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ABSTRACT: A one-pot synthesis of arene-based PCP/PNP ligands has S

been developed. The reaction of 1,3-bis(bromomethyl)benzene or 2,6- B v?
bis(bromomethyl)pyridine with various chlorophosphines in acetonitrile 72 N Br Br 1. heat B
afforded bis-phosphonium salts. These salts can then be reduced by PrP—Ni—PPr, = heat _ 2.Mg v
magnesium powder to yield PCP or PNP ligands. In comparison to x XPPre PP Phe
traditional synthetic methods for making PCP/PNP ligands involving the )Z(Z(él "I‘;r I:SIHB ';‘

use of secondary phosphines, this new alternative method allows for the

use of chlorophosphines, which are cheaper, safer to handle, and have a

broader range of commercially available derivatives. This is especially true for the chlorophosphines with less bulky alkyl groups.
Moreover, the one-pot procedure can be extended to allow for the direct synthesis of PCP/PNP nickel complexes. By using
nickel powder as the reductant, the resulting nickel halide was found to directly undergo metalation with the PCP or PNP ligand

to generate nickel complexes in high yields.

B INTRODUCTION

Pincer ligands are broadly used in organometallic chemistry."”
They are typically defined as ligands that preferentially bind to
transition metals in a tridentate, meridional fashion. Pincer
complexes often possess exceptional thermal stability, which
may permit homogeneous catalysis at unusually high temper-
atures.” They are also prized for the opportunity to position the
desired types of donors about the metal center in a predictable
and persistent fashion. Among the many families of pincers,
PCP and PNP ligands based on the bis(phosphinomethyl)-
benzene or -pyridine (Scheme 1, eq 1, simply PCP and PNP

Scheme 1. Synthesis of PCP or PNP Ligands
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from here on) frameworks hold a particularly venerated place.
This is in part due to their historical significance,” but also to
the number of groundbreaking discoveries in which they have
been instrumental.’

The traditional synthesis of these ligands involves an Sy2
reaction of a secondary phosphine (HPR,) with bis-
(bromomethyl)benzene or -pyridine, followed by deprotona-
tion of the resultant bis(phosphonium) salt (Scheme 1, eq
1).°7% This type of synthesis works very well, but the reliance
on the HPR, starting material is not ideal. Secondary
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phosphines of modest molecular weight are pyrophoric liquids,
and the selection of commercially available secondary
phosphines is rather limited. An equally reliable PCP/PNP
synthesis utilizing chlorodiorganyl phosphines (CIPR,) would
be preferable because CIPR, are generally not pyrophoric
(although still quite air- and moisture-sensitive), because a
somewhat large variety of CIPR, compounds is commercially
available, and because CIPR, compounds tend to be cheaper
than their HPR, counterparts. The latter is understandable
since most HPR, compounds are prepared by LiAlH, reduction
of CIPR,,"’ a rather hazardous procedure on many counts.

We surmised that if CIPR, could successfully undergo an Sy2
reaction with halomethylarenes, then there should be a practical
way to reduce the resultant halophosphonium salt to the
desired phosphine (Scheme 1, eq 2). CIPR, should possess
reduced nucleophilicity compared to HPR,, but the reaction
still appeared plausible. This report describes its successful
implementation leading to a reliable method of preparation of a
series of PCP/PNP pincer ligands that obviates the need for
secondary phosphines. We also describe the incorporation of
this method into one-pot synthesis of PCP and PNP nickel
complexes, inspired by the one-pot synthesis of related
POCOP complexes of Ni by Zargarian et al.''

B RESULTS AND DISCUSSION

Synthesis of Benzylphosphonium Salts (3-X,) and
Benzylphosphines (3). To the best of our knowledge, the
only precedent for the preparation of quaternary phosphonium
salts by reactions of halodiorganyl phosphines with alkyl halides
is the succinct report of Kabachnik et al,"* in which
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iododiisopropylphoshine was shown to react with methyl, allyl,
and benzyl halides. That work reported that chloro- and
bromodialkylphosphines did not react, but without providing
any details. We were eager to explore this reaction in greater
depth in the context of the proposed phosphine ligand
synthesis. Although alkyl chlorides are typically less expensive,
many simple alkyl bromides and iodides are also commercially
available. On the other hand, iododialkylphosphines are not,
and the ability to use chlorodialkylphosphines would be
strongly advantageous.

Instead of the bis(halomethyl)arenes required for pincer
synthesis, we chose to explore benzyl halides (PhCH,X, 1-X) as
simpler model substrates. We initially focused on their
reactions™> with di-tert-butylchlorophosphine (2a-Cl), which
we expected to be more challenging compared to smaller

dialkylhalophosphines (Table 1). Gratifyingly, the reaction of

Table 1. Screening and Optimization of the Reaction of
Benzyl Halide with Halodi-tert-butylphosphine”

1 o X -
©/\X + X%PBu, % @\/E’ s X
additive 1By

Solvent ‘Bu
X'=cCl(1-Cl)  X?=Cl (2a-Cl) 3a-X,
=Br (1-Br) =1 (2a-) X =Cl,Br,orl
=l (1)
entry X' X?  additive T (°C) t(h) solvent  3a-X, (%)”
1 Br Cl 50 15 CgDs 22
2 Br Cl 50 15 CD,CN 90
3 c 50 15  CD,CN 2
4 I Cl 50 15 CD,CN 100
5 I I rt 15 CD,CN 100
6 Br Cl 100 15 CD;CN 100
7¢ cl cl Nal 50 15 CD,CN 86
8 cl C  Nal 50 1S  CD,CN 100
9¢ cl cl Nal 50 20 CD,CN 26
10° Cl Cl LiBr 50 15 CD;CN 66

“The reaction was carried out using 1-X (0.2 mmolg and 2a-X (0.2
mmol) in C4D4 or CD;CN in a J. Young NMR tube. “The conversion
was determined by 3P NMR and 'H NMR. 1.0 equiv of additive was
added. 2.0 equiv of additive was added. 0.1 equiv of additive was
added.

PhCH,Br (1-Br) with 2a-Cl proceeded to give the product of
Sx2 addition in both CD;CN and C¢Dy as solvents (entries 1
and 2). The product formation was accelerated in the more
polar acetonitrile (consistent with Hughes—Ingold rules for Sy2
reactions),'* and further optimization was conducted in this
solvent. Using benzyl chloride (1-Cl) as substrate resulted in a
much lower conversion than with benzyl bromide (1-Br) or
benzyl iodide (1-I) (entries 2—4). The highest reactivity can be
achieved by the reaction of benzyl iodide (1-I) with di-tert-
butyliodophosphine (2a-I)" to afford 100% conversion in 15 h
at room temperature (entry S). By using commercially available
1-Br and 2a-Cl, the reaction can be brought to completion in
15 h at 100 °C (entry 6). Addition of 1 equiv of sodium iodide
or lithium bromide accelerated the reaction between 1-Cl and
2a-Cl, leading to 86% or 66% conversion (entries 7 and 10) vs
2% without additives (entry 3). The use of 2 equiv of sodium
iodide further improved the conversion under the same
conditions to 100% (entry 8). Addition of 0.1 equiv of sodium
iodide gave lower conversion, but the observed 26% yield
(entry 9) indicated that Nal accelerates the reaction as a
catalyst. Both chlorides 1-Cl and 2a-Cl can undergo halide

exchange with sodium iodide to form iodo-substituted
compounds 1-I and 2a-L Since 1-I is a better Sy2 electrophile,
access to it and regeneration of iodide anion upon Sy2
substitution is likely the mechanism of acceleration.

On the preparative scale (2 mmol), thermolysis of 1-Br and
2a-Cl for 15 h at 100 °C led to 3a-BrCl in 85% isolated yield.
Analogously, the reaction of 1-Br with diisopropylchlorophos-
phine 2b-Cl under the same conditions led to 3b-BrCl in 87%
isolated yield (Scheme 2). Available literature evidence

Scheme 2. Synthesis of Phosphonium Salts (3-X,) from
Chlorodialkylphosphines (2-CI)

Br CHJCN ©\/’§+ X~
+ CPR, ———————» N
) 100 °C, 15 h R R
1 equiv.
1-Br 2-Cl X =ClorBr

=By (3a-BrCl) 85%
=/Pr (3b-BrCl) 87%

indicates that RyPX, (R = alkyl and X = Cl, Br, or I) are
ionic compounds as [RyPX][X] with approximately tetrahedral
phosphonium centers.'® We assume 3a-BrCl and 3b-BrCl are
also ionic because of their poor solubility in benzene, toluene,
diethyl ether, and THF.

3a-BrCl showed two resonances at 115.8 and 117.1 ppm in a
1:9 ratio in the *'P NMR spectrum, which are presumed to be
isomeric products with either a bromine or chlorine atom
attached to the phosphorus atom. 3b-BrCl showed only one
broad resonance at 111.2 ppm. This may be due to a stronger
preference for one halide or a more rapid halide exchange. The
observation of doublet signals for the benzylic protons of 3a-
BrCl (5 4.69 ppm, *J_y; = 7.3 Hz) and 3b-BrCl (5 4.86 ppm,
Jo_y = 10 Hz) in the '"H NMR spectra was in agreement with
the formation of benzyl C—P bonds.

Pure 3a-BrCl and 3b-BrCl were reduced by the reactions of
3-X, with magnesium powder in acetonitrile at 0 °C for 2 h.
The reactions were allowed to stir at room temperature for
another 2 h, affording benzyldialkylphosphines 3a and 3b in
77% and 81% isolated yields, respectively (Scheme 3, eq 1). A

Scheme 3. Synthesis of Benzyldialkylphosphines (3) from
Phosphonium Salts (3-X,)

@\/’.‘ X Mg (1.5 eq), CHsCN @\/
P& -
I R

P. (1)
0°Ctort, 4h I R
R R
3-X, R='Bu 3a(77%)
R="Pr 3b(81%)
Br ‘ 1. CH5CN, 100°C
+ CIPPr, ———— N )
o "Pr
2.Mg,0°Ctort. ipr
1-Br 2b-Cl R=Pr 3b (73%)

73% overall isolated yield of 3b was obtained by the reaction of
1-Br with 2b-Cl followed by reduction in situ (Scheme 3, eq 2),
showing that isolation of pure 3a-BrCl/3b-BrCl was not
necessary. Pure products 3a and 3b were obtained simply by
pentane extraction from the crude mixture in acetonitrile. Two
immiscible layers were formed, and the acetonitrile layer
fortuitously retained not only magnesium halides but also the
small amounts of various unidentified side products.
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Synthesis of PCP and PNP Ligands (5). Having
optimized the synthesis of benzyldialkylphosphines, we set
out to tackle the one-pot synthesis of PCP or PNP pincer
ligands from chlorophosphines 2-Cl (Table 2). The reaction of

Table 2. Synthesis of Various PCP_and PNP Ligands”
S8

B CH3CN | M S
VPNt CIPR,———— N — AN
X X 1ootc *PRy  RPF PR, PR,
X" x= x-X
X =Br, Y = CH (4a-Bry)
X=Cl,Y=CH (4a-Cl;) 2.c| X = Cl or Br (6-X4) 5
X=Br,Y=N (4b-Br,)
Entry 5 2 Product \((ol/e)lgl
(1]
| 4a-Br, Czlbp_f:rlz (Q sa 70
P'Pr, P'Pr,
‘ CIP'Bu, (@\ 64
2 4a-Cl, 2a-Cl 5b (52!
P'Bu, P'Bu,
3 4a-Br, (;I‘E?IZ (@\‘ 5c 78
PEt, PEt,
4 4a-Br, (;1dP_PChlz 5d 42
PPh,  PPh,
N N
» Y
5 4b-Br, 2b-Cl1 N N 727

PPry PPr,  PPry
5e 5e’

“General conditions: a mixture of 4 (2.0 mmol) and 2-Cl (4.0 mmol)
in CH;CN was stirred at 100 °C for 15 h, and then Mg powder (4.0—
5.0 mmol) was added to the mixture. See Experimental Section for
procedure details. “Isolated yield. “Sodium iodide (8.0 mmol) was
added. Larger scale preparation: a mixture of 4a-Cl, (20.0 mmol) and
2a-Cl (40.0 mmol) in CH,;CN with Nal was refluxed for 15 h, and
then Mg powder (40.0 mmol) was added to the mixture. See
Experimental Section for procedure details.

1,3-bis(bromomethyl)benzene (4a-Br,) with 2b-Cl in acetoni-
trile at 100 °C for 15 h produced a copious amount of a poorly
soluble product, which is assumed to be the corresponding bis-
phosphonium salt Sa-Br,Cl,; it resonated at a frequency (&
110.9 ppm) similar to 3b-BrCl by P NMR spectroscopy.
Reduction of this bis-phosphonium salt with magnesium
powder in situ at 0 °C followed by gradual warming to
ambient temperature gave the (PCP)H ligand Sa in 70%
overall isolated yield (entry 1). The analogous synthesis of the
bulkier ®*(PCP)H (5b) from 4a-Br, and 2a-Cl afforded a
yellow, viscous oil in 76% yield, but only with ~75% purity.'”
Attempts to purify Sb by chromatography or recrystallization
were unsuccessful. However, reaction of 4a-Cl, and 2a-Cl with
4 equiv of sodium iodide followed by reduction with Mg led to
a pure off-white powder of Sb in 64% isolated yield (entry 2,
0.5 g scale). On a larger scale, analogous preparation yielded 4.1
g as a 52% isolated yield of Sb. The less sterically imposing
ligand *(PCP)H (5c) was successfully isolated in 78% yield
starting from 4a-Br, and 2c-Cl (entry 3). Benzyl C—P bond
cleavage was observed in the synthesis of "*(PCP)H 5d and
Pr(PNP) Se, which gave rise to the formation of (3-
methylbenzyl)diphenylphosphine (5d’) and Se’ as side
products.'” The oily nature of Se and Se’ precluded their
separation (entry S), but it proved possible to obtain pure 5d in
42% yield by recrystallization (entry 4). The lower isolated

yield of 5d is due to lower conversion to 5d and the need for an
extra workup step to separate it from 5d’.

Synthesis of PCP and PNP Nickel Complexes (6 and
7). We envisaged that metallic powders other than Mg might be
suitable for reduction of phosphonium salts and through it
generate precursors for the formation of pincer complexes. This
line of thought was inspired by the similar one-pot concept of
synthesis of P°C°P-type nickel complexes from metallic nickel
powder, resorcinol, and 2b-Cl reported by the Zargarian group
(Scheme 4)."" In the Zargarian synthesis, the interaction of the

Scheme 4. Proposed Mechanism of (P°C°P)NiCl Formation
in the Study by Zargarian et al.'’

CIPR; (2 equiv)
+ N ——> 0 0 R=Pr(81%)
HO' OH 75°C, 18 h i 1

RoP—Ni—PR, Ph (37%)

l Cl
? ?
P P

cl- cl- + Ni
2 HCl = NiCl, + H,

ligand precursors can be viewed to produce HCI equivalents,
which react with Ni(0) to give NiCl, for the metalation. On the
other hand, our syntheses (Scheme S) here can be viewed to
produce formal dihalogen (X,) equivalents that then give rise to
NiX,.

Scheme 5. Proposed Mechanism of (PCP)NiX Formation

2b-Cl (2 equiv)
+ Ni o >
100 °C, 40 h ipr2p_,\l‘]_pipr2

Br Br X
4a-Br, 6
2b-Cl HX
Ni NiXs
i i PPr. PiPr.
X’E’- Pl’z PI'QE;_\X 2 2
X~ xT 5a
5a-Br,Cl,

When the mixture of 4a-Br,, 2b-Cl, and metallic nickel
powder in acetonitrile was heated at 100 °C for 40 h, the
metalated products 6-C1'® and 6-Br'® were isolated in 50%
combined yield. The reaction yield was increased to 70% by the
addition of 1.0 equiv of 2,6-lutidine as base to the mixture of Sa,
2¢, and Ni prior to thermolysis (Scheme 6, eq 1). The ratio of
6-Br and 6-Cl was ca. 9:1 based on the *'P NMR spectrum (6-
Br: § 61.7 ppm, 6-Cl: § 60.6 ppm). The mixture could be fully
converted to 6-Br by treatment with 2 equiv of lithium bromide
in toluene at room temperature overnight. Most likely, the
bis(halophosphonium) salt 5a-Br,Cl, is formed first and then
was reduced by Ni metal to give rise to Sa, which undergoes
metalation to 6 with NiX, formed in the reduction of 5a-Br,Cl,
(Scheme S). The analogous [*"(PNP)NiBr][Br] comglex 7 was
also synthesized by the reaction of 4b-Br, and 2b-Br™ without
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Scheme 6. Synthesis of *"(PCP)NiX (6) and
[®*(PNP)NiBr][Br] (7)

2,6-lutidine
+ CIPPr, + Ni —————— > (1
CH3CN 'szP—f‘lli—P'Prz

Br Br 100°C, 40 h X
4a-Br, 2b-Cl 6-Cl or 6-Br
70% (6-C1:6-Br = 1:9)
+ -
AN
X | Br
| v P
N + BiPPr, + Ni ———» Ds @
CHLCN IPrP—Ni—P/Pr,
Br Br 100°C, 15 h |
Br
4b-Br, 2b-Br 7 (80%)

base (Scheme 6, eq 2). In control experiments, Ni powder did
not react with 2b-Cl in CD;CN (100 °C, 15 h) and gave only
ca. 30% conversion of 4a-Br, under analogous conditions to
benzyl radical coupling products containing Ar—CH,—CH,—Ar
moieties (as evidenced by '"H NMR resonances in the 2.8—3.0
ppm region). These products were not observed in the one-pot
syntheses of 6. It is worth noting that Ni powder can be added
to the reaction mixture from the start, while Mg has to be
added only after the formation of halophosphonium salts is
allowed to take place.

B CONCLUSION

The synthesis of PCP- and PNP-type pincer ligands and their
nickel complexes was achieved via utilization of inexpensive and
commercially available chlorophosphines. Due to the electron-
withdrawing nature of the chlorine atom on the phosphorus,
chlorophosphines are weaker nucleophiles but safer reactants
than secondary phosphines, particularly for the phosphines
containing less sterically imposing alkyl groups. Moreover, we
discovered metallic nickel powder was not only a suitable
reagent for the reduction of halophosphonium salts to
phosphine ligands but also the nickel precursor for the
formation of PCP and PNP nickel complexes. This synthetic
strategy permits one-pot synthesis of PCP and PNP nickel
complexes from commercially available, nonpyrophoric*'
materials.

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise noted, all manipu-
lations were performed under argon, using standard glovebox or
Schlenk line techniques. Screw-cap culture tubes with PTFE-lined
phenolic caps were used to perform reactions. Toluene, THF, pentane,
and diethyl ether were dried and deoxygenated (by purging) using a
solvent purification system (Innovative Technology Pure Solv MD-5
solvent purification system) and stored over molecular sieves in an Ar-
filled glovebox. C¢Ds was dried over NaK/Ph,CO/18-crown-6,
distilled, and stored over molecular sieves in an Ar-filled glovebox.
Acetonitrile, CD;CN, CDCl;, CH,Cl,, CD,Cl,, and 2,6-lutidine were
dried over CaH,, distilled or vacuum transferred, and stored over
molecular sieves in an Ar-filled glovebox. Benzyl chloride, benzyl
bromide, and benzyl iodide were degassed by freeze—pump—thaw and
stored over molecular sieves in an Ar-filled glovebox. Sodium iodide
was purified by recrystallization in acetone and dried under vacuum at
70 °C for 12 h. Celite and silica gel were dried at 200 °C overnight
under vacuum and then stored inside a glovebox. All other chemicals
were used as received from commercial vendors. NMR spectra were
recorded on a Varian Inova 300, Mercury 300 ("H NMR, 299.952
MHz; ®C NMR, 75.421 MHz; *'P NMR, 121.422 MHz), and Inova
NMR 500 (*H NMR, 499.703 MHz; *C NMR, 125.697 MHz; 3'P
NMR, 202.265 MHz) spectrometers. Chemical shifts are reported in §

(ppm). For 'H and "*C NMR, the residual solvent peak was used to
reference the spectra ("H NMR: § 7.16 for C¢Dy, 7.26 for CDCl, 5.32
for CD,Cl,, and 1.94 for CD;CN; 3C NMR: § 128.06 for C(Dg, 77.16
for CDCl,, 53.84 for CD,Cl,, and 118.26 for CD;CN).

Synthesis of Di-tert-butyliodophosphine (2a-1). Method 1: In
a 25 mL Schlenk flask, to the toluene solution (10 mL) of di-tert-
butylchlorophosphine (2a-Cl, 1.80 g, 10.0 mmol) was added sodium
iodide (3.00 g, 20.0 mmol), and the reaction mixture was stirred at
room temperature for 24 h. After the solution was qucikly filtered
through a short pad of Celite and silica gel, the filtrate was collected
and the volatiles were removed under vacuum, yielding a yellow liquid
that appeared ca. 95% pure by NMR spectroscopy. Isolated yield: 2.24
g, 82%. Method 2: In a 10 mL Schlenk flask, to the pentane solution (1
mL) of di-tert-butylchlorophosphine (2a-Cl, 90 mg, 0.50 mmol) was
added trimethylsilyl iodide (200 mg, 1.00 mmol), and the reaction
mixture was stirred at room temperature for 10 min. After the solution
was filtered through a pad of Celite, the filtrate was collected and the
volatiles were removed under vacuum, yielding a yellow liquid (129
mg, 95%) that appeared >98% pure by NMR spectroscopy. 'H NMR
(500 MHz, C(Dy): 6 1.19 (d, Ji;_p = 12.0 Hz, 18 H). C{'H} NMR
(126 MHz, C(Dy): & 33.1 (d, Jp_c = 47.0 Hz), 29.7 (d, Jp_c = 164
Hz). ¥P{'H} NMR (202 MHz, C¢Dy): § 135.8.

Synthesis of Bromodiisopropylphosphine (2b-Br). In a 25 mL
Schlenk flask, to the toluene solution (10 mL) of chlorodiisopropyl-
phosphine (2b-Cl, 1.53 g, 10.0 mmol) was added lithium bromide
(1.74 g 20.0 mmol), and the reaction mixture was stirred at room
temperature for 24 h. After the solution was filtered through a pad of
Celite and silica gel, the filtrate was collected and the volatiles were
removed under vacuum, yielding a colorless liquid. Isolated yield: 1.58
g, 80%. '"H NMR (500 MHz, C¢Dy): & 1.70 (m, 2 H), 0.98 (dd, Jy_y =
13 Hz, Jy_p = 6.8 Hz, 12 H). BC{'H} NMR (126 MHz, C;Dy): § 28.1
(d, Jo_c = 34 Hz), 18.6 (d, Jo_c = 14 Hz). *'P{’"H} NMR (202 MHz,
C¢Dg): 6 134.7. HRMS (ESI): caled for C¢H,BrLiP (M + Li)*
203.0177, found 203.0178.

Synthesis of 3a-BrCl. In a screw-cap culture tube, to the
acetonitrile solution (10 mL) of benzyl bromide (342 mg, 2.00
mmol) was added 2a-Cl (361 mg, 2.00 mmol), and the reaction
mixture was stirred at 100 °C for 15 h. After cooling to room
temperature, the volatiles were removed under vacuum, and the
product was washed with pentane, yielding a white solid. Isolated
yield: 597 mg, 85%. The product was a mixture of two isomers in ca.
9:1 ratio based on *'P NMR (117.1 and 115.8 ppm) and 'H NMR
spectra. The spectroscopic data for the major isomer follow. "H NMR
(500 MHz, CD;CN): 6 7.61 (m, 2 H), 7.41 (m, 3 H), 4.69 (d, Jo_y =
7.3 Hz, 2 H), 1.52 (d, Jp_y = 19 Hz, 18 H). “C{’"H} NMR (126 MHz,
CD;CN): 6 1322 (d, Jo_c = 5.7 Hz), 130.0 (s), 129.7 (m), 129.5 (d,
Jo—c = 11 Hz), 42.3 (d, Jo_c = 23 Hz), 29.5 (d, Jo_c = 27 Hz), 27.0 (d,
Jo_c = 4.8 Hz). ' P{'"H} NMR (202 MHz, CD,CN): § 117.1. HRMS
(MALDI): caled for CsH,;CIP (M — Br)* 271.1376, found 271.1360.

Synthesis of 3b-BrCl. In a screw-cap culture tube, to the
acetonitrile solution (10 mL) of benzyl bromide (342 mg, 2.00 mmol)
was added 2b-Cl (305 mg, 2.00 mmol), and the reaction mixture was
stirred at 100 °C for 1S h. After cooling to room temperature, the
volatiles were removed under vacuum, and the product was washed
with pentane, yielding a white solid. Isolated yield: 560 mg, 87%. 'H
NMR (500 MHz, CD,CN): § 7.57 (m, 2 H), 7.40 (m, 3 H), 4.86 (d,
Jo—u = 10 Hz, 2 H), 3.43 (m, 2 H), 1.32 (dd, Jp_yy = 21 Hz, Jy_y = 7.0
Hz, 12 H). BC{'H} NMR (126 MHz, CD,CN): 6 131.8 (d, Jp_c = 5.9
Hz), 1302 (d, Jo_c = 2.7 Hz), 129.8 (m), 1284 (d, Jo_c = 10 Hz),
314 (d, Jo_c = 32 Hz), 28.4 (d, Jo_c = 33 Hz), 16.5 (s). *'P{'"H} NMR
(202 MHz, CD;CN): § 111.2 (br s).

Synthesis of PhCH,P'Bus, (3a). In a screw-cap culture tube, to the
acetonitrile solution (S mL) of 3a-BrCl (352 mg, 1.00 mmol) was
added magnesium powder (37 mg, 1.50 mmol), and the reaction
mixture was stirred at 0 °C for 2 h. The reaction was allowed to warm
to room temperature and stirred for another 2 h. The product was
extracted with pentane (3 X 10 mL), and the volatiles were removed
under vacuum, yielding a yellow oil. Isolated yield: 191 mg, 81%. 'H
NMR (500 MHz, CDCLy): 6 7.32 (d, Jy_g = 7.5 Hz, 2 H), 7.21 (4,
Ju—u = 7.6 Hz, 2 H), 7.09 (t, Jy_yy = 7.2 Hz, 1 H), 2.83 (d, Jo_y = 3.0
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Hz, 2 H), 1.12 (4, Jo_y = 11 Hz, 18 H). *C{'H} NMR (126 MHz,
CDCLy): 6 141.5 (d, Jo_c = 12 Hz), 129.5 (d, Jo_c = 8.5 Hz), 128.2,
1253 (d, Jp_c = 2.1 Hz), 31.8 (d, Jp_c = 22 Hz), 29.8 (d, Jo_c = 13
Hz), 28.5 (d, Jo_c = 24 Hz). *'P{*H} NMR (202 MHz, CDCL,): §
35.9. NMR spectroscopic data were consistent with those previously
reported in the literature.>*

Synthesis of PhCHZPiPrZ (3b). In a screw-cap culture tube, to the
acetonitrile solution (S mL) of 3b-BrCl (324 mg, 1.00 mmol) was
added magnesium powder (37 mg, 1.50 mmol), and the reaction
mixture was stirred at 0 °C for 2 h. The reaction was allowed to warm
to room temperature and stirred for another 2 h. The product was
extracted with pentane (3 X S mL), and the volatiles were removed
under vacuum, yielding a colorless oil. Isolated yield: 161 mg, 77%. 'H
NMR (500 MHz, CD,CL,): § 7.29 (m, 4 H), 7.17 (m, 1 H), 2.82 (d,
Jo_n = 1.6 Hz, 2 H), 1.78 (dsp, Jp_u = 2.0 Hz, Jiy_yy = 7.1 Hz, 2 H),
1.09 (m, 12 H). BC{'H} NMR (126 MHz, CD,CL,): 6 141.0 (d, Jo_c
= 8.5 Hz), 129.8 (d, Jo_c = 6.9 Hz), 128.7 (d, Jp_c = 0.8 Hz), 125.8 (d,
Jo—c =22 Hz), 30.1 (d, Jo_c = 21 Hz), 23.9 (d, Jo_c = 15 Hz), 20.0 (d,
Jo—c = 14 Hz), 19.5 (d, Jo_c = 11 Hz). ¥P{"H} NMR (202 MHz,
CD,Cl,): § 12.2. NMR spectroscopic data were consistent with those
previously reported in the literature.‘23

One-Pot Synthesis of PhCH,P'Pr;, (3b). In a screw-cap culture
tube, to the acetonitrile solution (10 mL) of benzyl bromide (342 mg,
2.00 mmol) was added 2b-Cl (305 mg, 2.00 mmol), and the reaction
mixture was stirred at 100 °C for 15 h. After cooling to room
temperature, magnesium powder (73 mg, 3.00 mmol) was added
under argon, and the reaction mixture was stirred at 0 °C for 2 h. The
reaction was allowed to warm to room temperature and stirred for
another 2 h. The product was extracted by pentane (3 X 20 mL), and
the volatiles were removed under vacuum, yielding a yellow oil.
Isolated yield: 305 mg, 73%. "H NMR (500 MHz, CD,CL,): & 7.29 (m,
4 H),7.17 (m, 1 H), 2.82 (d, Jp_y = 1.6 Hz, 2 H), 1.78 (dsp, Jo_y =
2.0 Hz, Jy_y = 7.1 Hz, 2 H), 1.09 (m, 12 H). BC{’"H} NMR (126
MHz, CD,CL,): § 141.0 (d, Jo_c = 8.5 Hz), 129.8 (d, Jo_c = 6.9 Hz),
128.7 (d, Jo_c = 0.8 Hz), 125.8 (d, Jp_c = 2.2 Hz), 30.1 (d, Jo_c = 21
Hz), 23.9 (d, Jo_c = 15 Hz), 20.0 (d, Jo_c = 14 Hz), 19.5 (d, Jp_c = 11
Hz). 3P{'H} NMR (202 MHz, CD,Cl,): § 12.2. NMR spectroscopic
data were consistent with those previously reported in the literature.>®

Synthesis of P(PCP)H (5a). In a screw-cap culture tube, to the
acetonitrile solution (10 mL) of m-xylylene dibromide (4a-Br,) (528
mg, 2.00 mmol) was added 2b-Cl (610 mg, 4.00 mmol), and the
reaction mixture was stirred at 100 °C for 15 h. After cooling to room
temperature, magnesium powder (122 mg, 5.00 mmol) was added
under argon, and the reaction mixture was stirred at 0 °C for 2 h. The
reaction was allowed to warm to room temperature and stirred for
another 2 h. The product was extracted with pentane (3 X 20 mL),
and the volatiles were removed under vacuum, yielding a yellow oil.
Isolated yield: 472 mg, 70%. "H NMR (300 MHz, CDy): 6 7.47 (br s,
1 H), 7.18 (m, 3 H), 2.70 (brs, 4 H), 1.62 (dsp, Jo_y = 1.9 Hz, Jy_y =
7.1 Hz, 4 H), 1.04 (d, J_yy = 7.0 Hz, 12 H), 1.00 (dd, Jp_y = 0.9 Hz,
Ju—n = 7.0 Hz, 12 H). BC{*H} NMR (126 MHz, C(Dy): & 140.5 (d,
Jo_c = 7.4 Hz), 1309 (t, Jp_c = 7.0 Hz), 128.6 (s), 127.0 (dd, Jp_c =
7.2 Hz, Jo_¢ = 2.1 Hz), 30.3 (d, Jo_c = 22 Hz), 23.8 (d, Jo_c = 16 Hz),
19.9 (d, Jo_c = 14 Hz), 19.5 (d, Jo_c = 12 Hz). 3'P{'"H} NMR (121
MHz, C¢Dg): § 10.3. NMR spectroscopic data were consistent with
those previously reported in the literature.”*

Synthesis of tBUPCP)H (5b). In a screw-cap culture tube, to the
acetonitrile solution (10 mL) of m-xylylene dichloride (4a-Cl,) (350
mg, 2.00 mmol) were added 2a-Cl (723 mg, 4.00 mmol) and sodium
iodide (1.20 g, 8.00 mmol), and the reaction mixture was stirred at 100
°C for 15 h. After cooling to room temperature, magnesium powder
(97 mg, 4.00 mmol) was added under argon, and the reaction mixture
was stirred at room temperature for 36 h. The product was extracted
with pentane (3 X 20 mL), and the volatiles were removed under
vacuum, yielding an off-white solid. Isolated yield: 507 mg, 64%. 'H
NMR (500 MHz, C¢Dy): 6 7.59 (br's, 1 H), 7.26 (d, Jp_s; = 7.5 Hz, 2
H), 7.14 (m, 1 H), 2.76 (d, Jp_; = 2.0 Hz, 4 H), 1.06 (d, Jp_;; = 11 Hz,
36 H). ®C{'H} NMR (126 MHz, C¢Ds): 6 141.7 (d, Jo_c = 12 Hz),
131.5 (vt, Jp_c = 8.4 Hz), 128.4 (s), 127.2 (dd, Jp_c = 92 Hz, Jp_¢ =
1.8 Hz), 31.8 (d, Jo_c = 25 Hz), 30.1 (d, Jo_c = 14 Hz),29.2 (d, Jo_c =

26 Hz). *'P{'"H} NMR (202 MHz, C¢Dy): & 33.6. NMR spectroscopic
data were consistent with those previously reported in the literature.'*

Larger Scale Preparation of ®Y(PCP)H (5b). In a 250 mL
Schlenk flask, to the acetonitrile solution (100 mL) of m-xylylene
dichloride (4a-Cl,) (3.50 g, 20.0 mmol) were added 2a-Cl (7.23 g,
40.0 mmol) and sodium iodide (12.0 g, 80.0 mmol), and the reaction
mixture was refluxed under argon for 15 h. After cooling to room
temperature, magnesium powder (0.97 g 40.0 mmol) was added
under argon, and the reaction mixture was stirred at room temperature
for 36 h. The reaction was filtered through a pad of silica gel, and the
product was extracted with pentane (3 X 75 mL). The volatiles were
removed under vacuum, yielding an off-white solid. Isolated yield: 4.10
g, 52%. "H NMR (500 MHz, C¢D): § 7.59 (br's, 1 H), 7.26 (d, Jp_yy =
7.5 Hz, 2 H), 7.14 (m, 1 H), 2.76 (d, Jp_y = 2.0 Hz, 4 H), 1.06 (d, Jp_s
=11 Hz, 36 H). *C{'"H} NMR (126 MHz, C(D): 5 141.7 (d, Jp_c =
12 Hz), 131.5 (vt, Jo_c = 8.4 Hz), 128.4 (s), 127.2 (dd, Jp_c = 9.2 Hz,
Jo—c = 1.8 Hz), 31.8 (d, Jo_c = 25 Hz), 30.1 (d, Jo_c = 14 Hz), 29.2 (d,
Jo_c = 26 Hz). *P{'H} NMR (202 MHz, C(D¢): § 33.6. NMR
spectroscopic data were consistent with those previously reported in
the literature.'*

Synthesis of E(PCP)H (5¢). In a screw-cap culture tube, to the
acetonitrile solution (10 mL) of 4a-Br, (528 mg, 2.00 mmol) was
added diethylchlorophosphine (2¢-Cl, 498 mg, 4.00 mmol), and the
reaction mixture was stirred at 100 °C for 15 h. After cooling to room
temperature, magnesium powder (122 mg, 5.00 mmol) was added
under argon, and the reaction mixture was stirred at 0 °C for 2 h. The
reaction was allowed to warm to room temperature and stirred for
another 2 h. The product was extracted with pentane (3 X 20 mL),
and the volatiles were removed under vacuum, yielding a colorless oil.
Isolated yield: 440 mg, 78%. '"H NMR (500 MHz, C¢Dy): 6 7.11 (t,
Ju-u = 8.0 Hz, 1 H), 7.08 (m, 1 H), 6.97 (m, 2 H), 2.61 (s, 4 H), 1.21
(m, 8 H), 0.96 (t, Jy_y = 7.1 Hz, 6 H), 0.93 (t, Jy_y = 7.1 Hz, 6 H).
BC{H} NMR (126 MHz, C(D): 6 138.8 (dd, Jo_c = 3.9 Hz, Jo_c =
12 Hz), 1304 (vt, Jp_c = 5.4 Hz), 1285 (vt, Jp_c = 1.0 Hz), 126.8
(dd, Jo_c = 5.3 Hz, Jo_c = 2.0 Hz), 34.3 (d, Jo_c = 19 Hz), 19.3 (4,
Jo_c = 15 Hz), 10.0 (d, Jo_c = 14 Hz). ¥P{'"H} NMR (202 MHz,
C¢Dg): 6 —15.9. HRMS (ESI): caled for C,¢HyP, (M + H)*
283.174S, found 283.1746.

Synthesis of Ph(PCP)H (5d). In a screw-cap culture tube, to the
acetonitrile solution (10 mL) of 4a-Br, (528 mg, 2.00 mmol) was
added diphenylchlorophosphine (2d-Cl, 882 mg, 4.00 mmol), and the
reaction mixture was stirred at 100 °C for 20 h. After cooling to room
temperature, magnesium powder (97.2 mg, 4.00 mmol) was added
under argon, and the reaction mixture was stirred at 0 °C for 2 h. The
reaction was allowed to warm to room temperature and stirred for
another 2 h. The volatiles were removed under vacuum, and then the
product was extracted with THF and filtered through Celite. The
filtrate was layered with pentane and placed in the freezer (—35 °C)
overnight, yielding a white crystalline solid. Isolated yield: 400 mg,
42%. '"H NMR (500 MHz, C¢D): 6 7.35 (m, 8 H), 7.05 (m, 13 H),
6.87 (t, Ju_u = 7.5 Hz, 1 H), 6.80 (m, 2 H) 3.20 (s, 4 H). *C{'H}
NMR (126 MHz, C,D¢): & 139.2 (d, Jp_c = 17 Hz), 137.9 (dd, Jp_c =
82 Hz, Jo_c = 1.6 Hz), 133.3 (d, Jp_c = 19 Hz), 131.0 (vt, Jp_c = 7.1
Hz), 128.8 (s), 128.6 (d, Jo_c = 6.5 Hz), 128.4 (s), 127.4 (dd, Jo_c =
6.9 Hz, Jo_c = 2.5 Hz), 363 (d, Jp_c = 17 Hz). 3P{'"H} NMR (202
MHz, C¢Dy): § —9.9. NMR spectroscopic data were consistent with
those previously reported in the literature.>

Synthesis of PHPNP) (5€). In a screw-cap culture tube, to the
acetonitrile solution (10 mL) of 2,6-bis(bromomethyl)pyridine (Sb-
Br,, 532 mg, 2.00 mmol) was added 2b-Cl (610 mg, 4.00 mmol), and
the reaction mixture was stirred at 100 °C for 15 h. After cooling to
room temperature, magnesium powder (97.2 mg, 4.00 mmol) was
added under argon, and the reaction mixture was stirred at 0 °C for 2
h. The reaction was allowed to warm to room temperature and stirred
for 2 h. The product was extracted with pentane (3 X 20 mL), and the
volatiles were removed under vacuum, yielding a yellow oil. The
product was a mixture of Se and Se’, and the ratio was about 9:1 based
on the 'H NMR spectrum. Total yield: 519 mg, 79%. The NMR
spectroscopic data for Se follow. '"H NMR (500 MHz, CDCL,): § 7.42
(t, Ju_u = 8.0 Hz, 1 H), 7.07 (d, Jy_u = 8.0 Hz, 2 H), 2.92 (d, Jo_yg =
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2.2 Hz, 4 H), 1.77 (dsp, Jp_y = 2.0 Hz, Ji;_y = 7.0 Hz, 4 H), 1.03 (m,
24 H). BC{'H} NMR (126 MHz, CDCL,): § 159.9 (d, Jy_c = 9.0 Hz),
1362 (s), 120.5 (d, Jp_c = 7.7 Hz), 32.5 (d, Jp_c = 21 Hz), 23.6 (d,
Jo—c = 14 Hz),19.8 (d, Jo_c = 15 Hz), 19.2 (d, Jo_c = 11 Hz). *'P{'H}
NMR (202 MHz, CDCl;): § 12.7. NMR spectroscopic data were
consistent with those previously reported in the literature.*®

Synthesis of P (PCP)NiBr (6-Br). In a screw-cap culture tube, to
the acetonitrile solution (10 mL) of 4a-Br, (528 mg, 2.00 mmol) were
added nickel powder (294 mg, 5.00 mmol), 2b-Cl (610 mg, 4.00
mmol), and 2,6-lutidine (214 mg, 2.00 mmol). The reaction mixture
was stirred at 100 °C for 40 h. After cooling to room temperature,
diethyl ether (3 X 10 mL) was added and the mixture was filtered
through silica gel. The filtrate was collected, and the volatiles were
removed under vacuum, yielding a yellow solid. Isolated yield: 659 mg,
70%. The product was a mixture of 6-Br and 6-Cl, and the ratio was
about 9:1 based on the P NMR spectrum (61.7 ppm for 6-Br and
60.6 ppm for 6-Cl). The mixture can be fully converted to 6-Br by
reacting the mixture with 2 equiv of lithium bromide in toluene at rt
overnight. The NMR spectroscopic data for 6-Br follow. '"H NMR
(500 MHz, CD,CL,): 5 691 (br s, 3 H), 3.09 (vt, Jp_; = 4.0 Hz, 4 H),
2.37 (m, 4 H), 1.4S (dvt, Jy_y = Jp_u ~ 7.8 Hz, 12 H), 1.18 (dvt, Jyy_y
~ Jp_u ~ 7.0 Hz, 12 H). BC{'H} NMR (126 MHz, CD,Cl,): & 159.5
(W, Jo_c = 16 Hz), 152.8 (v, Jo_c = 13 Hz), 125.5 (s), 122.5 (vt, Jp_c
= 89 Hz), 33.1 (Wt, Jp_c = 13 Hz), 242 (Wt, Jp_c = 11 Hz), 19.1 (s),
183 (s). ¥P{'H} NMR (202 MHz, CD,ClL): § 61.7. NMR
spectroscopic data were consistent with those previously reported in
the literature."”

Synthesis of [P"(PNP)NiBr1[Br] (7). In a screw-cap culture tube, to
the acetonitrile solution (2 mL) of 4b-Br, (53 mg, 0.20 mmol) were
added nickel powder (29 mg, 0.50 mmol) and 2b-Br (90 mg, 0.40
mmol). The reaction mixture was stirred at 100 °C for 15 h. After
cooling to room temperature, the volatiles were removed under
vacuum, and the product was extracted with CH,Cl, and filtered
through Celite. The filtrate was collected, and the volatiles were
removed under vacuum. The resulting residue was washed with THF
and then dried under vacuum, yielding a brown solid. Isolated yield: 94
mg, 80%. 'H NMR (500 MHz, CD;CN): § 8.09 (br, 1 H), 7.78 (d,
Ju—u = 6.7 Hz, 2 H), 3.79 (s, 4 H), 2.50 (br s, 4 H), 1.53 (dvt, Jy_yq ~
Jo_u ~ 8.0 Hz, 12 H), 1.38 (dvt, Jy_g = Jp_y ~ 7.3 Hz, 12 H). 'H
NMR (500 MHz, CDCl,): & 1123 (br s, 2 H), 9.72 (br s, 1 H), 5.17
(br's, 4 H), 2.99 (br s, 4 H), 2.09 (br s, 12 H), 1.92 (br s, 12 H).
BC{'H} NMR (126 MHz, CDCl,): § 165.4, 147.5, 125.5, 362, 25.6
(vt, Jo_c = 13 Hz), 25.0, 20.3. *'P{"H} NMR (202 MHz, CD,CN): §
50.5. *'P{'H} NMR (202 MHz, CDCl): 50.3. NMR spectroscopic
data were similar to [P"(PNP)NiCl][Cl] previously reported in the
literature.”’
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