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ABSTRACT

We have investigated the addition of a simple phosphinoboronate ester, Ph,PBpin (pin = 1,2-0,C;Mey),
to 2-diphenylphosphinobenzaldehyde (2-Ph,PCgH4C(O)H) and related aldimine derivatives (2-
PhyPCsH4C(NR)H) as a simple and effective strategy for generating unique diphosphine ligands
bearing a pendant Lewis-acid Bpin group. These reactions proceed selectively to give one new product
where the phosphide fragment has added to the aldehyde (or imine) carbon atom and the electron-
deficient boron group has added to the electron-rich heteroatom. Preliminary studies show these new
compounds can ligate to Pd(Il) and Pt(Il) metal centres. These novel metal complexes, as well as the
organic soluble [MCly(coe)]> (M= Pd, Pt, coe = cis-cyclooctene) compounds, have been shown to be
effective precatalysts in the cyclisation of alkynoic acids to give the corresponding exo-dig cyclic lactones.
Reactions employing these metal complexes also generated unusual endo-dig cyclic lactones not tradi-
tionally observed in these cyclisation reactions. For instance, reactions of 4-pentynoic acid also afforded
significant amounts of a-angelica lactone, a biologically-important compound traditionally prepared via
the catalytic dehydration and cyclisation of levulinic acid.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

There has been recent considerable interest in reducing alde-
hydes, ketones and aldimines using hydridoboranes such as pina-
colborane (HBpin: pin=1,2-0,C;Me4) as a gentle, selective and
effective method for generating the corresponding alcohols and
amines, respectively, upon aqueous workup (Scheme 1a). However,
reactions employing HBpin usually require elevated temperatures
for prolonged periods of time or a transition metal [1], lanthanide/
actinide [2] or a main-group [3] pre-catalyst to affect these re-
ductions. While the analogous reductions using dimetalloid boron
sources (R;B-E; where E =B, SiR3, OR, etc), such as Bypiny, also
require either a catalyst or a strong base, these reactions are much
less explored [4]. Interestingly, products arising from diborations
incorporate a boryl (BR;) group at the electrophilic carbon and
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provide a unique methodology for generating substituted alcohol
derivatives (Scheme 1b). We have recently reported that the unique
phosphinoboronate ester PhyPBpin, which contains a predomi-
nantly single P—B bond, adds selectively to aldehydes, ketones and
aldimines without the need of any additional catalyst or activating
agent, to give new ambiphilic tertiary phosphines in high yields
(Scheme 1c) [5]. Compounds containing phosphine borane ap-
pendages have been investigated extensively as frustrated Lewis
pairs [6] and as ligands for transition metals [7]. In this study, we
have examined the addition of PhyPBpin to 2-
diphenylphosphinobenzaldehyde [2-Ph,PCgH4C(O)H] and the cor-
responding selected aldimine derivatives [2-PhyPCgH4C(NR)H;
R =Ph, 2,6—(iPr)2C5H3, (CH2)3Ph, C—C5H9, (CH2)3PPh2] das a simple
route for generating novel ambiphilic diphosphines. These new
species have been found to ligate to palladium(Il) and platinum(II)
metal centres and are active pre-catalysts for the cyclisation of
alkynoic acids.
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Scheme 1. The (a) hydroboration, (b) diboration, and (c) phosphinoboration of
aldehydes.
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2. Experimental
2.1. Materials and methods

Reagents and solvents used were obtained from Sigma-Aldrich.
[PACly(n%-coe)], and [PtCly(n?-coe)], (coe = cis-cyclooctene) [8], 1b
[9],1c[10],1d [11], 1f [12] and diphenyl(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)phosphine (Ph,PBpin) [5] were prepared as
previously reported. NMR spectra were recorded on a JEOL JNM-
GSX400 FT NMR ('H: 400 MHz; 'B: 128 MHz; '3C: 100 MHz; 3'P:
162 MHz) spectrometer. Chemical shifts (0) are reported in ppm
[relative to residual solvent peaks ('H and '3C) or external BF3- OEt;
(MB) and H3PO4 (3'P)]. Multiplicities are reported as singlet (s),
doublet (d), triplet (t), quartet (q), quintet (quint), multiplet (m),
broad (br) and overlapping (ov) with coupling constants (J) re-
ported in hertz. Melting points were measured uncorrected with a
Stuart SMP30 apparatus. Elemental analyses for carbon, hydrogen,
and nitrogen were performed at the University of Windsor using a
PerkinElmer 2400 combustion CHN analyser. Microwave experi-
ments were performed using an Anton Paar Monowave 400
equipped with a MAS24 autosampler. All reactions were performed
under a nitrogen atmosphere in a MBRAUN LABmaster glovebox.

O
g
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2.2. Synthesis of N-(2-(diphenylphosphino)benzylidene)
cyclopentanamine (1e)

A mixture of 2-diphenylphosphinebenzaldehyde (200 mg,
0.69 mmol) and cyclopentylamine (59 mg, 0.69 mmol) in toluene
(5mL) in the presence of activated 3 A molecular sieves was
allowed to stand for 3 days at RT. The solution was decanted from
the sieves and solvent was removed under vacuum. The resulting
oil was used without further purification. Yield: 229 mg (93%). 'H
NMR (CDCl3) ¢: 8.80 (d, Jup = 4.6 Hz, 1H, C(H) = N), 7.92 (m, 1H, Ar),
7.38—7.25 (ov m, 12H, Ar), 6.83 (m, 1H, Ar), 3.61 (quint, = 5.7 Hz,
1H, CHN), 1.70—1.65 (ov m, 4H, CH,CHN), 1.60—1.40 (ov m, 4H, CH>);
Bc{lH} NMR (CDCl3) ¢&: 157.3 (d, Jep=19.1Hz), 139.9 (d,
Jep=17.2Hz),137.1 (d, Jep = 19.1 Hz), 136.8 (d, Jcp = 9.5 Hz), 134.1 (d,
Jep=20.0Hz),133.3,129.9,128.9, 128.8,128.6 (d, Jcp = 7.6 Hz), 127.9
(d, Jop = 4.8 Hz), 71.6, 34.4, 24.8; 3'P{'H} NMR (CDCl3) 6: —12.5 (s).

2.3. General synthesis of ligands

A mixture of Ph,PBpin (200 mg, 0.64 mmol) and the appropriate
aldehyde or aldimine in CH,Cl, (10 mL) or toluene (2c) was stirred for
3 days. The solvent was removed under vacuum and the residue was
washed with hexane (2 x 5 mL) to afford the ligands as white solids.

PPh, PPh,

2.3.1. (2-((diphenylphosphino)((4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl))oxy )methyl)phenyl)-diphenylphosphine (2a)
Yield: 324 mg (84%); mp 161—163 °C. "H NMR (CDCls) 6: 7.71 (td,
J=7.8Hz,] =1.4Hz,2H,Ar),7.45(m,1H, Ar), 7.40—7.14 (ov m, 19H, Ar
& CHP), 7.09 (t,]=7.8 Hz, 1H, Ar), 7.03 (td, ] = 7.3 Hz, = 1.4 Hz, 1H,
Ar), 6.95 (dd, J = 7.3 Hz, ] = 4.0 Hz, 1H, Ar), 0.98 (s, 6H, pin), 0.85 (s,
6H, pin); "BNMR (CDCl3) 6: 22 (br); >*C{'H} NMR (CDCl3) 6: 145.9(d,
Jep=10.5Hz),145.6 (d, Jcp = 11.5 Hz),138.1 (d, Jcp = 11.5 Hz),137.4 (d,
Jep=10.5Hz), 1363 (d, Jop=21.1Hz), 136.0, 134.6, 134.0 (d,
Jep=3.8Hz), 133.8 (d, Jep=3.8 Hz), 133.7, 133.5 (d, Jcp =2.9 Hz),
133.4,133.3,133.1,129.6,129.2,128.4(d, Jcp = 6.7 Hz),128.3,128.2 (d,
Jep=6.7Hz), 128.1, 128.0 (d, Jcp=3.8Hz), 127.6, 82.9, 75.3 (dd,
Jep = 28.6 Hz, Jcp = 13.4 Hz), 24.4,24.3; 'P{'H} NMR (CDCl5) é: 6.8 (d,
Jpp=24.1Hz), —20.0 (d, Jpp = 24.1 Hz). Anal. calcd. for C37H37BO3P;
(602.45 g mol~1): C, 73.77; H, 6.19. Found: C, 74.00; H, 6.38.

O\ /O
N
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2.3.2. N-((diphenylphosphino)(2-(diphenylphosphino)phenyl)
methyl)-4,4,5,5-tetramethyl-N-phenyl-1,3,2-dioxaborolan-2-amine
(2b)

Yield: 386 mg (89%); mp 187—190 °C. "H NMR (CDCl3) 6: 7.90 (td,
J=7.8Hz, J=2.2Hz, 2H, Ar), 7.41-7.34 (ov m, 4H, Ar), 7.28 (ov dd,
J=8.2Hz,]=6.9Hz,4H, Ar), 7.20 (dd, ] = 14.7 Hz,] = 7.3 Hz, 4H, Ar),
714 (ov dd, J=73Hz, J=6.9Hz, 4H, Ar), 7.09 (dd, J=73Hz,
J=2.8Hz,1H, Ar), 7.02—6.96 (ov m, 6H, Ar), 6.94—6.87 (ov m, 5H, Ar
& CHP), 0.86 (s, 6H, pin), 0.83 (s, 6H, pin); ''"BNMR (CDCl3) 6: 23 (br);
BBc{TH} NMR (CDCl3) 6: 1450 (d, Jop=19.2Hz), 144.8 (d,
Jep= 201 HZ), 142.9, 138.8 (d,]cp =134 HZ), 138.1 (d,]cp =134 HZ),
136.9 (d, Jeop = 2.9 Hz),136.8 (d, Jcp = 15.3 Hz), 136.7 (d, Jcp = 3.8 Hz),
136.2 (d, Jep=14.4Hz), 135.7, 135.4 (d, Jcp=20.1 Hz), 1344 (d,
Jep=19.2Hz), 133.7 (d, Jcp = 19.2 Hz), 133.2 (d, Jcp = 18.2 Hz), 131.8
(d, Jep =4.8 Hz), 131.6 (d, Jcp = 4.8 Hz), 130.9 (d, Jcp = 4.8 Hz), 129.0,
128.4 (d, Jop =4.8 Hz), 128.3 (d, Jcp = 2.9 Hz), 128.2 (d, Jcp = 5.8 Hz),
128.1 (d, Jep = 4.8 Hz), 128.0 (d, Jep = 9.6 Hz), 127.6, 125.6, 82.5, 59.3
(dd, Jep=25.9Hz, Jcp=5.8Hz), 24.7, 24.2; 3'P{'H} NMR (CDCls5)
6: —7.0(s), —19.4(s). Anal. calcd. for C43H4,NBO,P; (677.56 g mol ~1):
C,76.22; H, 6.25; N, 2.07. Found: C, 75.95; H, 6.04; N, 1.87.

N
I
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2.3.3. N-(2,6-diisopropylphenyl)—N-((diphenylphosphino)(2-
(diphenylphosphino )phenyl)methyl)-4,4,5,5-tetramethyl-N-phenyI-
1,3,2-dioxaborolan-2-amine (2c)

Yield: 351 mg (72%); mp 123—126 °C. 'H NMR (CDCls) 6: 8.1 (br
app t, ] =6.9 Hz, 2H, Ar), 740—7.34 (ov m, 4H, Ar), 7.29—7.25 (br ov
m, 4H, Ar), 7.19—7.11 (ov m, 4H, Ar), 7.06 (td, ] = 7.8 Hz, ] = 0.9 Hz,
2H, Ar), 7.01-6.88 (ov m, 8H, Ar & CHP), 6.83 (app t,J = 7.8 Hz, 2H,
Ar), 6.44 (td,] = 6.9 Hz,] = 0.9 Hz, 2H, Ar), 3.25 (br m, 1H, CH(CH3),),
2.46 (br m, 1H, CH(CH3);), 1.30—0.84 (br ov m, 15H, CH(CH3) & pin),
0.90 (d, J= 6.9 Hz, 3H, CH(CH3)), 0.64 (d, ] =6.9 Hz, 3H, CH(CH3)),
0.26 (br s, 3H, CH(CH3)); ''B NMR (CDCl3) 6: 23 (br); *C{'H} NMR
(CDCl3) 6: 149.1 (d, Jcp = 4.8 Hz), 148.2 (br), 144.9 (br), 138.8 (d,
Jcr=10.5Hz), 1371 (d, Jep = 12.5 Hz), 136.6 (d, Jcp = 18.2 Hz), 135.7
(d, Jep=201Hz), 1353 (d, Jep=15.3Hz), 1352, 1346 (d,
Jep=21.1Hz),132.8(d, Jcp = 17.3 Hz),132.5(d, Jcp = 4.8 Hz), 132.4 (d,
Jer=3.8Hz), 1289, 128.7, 128.2 (d, Jep=7.7Hz), 1279 (d,
Jep=7.7Hz), 127.8 (d, Jcp=5.8 Hz), 127.7, 1274 (d, Jcp=6.7 Hz),
127.3,127.1 (d, Jep = 9.6 Hz), 123.7,123.1, 82.9, 60.8 (br m), 29.0, 28.9,
25.9,24.7, 24.6, 23.6, 23.5, 21.3 (br); 3'P{'H} NMR (CDCl3) é: 1.2 (br
s), —19.6 (s). Anal. calcd. for C49H54NBO,P>-1.5 C7Hg
(900.08 g mol~1): C, 79.39; H, 7.41; N, 1.56. Found: C, 79.58; H, 7.35;
N, 1.85.

PSS
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2.3.4. Synthesis of N-((diphenylphosphino)(2-(diphenylphosphino)
phenyl)methyl)-4,4,5,5-tetramethyl-N-(3-phenylpropyl)-1,3,2-
dioxaborolan-2-amine (2d)

Yield: 373 mg (81%); mp 182—184 °C.H NMR (CDCl5) 6: 8.09 (dt,
J=8.2Hz,]=4.1Hz1H, Ar), 7.55—7.51 (ov m, 2H, Ar), 7.33—7.08 (ov
m, 22H, Ar & CHP), 7.04 (app t, ] = 7.3 Hz, 2H, Ar), 6.99—6.96 (ov m,
2H, Ar), 6.35 (t, J= 7.8 Hz, 1H, Ar), 3.19 (m, 1H, CHH), 3.08 (m, 1H,
CHH), 2.37—2.21 (ov m, 2H, —CH>—), 1.52 (m, 1H, CHH), 1.11 (m, 1H,
CHH), 0.89 (s, 6H, pin), 0.74 (s, 6H, pin); "B NMR (CDCl3) 6: 23 (br);
Bc{'H} NMR (CDCl3) 6: 1465 (d, Jep=19.2Hz), 1462 (d,
Jcp=19.2 Hz), 143.8 (d, Jcp = 6.7 Hz), 142.7, 138.5 (d, Jcp = 14.4 Hz),
137.8 (d, Jep = 14.4 Hz), 137.7 (d, Jcp = 4.8 Hz), 137.6 (d, Jcp = 2.9 Hz),
1374 (d, Jop=14.4Hz), 136.1 (d, Jop=12.5Hz), 135.8, 135.1 (d,
Jep=19.2 Hz), 134.5 (d, Jcp = 19.2 Hz), 134.0 (d, Jcp = 20.1 Hz), 133.4
(d, Jep = 19.2 Hz), 130.4 (d, Jcp = 4.8 Hz), 130.2 (d, Jcp = 4.8 Hz), 1291,
128.7, 128.4, 128.3 (d, Jep = 5.8 Hz), 128.1 (d, Jep = 12.5 Hz), 127.9,
127.6, 125.4, 82.0, 58.0 (dd, Jep=23.0Hz, Jcp=3.8Hz), 44.7
(Jep = 5.8 Hz), 33.3, 32.8, 24.6, 24.4; 3'P{'H} NMR (CDCl3) é: —10.5
(br s), —19.7 (s). Anal. calcd. for C46H4gNBO,P; (719.33 g mol~1): C,
76.77; H, 6.72; N, 1.95. Found: C, 76.85; H, 6.74; N, 1.88.

N

N.
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2.3.5. N-cyclopentyl-N-((diphenylphosphino)(2-
(diphenylphosphino )phenyl)methyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-amine (2e)

Yield: 317 mg (74%); mp 177—180 °C. 'H NMR (CDCl3) é: 8.04 (ov
dt, J=8.0Hz, J=4.1Hz, 1H, Ar), 7.55 (td, J=7.8 Hz, ] = 1.8 Hz, 2H,
Ar), 7.38—7.31 (ov m, 3H, Ar), 7.27—7.15 (ov m, 11H, Ar & CHP), 7.08
(app t, J=6.9Hz, J=6.9Hz, 4H, Ar), 6.97 (ov dt, J=14.2Hz,

J=6.4Hz, 3H, Ar), 6.24 (ov dd, J=7.6 Hz, J=71Hz, 1H, Ar), 3.75
(quint, J=8.2Hz, 1H, CHN), 1.82 (app q, J=8.2 Hz, 2H, CH,CHN),
1.66—1.48 (ov m, 2H, CH,CHN), 1.35 (m, 2H, CH,), 1.19 (br m, 1H,
CHH), 0.91 (br m, 1H, CHH), 0.87 (s, 6H, pin), 0.79 (s, 6H, pin); ''B
NMR (CDCl3) é: 23 (br); 3c{'H} NMR (CDCl3) 6: 146.5 (d,
Jep=19.2 Hz), 146.2 (d, Jop = 19.2 Hz), 138.5 (d, Jcp = 14.4 Hz), 138.2
(d, Jepr= 153 HZ), 138.0 (d, Jer= 2.9 HZ). 137.0 (d, Jep= 12.5 HZ),
136.7 (d, Jep=12.5Hz), 135.7 (d, Jcp=20.1Hz), 135.4, 134.4 (d,
Jep=20.1Hz), 134.2 (d, Jop = 16.3 Hz), 133.3 (d, Jcp = 18.2 Hz), 130.5
(d, Jep=5.8 Hz), 130.3 (d, Jcp = 5.8 Hz), 128.7, 128.5 (d, Jcp = 9.6 Hz),
128.4, 1283 (d, Jep=4.8Hz), 128.0 (d, Jep=9.6Hz), 1279 (d,
Jop=6.7Hz), 1278 (d, Jep=7.7Hz), 1275, 814, 588 (d,
Jop=22.0Hz), 57.0 (d, Jop= 7.7 Hz), 32.9 (Jop=2.9 Hz), 24.8, 24.7,
24.5, 24.4; 3'P{'H} NMR (CDCl3) é: —12.6 (br s), —19.7 (s). Anal.
calcd. for C4opH46NBO2P; (669.58 g mol ! ):C,75.34; H,6.92; N, 2.09.
Found: C, 75.48; H, 6.86; N, 2.06.

+
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2.3.6. N-((diphenylphosphino)(2-(diphenylphosphino)phenyl)
methyl)—N-(3-diphenylphosphino)propyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-amine (2f)

Yield: 189 mg (35%); mp 107—110 °C. 'H NMR (CDCl3) 6: 8.04 (ov
dt,J=7.8Hz,]=4.1Hz, 1H, Ar), 7.52—7.48 (ov m, 2H, Ar), 7.29—-7.22
(ovm, 19H, Ar), 7.19—7.01 (ov m, 11H, Ar & CHP), 6.90 (dd, J = 6.9 Hz,
J=2.8Hz, 1H, Ar), 6.30 (ov dd, ] = 7.8 Hz, 1H, Ar), 3.18 (m, 1H, CHH),
3.08 (m, 1H, CHH), 1.66 (m, 2H, CH,), 1.29 (m, 2H, CH>), 0.84 (s, 6H,
pin), 0.67 (s, 6H, pin); ''B NMR (CDCl3) é: 23 (br); c{'H} NMR
(CDCl3) (selected data) o: 81.9, 57.9 (d, Jcp=24.0Hz), 46.3
(Jep = 5.8 Hz), 27.6 (Jop = 5.3 Hz), 25.1 (Jep = 11.5 Hz), 24.6, 24.3; 3'P
{'H} NMR (CDCls) 6: —9.8 (br s), —15.0 (s), —19.5 (s). Anal. calcd. for
Cs3H55NBO,P3 (841.74 g mol~1): C, 75.63; H, 6.59; N, 1.66. Found: C,
75.11; H, 6.66; N, 1.72.

2.4. General synthesis of metal complexes

A toluene (5mL) solution of ligand (0.20 mmol) was added
dropwise to a stirred toluene (5 mL) suspension of the appropriate
[MCly(coe)], (0.10 mmol) and the reaction mixture was stirred for
18 h. The resulting precipitate was filtered by suction filtration and
washed with hexane (2 x 5 mL) to afford the metal complexes as
white solids.

2.4.1. Palladium complex 3a

Yield: 131 mg (84%); mp 260—262°C. 'H NMR (CDCl3) &:
8.14—8.06 (ov m, 4H, Ar), 7.67—7.33 (ov m, 18H, Ar), 7.12 (br t,
J=6.9Hz, 1H, Ar), 6.63 (br t, ] = 8.2 Hz, 1H, Ar), 5.84 (br s, 1H, CHP),
0.98 (s, 6H, pin), 0.89 (s, 6H, pin); 'B NMR (CDCl3) 6: 21 (br); *C
{"H} NMR (CDCl3) 6: 138.8 (d, Jcp = 6.7 Hz), 137.0 (d, Jcp = 10.5 Hz),
1352 (d, Jop=11.5Hz), 134.7 (d, Jop=8.6Hz), 133.0, 132.7 (d,
Jep=10.5Hz),132.6,132.0,131.7,131.2,129.7 (d, Jop = 11.5 Hz), 129.4,
128.5 (d, Jep = 12.5Hz), 128.0 (d, Jep = 7.7 Hz), 127.6, 127.0, 126.2,
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125.8 (d, Jep=9.6Hz), 125.6, 121.8, 121.2, 83.8, 72.0 (dd,
Jep = 30.7 Hz, Jcp = 23.0 Hz), 24.6, 24.3; >'P{'H} NMR (CDCl3) 6: 66.2
(s), 18.1 (s). Anal. calcd. for C37H37BCl,03P,Pd (779.77gmol’1): C,
56.99; H, 4.78. Found: C, 56.71; H, 4.78.

2.4.2. Palladium complex 3b

Yield: 149 mg (87%); mp 284—286 °C. 'H NMR (CDCl3) é: 7.88 (br
m, 2H, Ar), 7.66 (t, J]=7.6 Hz, 1H, Ar), 7.51-7.18 (br ov m, 22H, Ar),
6.91 (dd, J=8.2, 7.8 Hz, 1H, Ar), 6.78 (br m, 2H, Ar), 5.89 (br m, 1H,
Ar), 5.54 (br m, 1H, CHP), 1.01 (s, 6H, pin), 0.89 (s, 6H, pin); 1'B NMR
(CDCl3) é: 23 (br); 3c{'H} NMR (CDCl3) 6: 140.8 (br m), 135.6,134.9
(d, Jep=10.5Hz), 134.0 (d, Jcp=10.5Hz), 133.5, 132.0, 131.5 (d,
Jer=19Hz), 131.2, 130.9 (d, Jep = 1.9 Hz), 129.3 (d, Jop = 11.5Hz),
129.1,128.6,128.4 (d, Jcp = 13.4 Hz), 128.2 (d, Jcp = 11.5 Hz), 127.7 (d,
Jcp=10.5Hz), 125.9 (br m), 125.4 (br m), 124.7 (br m), 123.5 (br m),
83.6, 67.4 (br m), 25.2, 23.6; >'P{'H} NMR (CDCl3) é: 66.4 (br s), 14.8
(s). Anal. calcd. for C43H42NBCI;0,P,Pd (854.88 g molfl): C, 6041;
H, 4.95; N 1.64. Found: C, 60.13; H, 5.12; N, 1.55.

e [

71\ ol
PPhy

2.4.3. Platinum complex 4a

Yield: 151 mg (87%); mp 295°C (decomposition). 'H NMR
(CDClI3) 0: 8.18 (ov dd, J=8.7Hz, J=4.1Hz, 2H, Ar), 798 (br t,
J=28.7Hz, 2H, Ar), 7.63 (t,]=6.9 Hz, 1H, Ar), 7.56—7.26 (ov m, 17H,
Ar), 710 (t, ] = 6.9 Hz, 1H, Ar), 6.57 (ov dd, = 11.5 Hz, ] = 8.2 Hz, 1H,
Ar), 5.94 (s, Jupt = 13.3 Hz, 1H, CHP), 0.97 (s, 6H, pin), 0.88 (s, 6H,
pin); "B NMR (CDCl3) 6: 21 (br); 3c{'H} NMR (CDCl3) é: 139.1 (d,
Jep=6.7Hz), 136.8 (d, Jep = 10.5 Hz), 135.0 (d, Jcp = 11.5 Hz), 134.8
(d, Jer=8.6 Hz), 133.0 (d, Jcp = 8.6 Hz), 132.4 (d, Jcp = 7.7 Hz), 131.8
(d, Jep=15.3Hz), 1311, 1294 (d, Jep=11.5Hz), 129.1, 1283 (d,
Jep=11.5Hz),127.7 (d, Jep = 7.7 Hz), 127.4,126.6, 126.2, 125.9, 125.6,
1251 (d, Jep=6.7 Hz), 121.8, 121.2, 83.8, 70.3 (dd, Jcp =41.2 Hz,
Jop=16.3Hz), 246, 242; >'P{'H} NMR (CDCl3) 6: 415 (d,
Jpp =222 Hz, Jppt = 3600 Hz), 0.4 (d, Jpp = 22.2 Hz, Jppt = 3420 Hz).
Anal. calcd. for C37H37BCl,03P,Pt (868.44 g mol~1): C, 51.17; H, 4.29.
Found: C, 51.00; H, 4.24.

2.4.4. Platinum complex 4b

Yield: 157 mg (83%); mp 270°C (decomposition). 'H NMR
(CDCl3) 6: 7.91—7.81 (br ov m, 4H, Ar), 7.77 (t, ] = 6.4 Hz, 1H, Ar), 7.64
(t,] = 7.8 Hz, 1H, Ar), 7.49—7.30 (ov m, 16H, Ar), 7.21—7.17 (ov m, 2H,
Ar), 6.88 (ov dd, J=11.9Hz, J= 7.8 Hz, 1H, Ar), 6.79 (br m, 1H, Ar),

6.70 (br m, 2H, Ar), 5.88—5.72 (br ov m, 2H, Ar), 1.04 (s, 6H, pin),
0.88 (s, 6H, pin); "B NMR (CDCl3) é: 23 (br); 3¢{'H} NMR (CDCl3) 6:
147.4 (br), 140.8 (br), 135.4 (br), 135.2 (d, Jcp = 10.5Hz), 134.3 (d,
Jep =10.5Hz), 133.1 (br), 132.2 (br), 131.9, 131.5, 131.3, 130.6, 129.1
(d, Jop=9.6Hz), 128.4, 128.2, 128.0 (d, Jcp=11.5Hz), 127.6 (d,
Jep =11.5Hz), 127.3, 126.6, 125.4, 124.3, 123.2, 83.5, 66.3 (br), 25.3,
23.5; 3P{'H} NMR (CDCl3) &: 39.1 (s, Jppy=3460Hz), —1.8 (s,
Jppt=3520Hz).  Anal calcd. for  C43H4oNBCl,0,P,Pt
(943.55 gmol~1): C,54.74; H, 4.49; N, 1.48. Found: C, 55.01; H, 4.56;
N, 1.43.

2.5. General procedure for the microwave assisted cyclisation of
alkynoic acids with palladium and platinum catalysts

A CDCls (0.5 mL) solution of alkynoic acid (25 mg) was added to
a CDCl3 (0.5 mL) solution of the desired Pd or Pt catalyst (5 mol%).
The reaction mixtures were heated under microwave conditions at
100 °C for 8 h. At regular time intervals, the reaction mixtures were
monitored by 'H and 3C{'H} NMR spectroscopy to determine the
progress of the reaction.

HCCCH,CH,COOH ~ — /& + /&
o’ © 0" ©
la

llla

4-pentynoic acid (selected NMR data): 'H NMR (CDCl3) 6: 5.10
(ov qt,J = 2.4, 1.5 Hz) (Ia), 4.73 (ov td, ] = 2.4, 2.4 Hz) (1a), 4.30 (ov
td, J=2.8, 2.4Hz) (Ia), 3.15 (ov dq, J=2.4, 2.4 Hz) (Illa), 2.86 (m)
(Ia), 2.66 (m) (Ia), 1.97 (ov dt, = 2.4, 1.5Hz) (Ila); 3*C{'H} NMR
(CDCls) 6: 177.1 (IlIa), 175.1 (Ia), 155.7 (1a), 153.4 (Illa), 99.2 (Illa),
88.9 (Ia), 34.2 (Illa), 28.1 (Illa), 27.8 (Ia), 14.2 (Illa).

5-hexynoic acid (selected NMR data): "H NMR (CDCls) 6: 4.98 (t,
J=3.8Hz) (IlIb), 4.61 (s) (Ib), 4.27 (s) (Ib), 2.61 (t, J= 6.1 Hz) (Ib),
255 (t, J=7.6Hz) (Ilib), 2.46 (t, J=6.1 Hz) (Ib), 2.26 (m) (IlIb),
1.87—1.82 (ov m) (Ib & HIb); 3C{'H} NMR (CDCl3) é: 169.5 (IIIb),
168.0 (Ib), 155.5 (Ib), 150.2 (IlIb), 100.1 (IlIb), 93.6 (Ib), 30.5 (Ib),
28.6 (Illb), 26.4 (Ib), 25.2 (1lIb), 19.0 (IIIb), 18.6 (Ib).

NMR spectra of the cyclized products were consistent with re-
ported literature values, 5-methylenedihydrofuran-2(3H)-one (Ia)
and 6-methylenetetrahydro-2H-pyran-2-one (Ib) [13], 5-
methylfuran-2(3H)-one (Illa) [14], and 6-methyl-3,4-dihydro-2H-
pyran-2-one (Illc) [15].

2.6. Catalytic cyclisation using (x’-P,P-2-Ph,PCsH4CHz(OH)PPhy)
PtCl,

Methanol (3 pL, 0.075 mol) was added to a CHCl3 (1 mL) solution
of 4a (65 mg, 0.075 mmol) and the reaction mixture was stirred for
18 h. The resulting precipitate was collected by suction filtration
and washed with hexane (2 x 2 mL) to afford a white solid. Yield:
35mg (63%). 'H NMR (DMSO-dg) ¢: 8.20—8.00 (ov m, 4H, Ar),
7.82—7.21 (ov m, 18H, Ar), 6.81 (m, 1H, Ar), 6.45 (m, 1H, Ar), 5.72 (br
s, 1H, OH), 5.23 (br s, 1H, CHP); *'P{'H} NMR (DMSO-ds) 6: 40.8 (d,
Jpp =23.2 Hz, Jppt = 3446 Hz), —1.6 (d, Jpp = 23.2 Hz, Jppy = 3434 Hz).
Poor solubility and stability precluded us obtaining >C NMR data.
However, this compound was tested as a potential catalyst for the
cyclisation of 4-pentynoic acid as described previously.

2.7. Crystallographic data and structure refinement summary

Crystals suitable for Xray crystallography were grown from
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saturated solutions stored at RT: Et;O (2a,b), hexanes (2¢,d), THF
(3a), CH,Cl:Hex (2:1, 4a), and CH,ClI, (4b). Crystals for investiga-
tion were covered in Paratone®, mounted into a goniometer head,
and then rapidly cooled under a stream of cold N, of the low-
temperature apparatus (Oxford Cryostream) attached to the
diffractometer. The data were then collected using the APEX3
software suite [16] on a Bruker Photon 100 CMOS diffractometer
using a graphite monochromator with MoK, (A =0.71073 A) radi-
ation. Data were collected at 170K (2a,b,d, 3a, and 4a,b) or 198 K
(2c). APEX3 software was used for data reductions and SADABS [17]
was used for absorption corrections (multi-scan; semi-empirical
from equivalents). XPREP was used to determine the space group
and the structures were solved and refined using the SHELX [18]
software suite as implemented in the OLEX2 [19] program suite.
Validation of the structures was conducted using PLATON [20].
Crystallographic information has also been deposited with the
Cambridge Crystallographic Data Centre (€cpc
1870262—1870268). Copies of the data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK fax: + 44 1223 336033 or e-mail: deposit@ccdc.cam.ac.
uk).

3. Results and discussion

We have found that addition of PhyPBpin to 2-
diphenylphosphinobenzaldehyde (1a) and the related aldimine
derivatives (1b-f) proceeded at room temperature without the
need for added base or catalyst to give selective formation of the
corresponding diphosphines (2a-f, Scheme 2) in moderate to high
isolated yields (35—89%). All new diphosphines have been charac-
terized by a variety of analytical methods including multinuclear
NMR spectroscopy and elemental analysis. By '"H NMR the C(H) = E
resonance at 10.50 ppm (E =O) or ~ 8.8 ppm (E = NR) seen in the
starting aldehyde and aldimines disappears upon reduction of the
double bond. Additionally, the broad ''B resonance at 34 ppm for
Ph;,PBpin shifts to around 22—23 ppm for all ligands indicative of
coordination of the Bpin group to the heteroatom [5]. The broad
peak for PhyPBpin at —63.5 ppm observed by >'P{'H} NMR spec-
troscopy shifts significantly downfield upon reduction of the dou-
ble bond with the new diphenylpshosphide group appearing
anywhere from +1.2 ppm for the bulky 2,6-diisopropylphenyl de-
rivative (2c¢) to —12.6 ppm for the cyclopentyl derivative (2e).
Coupling between the two inequivalent phosphorus atoms is only
observed in 2a where the >'P{'H} NMR spectra shows two doublets
at 6.8 and —20.0 ppm with a coupling constant of 4Jpp = 24.1 Hz.

Bpin
E E/
Ph,PBpin -
H c ! PPh,
PPh; PPh,
1a:E=0 2a:E=0
1b: E = NPh 2b: E = NPh
1¢: E = N-2,6-(iPr),CgH3 2c¢: E = N-2,6-(iPr),CgH3
1d: E = N(CH,)3Ph 2d: E = N(CH,)3Ph
1e: E = N-c-CsHg 2e: E = N-c-C5Hg
1f: E = N(CH,)3PPh, 2f: E = N(CH,);PPh,

Scheme 2. The phosphinoboration of 2-diphenylphosphinobenzaldehyde and related
aldimines to generate novel ambiphilic diphosphines 2a-f.

This value is well within the range for four-bond couplings and
even longer range couplings (i.e. nine and ten bonds) have been
reported in related diphosphines [21]. Compound 2f is unique in
that it is a triphosphine with three distinct resonances in the 3'P
{'H} NMR spectrum at 6: —9.8, —15.0, and —19.5. No coupling is
observed at room temperature (or even —40 °C) presumably due to
the flexible nature of the pendant alkyl phosphine chain. Com-
pounds 2a-d were also characterized by single crystal X-ray
diffraction studies, whereupon the molecular structures of 2a and
2b are shown in Fig. 1, 2¢ and 2d can be found in the supporting
information section, and confirm the selective formation of one
product where the Bpin group has added to the heteroatom of the
double bond. Bond distances and angles are fully consistent with
those reported in related structures [5].

With elementally pure diphosphines in hand, we decided to
investigate their ability to ligate late transition metals using the
organic-soluble complexes [MCly(coe)], (M =Pd, Pt; coe = cis-
cyclooctene) [8]. As expected, reactions with 2a gave the corre-
sponding complexes 3a and 4a in high isolated yields (84 and 87%,
respectively), along with loss of the labile cyclooctene ligand
(Scheme 3). The 3'P{!H} NMR data for 3-4a and 3-4b show one
distinct product with chemically inequivalent phosphine atoms.
For instance, two resonances are observed in 4a at ¢ 41.5 (d,
Jep=22.2Hz) and 0.4 (d, Jpp=22.2Hz) with 9Pt satellites of
Jepe=3600 and 3420 Hz, respectively. As expected, no significant
change in the "B NMR data is observed, suggesting little or no
interaction between the Lewis-acidic boron and the metal atom in
solution. Complexes 3a, 4a and 4b have also been characterized by
single crystal X-ray diffraction studies, the molecular structures of
3a and 4b are shown in Fig. 2, while the isoelectronic structure of 4a
is provided in the supporting information section. Once again these
solid-state studies confirmed the bidentate nature of the diphos-
phine ligands and no appreciable interaction of the boron group
with the metal centre or these ancillary ligands was observed. All
crystal structures are centrosymmetric due to the racemic nature of
the diphosphine ligands. Bond distances and angles are consistent
with well-known related diphosphine metal complexes [22]. Un-
fortunately, attempts to generate the corresponding complexes
from ligands 2c-f, derived from the bulkier aldimines, resulted in a
complicated mixture of products and isolation of the expected
products proved unsuccessful at this time. This result was some-
what disappointing as 2f should be an interesting and potential
tridentate ligand and current studies are focusing on using this
compound to coordinate to rhodium and iridium complexes.

We then decided to examine the potential of using these new
complexes, 3-4a,b as precatalysts for the hydroboration of alde-
hydes using HBpin. Unfortunately, unlike many Lewis-acidic metal
centres [ 1], these complexes failed to facilitate these reductions. We
then decided to examine the potential of these complexes to ca-
talyse the cycloaddition of alkynoic acids [23] as this area of
research is of considerable recent interest as the resulting cyclic
lactones are important in natural products and specialty chemicals
with applications in pharmaceutical, agricultural, flavours and
fragrances industries [24]. We were encouraged to find that these
new complexes, along with the precursor [MCl,(coe)], (M = Pd, Pt)
starting materials, were effective in catalysing both 4-pentynoic
acid and 5-hexynoic acid to give the corresponding exo-dig cyclic
lactones (Table 1). Reaction progress was monitored by 'H NMR
spectroscopy and conversion of the starting alkynoic acid was
determined by integration of product resonances relative to 1,2-
dimethoxybenzene as an internal standard. Reactions were per-
formed under microwave conditions and monitored at regular time
intervals to a maximum of 8 h. Formation of the expected product I
with a negligible amount of the endo-dig product II in some in-
stances was seen. It is interesting to note, however, that significant
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Fig. 1. The molecular structures of 2a (a) and 2b (b) with ellipsoids shown at the 30% confidence level. Hydrogen molecules have been omitted for clarity. Selected bond distances
(A) and angles (°) (2a): B1—01 1.3669(16), B1-02 1.3638(16), B1—03 1.3536(15), 01—B1—02 114.94(11), 01-B1—03 120.43(11), 02—B1-03 124.62(11); Selected bond distances (A)
and angles (°) (2b): B1-01 1.3725(19), B1—02 1.3753(19), B1-N1 1.4161(19), 01-B1—02 113.87(12), 01-B1—N1 124.37(13), 02—B1-N1 121.75(13).

(a)

Fig. 2. The molecular structures of 3a (a) and 4b (b) with ellipsoids shown at the 30% confidence level. Hydrogen molecules have been omitted for clarity. Selected bond distances
(A) and angles (°) (3a): Pd1—P1 2.2452(4), Pd1—P2 2.2390(4), Pd1—Cl1 2.3644(4); Pd1—CI2 2.3446(4), B1-01 1.365(2), B1-02 1.362(2), B1-03 1.369(2), P1—Pd—P2 91.531(16),
Cl1-Pd1-CI2 93.565(16), 01-B1-02 115.67(15), 01-B1-03 120.06(15), 02—B1-03 124.27(15); Selected bond distances (A) and angles (°) (4b): Pt1—P1 2.2242(18), Pt1—P2
2.2433(12), Pt1-CI1 2.3429(18); Pt1—Cl2 2.3349(14), B1-01 1.347(10), B1-02 1.364(9), B1-N1 1.438(10), P1-Pt1-P2 93.33(8), Cl1-Pt1—-CI2 88.58(8), 01-B1-02 114.7(7),

01-B1—N1 122.7(6), 02—B1—N1 122.6(7).

/Bpin
w cl cl 2ab B Fhe
N\, i P. Cl
/M\ >M< 2 equiv. \M/

M = Pd, Pt Phz
3M=Pd; 4 M=Pt
aE=0
b: E = NPh

Scheme 3. Addition of diphosphines 2a,b to [MCl,(coe)], (M =Pd, Pt).

amounts of the unusual product IIl were also observed in these
reactions. Compound I was characterized by 'H and *C{'H} NMR
spectroscopy and compared to readily available commercial prod-
ucts. Known [PtCly(coe)], proved to be the most efficient

precatalyst showing complete conversion of 4-pentynoic acid at RT
after a period of 24h. Unfortunately, none of the other metal
complexes tested showed complete conversion under these con-
ditions thereby necessitating the use of microwave radiation to
facilitate the cyclisation. 4-Pentynoic acid was completely con-
verted using [PtCly(coe)]; as the precatalyst after 1h at 100°C
(entry 7) giving a mixture of the exo-dig I and endo-dig products II
and Il in a 41:1:58 ratio while 5-hexynoic acid (entry 10), required
8 h of heating and resulted in a similar product distribution albeit I
and III are the only products seen. Of the platinum complexes
tested only the combination of 4a and 4-pentynoic acid (entry 8)
showed complete conversion and in this case the exo-dig isomer
was the predominant product formed in a ratio of 60:40 (L:III).
Diminished conversions (22—41%) were observed using 4a and 5-
hexynoic acid and 4b proved to be a poor catalyst with both
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Table 1
Catalysed cyclisation of alkynoic acids using Pd(Il) and Pt(Il) complexes.®

o

(fn ~OH Pd, Pt O o ) o] o) o
— U urn
% n )” )n
n=1,2 I (exo-dig) Il (endo-dig) 1l (endo-dig isomer)
a-angelica lactone

Entry Precatalyst n conversion 1 1l 11
1 [PdCly(coe)], 1 100 18 0 82
2 3a 1 100 63 0 37
3 3b 1 69 80 0 20
4 [PdCly(coe)], 2 17 45 0 55
5 3a 2 19 100 0 0
6 3b 2 12 55 0 45
7 [PtCly(coe)], 1 100° 41 1 58
8 4a 1 100 59 0 41
9 4b 1 41 95 0 5
10 [PtCly(coe)]» 2 100 40 0 60
11 4a 2 22 97 0 3
12 4b 2 25 78 0 22

@ Reactions carried out in CDCl3 for 8 h at 100 °C using microwave radiation with
conversion and product ratios determined by '"H NMR spectroscopy.
b Complete conversion of this reaction occurred after 1h.

alkynoic acids (entries 9, 11, and 12). The palladium compounds
behaved similarly with respect to conversion and product distri-
bution to their platinum anologues where [PdCly(coe)]> (entry 1)
and 3a (entry 2) both showed complete conversion of 4-pentynoic
acid to I and III while 3b (entry 3) was not able to completely
convert the alkynoic acid. Cyclisation of 5-hexynoic acid at 100 °C
for 8 h gave low conversions (<20%) for all palladium complexes.
The appearance of dark oily solids upon completion of the reaction
leads us to believe the compounds were decomposing during these
reactions. While numerous metal complexes are known to facilitate
the cycloaddition of these substrates [24], the formation of III has
not yet been reported with these terminal substrates. Indeed, -
angelica lactone III is the major product observed in the cyclisation
of the internal alkyne but-2-ynoic acid using [PdCl,(NCMe);]| [24x].
a-Angelica lactone is a biologically-active molecule used in the
food-flavouring industry and is traditionally prepared from the
catalysed dehydration and cyclisation of levulinic acid [25]. In this
present study, while other pathways are certainly plausible, one
possible mechanism for the formation of Il in these reactions could
proceed via isomerization of I to the more stable isomer IIIL Indeed,
we have found that addition of I to a catalytic amount of
[PtCly(coe)]> and the starting alkynoic acid under these reaction
conditions gave significant amounts of isomer III after 8h.
Although we were unable to get exclusive formation of these un-
usual products, future work in our lab will focus on using Pd(II) and
Pt(II) complexes to generate these potentially important products.

Finally, we decided to examine the role of the Lewis-acid boryl
group in these catalysed reactions and investigated the cyclisation
of 4-pentynoic acid using the non-boron containing control com-
plex (x2-PP-2-PhyPCgH4CH,(OH)PPh,)PtCl,, which was prepared
by the addition of methanol to 4a. Although conversions were
significantly diminished compared to 4a, owing to the low solubi-
lity of (x2-PP-2-Ph,PCsH4CH,(OH)PPh,)PtCl, in organic solvents,
selectivities were approximately the same, suggesting that the
Lewis acidic boron group does not play a significant role in these
cyclisations. However, the lipophilic nature of the Bpin increases
the solubility of these complexes and makes them more efficient
catalyst precursors. We will continue to investigate these novel li-
gands in catalysis to see if we can utilize the ambiphilic nature of
these species, the results of which will be reported in due course.

4. Conclusions

In this preliminary study, we have investigated the addition of a
simple phosphinoboronate ester, Ph,PBpin (pin = 1,2-0,C;Mey), to
2-diphenylphosphinobenzaldehyde  (2-Ph,PCgH4C(O)H)  and
related aldimine derivatives (2-Ph,PCgH4C(NR)H). Reactions pro-
ceed smoothly without the need for a catalyst or additive to
generate the corresponding diphosphine ligands bearing a pendant
Lewis-acid Bpin group where the phosphide fragment has added to
the aldehyde (or imine) carbon atom and the electron-deficient
boron group has added to the electron-rich heteroatom. All new
compounds have been characterized fully including single crystal
X-ray diffraction studies on 2a-d and confirm the regioselective
nature of these addition reactions. Preliminary studies show that
some of the new diphosphines ligate to Pd(Il) and Pt(Il) metal
centres. Using these new metal complexes, as well as the starting
materials [MCly(coe)]> (M = Pd, Pt, coe = cis-cyclooctene), as pre-
catalysts in the cyclisation of alkynoic acids gave the corresponding
exo-dig cyclic lactones as well as the unusual endo-dig cyclic lac-
tones not traditionally observed in these reactions. For instance,
reactions of 4-pentynoic acid also afforded significant amounts of
a-angelica lactone, a biologically-important compound tradition-
ally prepared via the catalytic dehydration and cyclisation of lev-
ulinic acid. Future studies will focus on examining other Pd(Il) and
Pt(Il) complexes as potential precatalysts for the cyclisation of
alkynoic acids, the results of which will be reported in due course.
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