Zn, DMF R? R?
(then BH3'THF)
CHs; OCH3 CF3

H3C. CHj

B

Hs CHy ,.BH3 ,.BH3
: ; i i “CH;, : i “OCH3

32,62% CMs 33,61% 34, 53%
CFs

HsC~_-CHs
_.BH; \E,BH3
CHs _BH3

HaC

SACIEESH Iy

38, 60% 39, 46% 40, 52%

H3C<_CH3
CHs T,BHS _-BH3
: CH;

o~ by
“c14,CHa

H3C
43, 53% 44, 52%

H;C~_CHs O~ N7
ye
CHs HsC
H

TR D

48, 61% 49, 61% 50, 58% 51,

HsC | -BHs H F

3 H3C-—V/' \©/C 3
I :l C ; [ )\ "CH
CFs CF3 HsC 3

[ONgZ
- ~ KX I
3

47% 52, 59%

FsC CFs

oo, OO

CFg
35, 93% 36, 70% 37, 74% (70%P)

CFs
FiC CFs4

CH3

CF,
41,58% 42, 85%

CH,

H3C
Yo

~BH3 .BH;

SCRACENNCACENNOS L,

45, 55% 46, 52% 47, 46%

- H3C.
CHj (ONGZ \FL _BHg

53, 70%°

@ N-Hydroxyphthalimide esters 6 were used. Reaction conditions: chlorophosphine (0.4 mmol), ester 6 (0.6—0.8 mmol, 1.5-2.0 equiv.),
PMDTA (30 mol%), Zn (1.2 mmol, 3.0 equiv.), DMF (0.25-0.4 mL), r.t., 12 h. ? Yield with ester 6 prepared in situ from carboxylic acid
(1.5 equiv.), N-hydroxyphthalimide (1.5 equiv.), and diisopropylcarbodiimide (1.5 equiv.). ¢ Ester 6 (4 equiv.) and Zn (6 equiv.) were used.

Mechanistic studies. Given the growing importance of cross-
electrophile coupling reactions, we were interested in elucidating
the mechanism of the new decarboxylative phosphine synthesis.
We were particularly interested in the several notable features of
the reaction, including the role of PMDTA and the apparent lack
of activation by Lewis acids that are typically required for
reactions of esters 6. Given the known propensity of
chlorophosphines to undergo reduction to phosphide salts in the
presence of reducing metals, we first explored the pathway that
involves formation of zinc phosphides (Ph,PZnX or (Ph,P),Zn)
that can then engage esters 6 in an electron transfer process, by
analogy to the previously reported reactions of phosphide salts
with haloarenes! (Figure 2). The tertiary phosphine can then be
formed by a recombination of alkyl and diphenylphosphinyl
radicals (e.g., by an in-cage recombination!®), or via an electron-
catalyzed process,!” involving anion radical RPPh,™"18 (Figure 2).

Ph,PCl I
2 Ph
i lMO Tin cage
- -COp-XT
R0 X 4+ PhpPT —227» R+ PPh

SET l PhoP”

o Rph <——=— .~ P\'.F'Z':h

Figure 2. Inoperative phosphide-mediated pathway for the
decarboxylative phosphine synthesis from esters 6

However, we found that reactions of ester 3 with zinc phosphide
species (Ph,PZnX or (PhyP),Zn) obtained by a reaction of alkali
metal phosphides with zinc halides in various ratios did not
produce phosphine 1 under a variety of conditions, including
thermal and photochemical activation modes. Similarly,
phosphine 1 was not formed when diphenylphosphine (Ph,PH)
was reacted with ester 3 in the presence of bases of varied
strength. These results indicate that the aforementioned electron
transfer processes are unlikely to be operative under the
conditions of the decarboxylative phosphine synthesis. We also
ruled out formation of alkylzinc intermediates from the NHPI
esters by a two-fold sequential SET reduction of the NHPI esters
in experiments with electrophilic reagents (D,O and
benzaldehyde, Figure S1).!° Thus, the phosphine synthesis from
NHPI esters does not involve a reaction of organozinc
intermediates with chlorophosphines. On the other hand,
involvement of the NHPI ester-derived alkyl radicals was
confirmed by radical trapping experiments with 1,1-
diphenylethene (Figure S2). In line with this observation and prior
reports on the reactivity of HNPI esters,!!? the products of the
reductive decarboxylation of esters 6 in the absence of
chlorophosphine 2 were the corresponding alkene and alkane
(Figure S3). In order to further clarify the mechanism, we then
studied the kinetic profile of the reaction of ester 3 with
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chlorophosphine 2 in the absence and in the presence of 30 mol%
PMDTA (Figure 3ab). Remarkably, we observed a rapid
disappearance of chlorophosphine 2 that was accompanied by the
formation of tetraphenylbiphosphine (58). In addition,
tetraphenylbiphosphine monoxide (59) was also formed as a
minor intermediate in the

Table 4. Photocatalytic Decarboxylative Phosphine Synthesis.*

[Ir(ppy)2bpylPFs
(0.5 mol%)
0 LED light (400 nm)
1L X o+ C/\"R3 - >
R N0 DIPEA, DCE
(then BHy*THF)

BH;
,P'u/ 3 or ,’5":/ 3
1 \RZR R \RZR

BHs
PPh

PPh2 hyc PPh2 PPh2 hyc 2 HyC \'lph

Al

1,86% (74%)° 13,81%  14,87% 22, 60% 23,81%
HsG CHs

PhoPa_~_PPh,  PhoP X _PPhy  pp,p” 11 PPh,
54, 82% 55, 66% 56, 70%

1.3 g (58%)

HaC,_ CH O/? Q HsC
A% 8 B BH; \(
Q\Px/\i?(c H\Q U \O U CH3

Z N0
57, 66% 46, 72% 48, 69%
CH3 Oi /-/\
/@[ P "~
H3C OW \@ U \(Q
H3;C CH30

52, 75% 37,70%
@ N-Hydroxyphthalimide esters 6 were used. Reaction conditions:
ester 6 (0.1-0.2 mmol), chlorophosphine (0.3—0.4 mmol, 1.5-4.0
equiv.), [Ir(ppy).bpy]PFs (0.5-1 mol%), DIPEA (4—6 equiv.),
DCE (2 mL), LED light (Apa = 400 nm), 22 °C, 8 h. » Sunlight-
driven experiment.

presence of PMDTA. An induction period was also observed for
the formation of phosphine product 1 that roughly corresponded
to the accumulation period for biphosphine intermediates 58 and
59. Further formation of phosphine 1 was accompanied by the
proportionate consumption of intermediates 58 and 59, wherein
oxide 59 was more persistent than biphosphine 58 in the presence
of PMTDA. Taken together, these results indicate that
chlorophosphine 2 is not involved in the reaction with the alkyl
radical, directly or via a phosphide salt, but is first converted to
biphosphines 58 and 59 that are the actual phosphinating reagents.

a. b.

—&— Ph,PCI (2) —®— Ph,P—PPh, (58)
—*— CyPPh; (1) ==#=° Ph,P—P(0)Ph,(59)
—&— Ester3

—&— Ph,PCI (2)
—4— CyPPh, (1)
—&— Ester 3

1.4 4

1.2 4

0.8

06 4

Concentration, M
Concentration, M

0.4 1

0.2 4
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Biphosphine 58 is produced in a reaction of chlorophosphine 2
with Zn metal, while monoxide 59 is formed by the base-
mediated hydrolysis of chlorophosphine 2 with adventitious water
to diphenylphosphine oxide (Ph,P(O)H) that subsequently reacts
with chlorophosphine 2 (Figure S4).2

We further proceeded with the study of the effect of PMDTA on
the reaction performance. Although the reaction proceeded
without PMDTA, the yield was lower, even after prolonged
stirring (Table 1, entry 2). Furthermore, since esters 6 may
undergo reduction with Zn metal, we studied the influence of
PMDTA on the reduction process (Figure 3.c). Indeed, the
concentration of ester 3 declined over time in the absence of
PMDTA. Interestingly, instead of accelerating the reduction of
ester 3, PMDTA attenuated it substantially, suggesting an
inhibitory role for PMDTA.

Given the Lewis acidity of the Zn"! salts that are formed in the
reduction of ester 3 and chlorophosphine 2, we envisioned that
complexation of ester 3 with Zn!' could lead to a more
thermodynamically favorable reduction process. Increasing
concentration of Zn'' as the reaction progressed would then lead to
an autocatalytic reduction process. Indeed, addition of zinc
chloride led to a substantially accelerated reduction of ester 3
(Figure 3.a), confirming the catalytic role of Zn'. Zinc chloride
and zinc triflate exhibited similar catalytic behavior, with the
triflate being more active, indicating that the catalytic effect is
produced by Zn"" and not chloride (Figure S5). This result was
also supported by DFT computational studies of the one-electron
reduction of ester of type 6 in several coordination modes with
zinc chloride at the PBE0-D3/Def2-TZVP/SMD level of theory
(Figure S6). Furthermore, the sigmoidal shape of the kinetic
curves points to the autocatalytic process.?! Similar autocatalytic
effects were previously observed for the Grignard reagent
formation (GRF) process, wherein metal salts (e.g., MgX,) were
implicated as key autocatalytic intermediates in the on-surface ion
and electron transfer processes, facilitating pitting and
desorption.?? These on-surface effects likely also play a key role
in the observed autoamplification of the reduction of ester 3, in
addition to Zn''-mediated activation of ester 3. Furthermore, a
substantial exotherm was observed for the reaction in the presence
of zinc chloride that was nearly absent for the ZnCl,-free reaction
(Figure S7). The exothermicity of the reaction in the presence of
zinc chloride may further contribute to the accelerated decay of
ester 3. Reduction of ester 3 produces the alkyl radical that is one
of the central intermediates in the reaction. However, excessively
fast reduction may lead to rapid unproductive depletion of ester 3.
PMDTA has been used as a ligand for the stabilization of lower-
order zinc complexes, being more effective than mono- and
diamines.?* Thus, one of the roles that PMDTA can play in the
decarboxylative phosphine synthesis is dampening the reduction
of NHPI esters 6 without completely shutting it down by partially
sequestering the Lewis

C. —e—NoPMDTA —e—30 mol% PMDTA
~—&—20 mol% zinc chloride% —&— 40 mol% zinc chloride

—4—80 mol% zinc chloride

—#— Ph,P—PPh, (58)
--8-- Ph,P—P(O)Ph, (59)

1.4 j
1.2

1
0.8

0.6

Concentration, M

0.4

0.2

0 20 40 60 80 100 120
Time, min

Time, min

0 20 40 60 80 100 120
Time, min
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Figure 3. Kinetic studies of the Zn-mediated reaction of ester 3 with chlorophosphine 2. a. Kinetic profile of the Zn-mediated reaction of
ester 3 with chlorophosphine 2 in the absence of PMDTA. b. Kinetic profile the Zn-mediated reaction of ester 3 with chlorophosphine 2
with 30 mol% PMDTA. c. Influence of PMDTA and ZnCl, on the stability of ester 3 in the presence of Zn (2 equiv.) in DMF.
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Figure 4. a. Influence of PMDTA on the unproductive decay of
ester 3 derived by subtraction of the concentrations of phosphine
1 and ester 3 from the initial concentration of ester 3 (¢, = 1.5M).
b. Influence of additives (ZnCl,, PMDTA and PMDTA-HCI) on
the production of phosphine 1 in the reaction of ester 3 with
biphosphine 58 and Zn (3 equiv.) in DMF.

acidic Zn?" on the metal surface and bringing the reduction rate
into alignment with the downstream steps en route to the
phosphine product. This protective role of PMDTA is evident in
the time course graphs for the concentration of ester 3 in the Zn-
mediated reaction with chlorophosphine 2 (Figure 3.a,b) and in
the time course graph of the unproductive decay of ester 3 (Figure
4.a). While a rapid consumption of ester 3 is observed in the
initial phase (20—40 min) both with and without PMDTA, the
consumption did not lead to significant production of phosphine 1
in the reaction without PMDTA, in contrast to the reaction with
PMDTA. The unproductive decay also remained consistently
lower with PMDTA. A distinctive feature of the kinetic profile of
the reaction in the presence of PMDTA is the rapid accumulation
of phosphine 1 following an initial induction period (Figure 3.b).
The reaction in the absence of PMDTA did not show the same
rapid accumulation phase that appears to be to a significant extent
responsible for the improved yield of phosphine 1 in the PMDTA-
mediated reaction. Since the accumulation phase occurs close to
completion of the chlorophosphine reduction phase, we suspected
that it may be caused by the increase in the reaction temperature
due to the rapid and exothermic chlorophosphine reduction.
Indeed, the reaction temperature rapidly rose to 42 °C in the first
12 min for the PMDTA-mediated reaction, coinciding with the
phosphine product accumulation phase (Figure S8). However, the

exothermic phase was also observed for the reaction in the
absence of PMDTA, but without the rapid onset of the phosphine
production, indicating that the exotherm is not responsible for the
PMDTA effect. This conclusion is also supported by the
observation that the PMDTA-mediated reaction exhibited nearly
identical kinetic behavior under thermostated and under standard
conditions (Figure S9). The exotherm occurred more rapidly in
the absence of PMDTA, in line with the observed earlier
completion of the chlorophosphine reduction step. In both cases,
the exotherm was caused by the reaction of chlorophosphine 2
with zinc, as evidenced by the nearly identical exotherm graphs
for the reactions performed in the absence and in the presence of
ester 3 (cf. Figures S8 and S10). By analogy with the GRF
reaction and the zinc-mediated reduction of ester 3, the zinc-
mediated chlorophosphine reduction can also be autocatalyzed by
Zn" salts. Indeed, kinetic experiments with zinc-mediated
chlorophosphine reduction demonstrated significant acceleration
in the presence of 20 and 40 mol% of zinc chloride (Figure S11).
The influence of main group metal salts on the reactivity of zinc
with electrophiles remains poorly understood, despite the
synthetic importance of organozinc reagents and cross-
electrophile couplings. Recent pioneering studies by Blum and
co-workers?* shed light on the role of lithium halides in the
acceleration of the reaction of zinc with organohalides. Their
studies demonstrated that the salts accelerate the reaction by
assisting in the solubilization of organozinc products from the
surface of zinc powder. However, lithium chloride was not
effective in improving the yield of the phosphine synthesis (Table
1). Furthermore, monitoring of the reaction progress indicated
that, although LiCl accelerated production of phosphine 1 in the
early stages, it also caused a substantial unproductive decay of
ester 3 leading to an overall lower yield of phosphine 1 (Figure
S12). These results show that the autocatalytic effect of Zn'! salts
and other Lewis acids has to be attenuated to align the rates of the
upstream alkyl radical production with the downstream steps in
the phosphine synthesis.

In order to further clarify the role of PMDTA in the early stages
of the reaction and to better understand the dynamics of the
decarboxylative phosphine synthesis after completion of the
chlorophosphine reduction phase, the reaction was carried out
with biphosphine 58 instead of chlorophosphine 2. As expected,
accumulation of phosphine 1 was slow in the absence of PMDTA
(Figure 4.b). Addition of PMDTA did not significantly improve
the yield (e.g., 8% yield of phosphine 1 with PMDTA and 6%
without PMDTA). This result indicates that PMDTA alone does
not substantially promote the reaction. In contrast to the reactions
with chlorophosphine 2, the biphosphine 58-mediated reactions
were not accompanied by an exotherm (Figure S13), in line with
the observation that the exotherm is caused by the reduction of
chlorophosphine. On the other hand, addition of zinc chloride (20
mol%) led to a more significant acceleration, confirming the
catalytic role of Zn'!.

Amine hydrochloride salts are formed as byproducts of the
reaction that produces biphosphine monoxide 59 from
chlorophosphine 1 in the presence of an amine and moisture. Both
DMF and PMDTA are hygroscopic compounds, and complete
exclusion of moisture would be impracticable. Based on the
amount of biphosphine monoxide 59 produced in the phosphine
synthesis with PMDTA (Figures 3.b and S2), 8-10 mol%
PMDTA-HCI is expected to be produced in the reaction mixture.
Given the recently suggested role of tertiary amine hydrochloride
salts in the activation of zinc powder,” we also studied the
influence of PMDTA-HCI on the reaction with biphosphine 58.
Interestingly, a substantial acceleration was observed, indicative
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of the important role of PMDTA-HCI in the acceleration of the
reaction. Use of freshly distilled DMF and PMDTA to mitigate
the influence of adventitious moisture substantially reduced
production of biphosphine monoxide 59 and phosphine 1 (Figure
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S14), further supporting the role of PMDTA-HCI in the observed
acceleration.?®

Collectively, the present study highlights the reinforcing and
balancing roles of the autocatalytic effects of zinc activators (Zn!!
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Figure 5. a. Unified mechanistic manifold for the decarboxylative phosphine synthesis from esters 6 and chlorophosphines. b.
Decarboxylative pathway proceeding via ketyl type intermediate 62. ¢. DFT computational studies of the homolytic substitution pathway
with ester 6 at the PBE0-D3/Def2-TZVP/SMD level of theory, R = isopropyl, Gibbs free energies in kcal/mol.

and amine hydrochloride salts) and the stabilizing effect of amine,
coupled with the beneficial role of moisture in the mechanistically
complex setting of a cross-electrophile coupling reaction.

The experimental data also show that biphosphine monoxide 59
that is formed in the early stages of the reaction is consumed
within the first 2 h of the reaction (Figure 3.c). Biphosphine
monoxide 59 can also participate in the homolytic substitution
reaction with the alkyl radical, as was previously demonstrated by
Kawaguchi and Ogawa.” The radical substitution takes place at
the P terminus, producing the corresponding phosphine.”

From a synthetic perspective, although both biphosphine 58 and
monoxide 59 can be used as reagents for homolytic
phosphination, they and their substituted congeners are not readily
available and are too air-sensitive for synthetic applications. The
use of more readily available and stable chlorophosphines as
reagents for homolytic carbon—phosphorus(IIT) bond formation in
conjunction with the decarboxylative approach to organic radicals
allows for by-passing of synthetically tedious phosphination and
phosphinylation procedures, while providing access to structurally
novel phosphines without the necessity to readjust the phosphorus
oxidation state. Current limitations of the method include the lack
of reactivity of redox esters of aromatic carboxylic acids, as well
as the inability of the method to effect the triple C—P bond
formation from phosphorus trichloride.

We further proceeded with the mechanistic study of the
photocatalytic decarboxylative phosphine synthesis. The excited
state of the photocatalyst is not sufficiently reducing
(ECeq(IM/*IrM) = —0.85 V (SCE))?728 to effect the reduction of
chlorophosphine 2 (E%4 = —1.38 V (SCE))® and esters 6 (E*q =
—1.28 to —1.37 V (SCE)).*° Instead, reductive quenching of the
photocatalyst by DIPEA produces the thermodynamically
competent reductant (E% = —1.42 V (SCE) for Ir''/Ir"") that is
capable of reducing both reactants (i.e., 2 and 6). Indeed, emission
quenching was observed for the photocatalyst in the presence of
DIPEA (see Figures S15—S20 and additional discussion in the SI).
Furthermore, both ester 3 and chlorophosphine 2 underwent
photocatalytic reduction in the presence of DIPEA (see Figures
S21). In the case of the NHPI esters, the major products were the
corresponding alkene and alkane in line with the expected
reactivity of the intermediate alkyl radical (Figure S3). On the
other hand, chlorophosphine 2 underwent photocatalyzed
reduction to biphosphine 58, and the intermediacy of
diphenylphosphinyl radical (Ph,P-, 60) was confirmed by EPR
studies with o-phenyl-N-fert-butylnitrone (NBP) as a spin-trap
reagent (Figure S22). Given that self-terminations of non-
persistent radicals proceed at diffusion-controlled rates in the
absence of other competing pathways,’! the self-termination of
phosphinyl radical 60 is expected to lead to rapid accumulation of
the dimer, biphosphine 58, in line with the experimental
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observations. Further, biphosphine 58 was confirmed to be a
competent phosphinating reagent en route to phosphine 1 and an
intermediate in the photocatalytic decarboxylative phosphine
synthesis (Figures S23 and S24) under the photocatalytic
conditions. Taken together, these results indicate that the
photocatalytic reaction and the zinc-mediated synthesis provide
alternative portals to the same mechanistic manifold (Figure 5.a).
The two reaction modes differ in the timing of the
chlorophosphine reduction and homolytic substitution steps.
While the chlorophosphine reduction phase is fast and largely
precedes the decarboxylative phosphination in the Zn-mediated
reaction, the two phases show greater temporal overlap in the
photocatalytic mode.

Given the propensity of related silyl, germyl and stannyl radicals
to add to carbonyl groups at the oxygen atom, resulting in ketyl
radicals,?? we also investigated the reaction of phosphinyl radical
60 with ester 6 as a competing pathway that enables regeneration
of alkyl radical 61 (Figure 5.b). If this pathway were operative, it
would have significant implications for the overall mechanism,
since it would entail a radical chain process. According to this
mechanism, addition of phosphinyl radical 60 to ester 6 would
produce intermediate 62 that further undergoes N—O bond
homolysis and decarboxylation, giving rise to alkyl radical 61 and
O-phosphinyl phthalimide derivative 63. Product 63 can serve as
an experimental marker for the involvement of the pathway.
Interestingly, formation of O-phosphinyl phthalimide derivative
63 was not observed experimentally for the zinc-mediated and
photocatalytic conditions, suggesting that the reaction of
phosphinyl radical 60 is not operative in the decarboxylative
phosphine synthesis. Additional experiments were performed to
further evaluate the mechanism. Ester 3 was reacted with
diphenylphosphine (Ph,PH) in the presence of radical initiators
that are known to produce phosphinyl radical 60 (Figure S25). In
all cases, no phosphine product was formed and only biphosphine
58 was observed, indicating that self-termination of phosphinyl
radical 60 outcompetes the reaction of radical 60 with the NHPI
ester.

DFT computational studies (PBE0-D3/Def2-TZVP/SMD, several
other functionals and basis sets were also used and gave
comparable results, see SI) were then carried out to investigate
further details of the reaction mechanism and to clarify these
experimental observations (Figure 5.c). The reaction of radical 61
(R = isopropyl) with biphosphine 58 was found to be exergonic
by 10.3 kcal/mol, proceeding with a barrier of 10.9 kcal/mol. The
resulting  phosphinyl radical 60 undergoes barrierless
dimerization, regenerating biphosphine 58, as described above, in
an exergonic step (—24.9 kcal/mol). Cross-termination of radicals
60 and 61 was also found to proceed exergonically (—35.2
kcal/mol) and without a barrier. Significantly, the reaction of
phosphinyl radical 60 with ester 6 proceeds endergonically (8.5
kcal/mol) and with a comparatively high barrier of 18.1 kcal/mol
to give ketyl-type intermediate 62. Subsequent breakup of
intermediate 62, on the other hand, is exergonic (—41.7 kcal/mol)
with a barrier of 10.8 kcal/mol. Thus, the computational studies
show that the very fast formation of biphosphine 58 from
phosphinyl radical 60 outcompetes the comparatively slow and
thermodynamically unfavorable ketyl 62 formation step, resulting
in suppression of the ketyl radical 62-based mechanism.

CONCLUSION

In conclusion, this paper describes a simple and scalable method
of decarboxylative phosphine synthesis. The reaction produces a
variety of phosphines in good to excellent yields under mild
conditions in zinc-mediated and photocatalytic modes. The
mechanism of the reaction and the competition dynamics of
autocatalytic and inhibitory effects, as well as involvement of
alternative pathways were investigated experimentally and
computationally to produce a unified mechanistic perspective that

can be useful in the mechanistic analysis of other cross-
electrophile couplings and carbon—phosphorus bond-forming
reactions.
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