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Bis(dimesitylphosphanyl)butadiyne (14) reacts with B(C6F5)3 by a 1,1-carboboration sequence.
The selective attack at a single phosphanyl-alkyne moiety is observed. First a phosphirenium-borate
zwitterion 15 is formed at r. t. Thermolysis (80 ◦C) results in the E-selective formation of the 1,1-
carboboration product, the frustrated Lewis pair (FLP) E-16, which upon heating to 160 ◦C eventu-
ally undergoes isomerization followed by an internal nucleophilic aromatic substitution reaction to
give the product 17 featuring a -B(F)(C6F5)2 substituent at the five-membered P-heterocycle. Finally,
the FLP E-16 was reacted with n-butylisocyanide to yield the five-membered heterocyclic product
18, formed by P,B addition to the isonitrile carbon atom. Compounds 14, 15, 17, and 18 were char-
acterized by X-ray crystal structure analyses.
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Introduction

The 1,1-carboboration reaction is a method very
well suited for synthesizing vinylborane derivatives.
It has turned out to be especially useful for prepar-
ing alkenylboranes that bear bulky substituents at the
carbon-carbon double bond [1, 2]. The first variants
involved reactions of alkynylborate salts that were
treated with suitable electrophiles [3 – 5]. However,
the most important development in this field is prob-
ably due to subsequent work by B. Wrackmeyer
et al. [6 – 8]. During the “Wrackmeyer reaction” (see
Scheme 1) an acetylenic substrate bearing a suitable
substituent X is treated with e. g. triethylborane. Addi-
tion of the borane to the ≡C–X terminus of the alkyne
induces a 1,2-migration of the X substituent along
the acetylenic framework concomitant with a 1,2-alkyl
shift from boron to the former C1 terminus of the
acetylene [9]. The “Wrackmeyer reaction” usually re-
quires good migrating groups X, preferentially Si-,
Ge-, Sn- or Pb-based [7, 8], but also a few transition
metal systems can be used [10, 11].

H. Berke [12, 13] and our group [14, 15] have inde-
pendently found that the application of strongly elec-
trophilic R-B(C6F5)2 reagents greatly facilitates the
1,1-carboboration reaction and extended its scope con-
siderably, making it possible to use simple terminal
alkynes as substrates. In these cases hydrogen migra-
tion along the acetylenic backbone took place during
the 1,1-carboboration sequence. We were even able to
react internal alkynes according to this scheme, which
provided a novel method for C–C bond activation [16]
(Scheme 1).

We have described several extensions of such 1,1-
carboboration reactions [17 – 21]. Systems that were
proceeding with facile Ar2P migration turned out
to be especially interesting. We developed a vi-
able phosphole synthesis based on this chemistry
(see Scheme 2) [22] and have shown that unsatu-
rated vicinal P/B frustrated Lewis pairs (FLPs) could
easily be prepared along this route [23]. The 1,1-
carboboration reactions involving 1,2-phosphanyl mi-
gration are likely to proceed via zwitterionic phos-
phirenium borate intermediates. In one case we were
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Scheme 1.

able to isolate and characterize such a species (11) in-
cluding its crystal structure determination [24].

We have now extended this chemistry to the reac-
tions of phosphanyl-substituted conjugated diynes. In
this account we describe the reaction of bis(dimesityl-
phosphanyl)butadiyne with B(C6F5)3.

Results and Discussion

The conjugated diyne starting material 14 was pre-
pared by treatment of in situ generated dilithiobu-
tadiyne (13) with mes2PCl [25] (Scheme 3) in ca. 68%
yield after chromatographic purification and crystal-
lization. Compound 14 was characterized by spec-
troscopy and by X-ray diffraction. In solution it fea-
tures the typical 1H and 13C NMR signals of the four

Scheme 2.

Fig. 1. Molecular structure of compound 14.

homotopic mesityl substituents at phosphorus, and it
shows a 31P NMR resonance at δ = −54.0 ppm. The
butadiyne 13C NMR pair of resonances occurs at δ =
82.6 (C1, 1JPC = 12.2 Hz, 4JPC = 3.2 Hz) and δ = 92.6
(C2, 2JPC = 11.3 Hz, 3JPC = 3.0 Hz) ppm. The X-
ray crystal structure analysis of compound 14 (Fig. 1)
shows a linear P2C4 framework [angles P1–C1–C2
164.4(2)◦, C1–C2–C2* 178.0(2)◦] with typical bond
lengths of P1–C1 1.762(2), C1–C2 1.209(2) and C2–
C2* 1.372(3) Å. The (symmetry-equivalent) phospho-
rus atoms feature typical trigonal pyramidal coordi-
nation geometries [sum of PCCC angles 314.3◦]. The
overall molecule has inversion symmetry.

We then treated the bis(dimesitylphosphanyl)buta-
diyne starting material 14 with the strong Lewis acid
B(C6F5)3. The reaction with one molar equivalent of
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the borane gave a selective reaction that involved only
a single mes2P–C≡C- moiety of the substrate. Stir-
ring the mixture for a prolonged time at r. t. resulted
in the clean formation of the product 15. This can be
regarded as the initial step of a 1,1-carboboration re-
action sequence. The borane was added to a terminal
butadiyne carbon atom, and the -Pmes2 group started

Fig. 2. Molecular structure of the zwitterionic phosphirenium-borate 15.

its migration toward the adjacent acetylenic carbon
atom (Scheme 3). We have isolated the phosphirenium-
borate product 15 in ca. 70% yield.

In solution it shows a very characteristic 31P NMR
resonance [24, 26 – 28] of the phosphirenium unit at
δ = −131.7 and the 31P NMR signal of the remain-
ing -C≡C–Pmes2 group at δ = −54.6 ppm. The 11B
NMR signal occurs at δ = −16.7 ppm, typical of
a borate anion moiety [corresponding 19F NMR sig-
nals at δ = −131.2 (o), −160.5 (p), −165.4 (m)
ppm]. The 13C NMR resonances of the phosphire-
nium unit were located at δ = 152.6 (= CB) and δ =
122.8 (= CP) ppm, and we found the 13C NMR sig-
nals of the remaining alkynyl moiety at δ = 113.1
and δ = 93.1 ppm. Compound 15 was character-
ized by single crystal X-ray diffraction (Fig. 2). It
shows the newly formed three-membered phosphire-
nium subunit [C3–P2 1.741(2), C4–P2 1.783(2), C3–
C4 1.337(3) Å]. The -B(C6F5)3 moiety is bonded to
carbon atom C4 [C4–B1 1.638(3) Å, angle C3–C4–
B1 138.2(2)◦]. Carbon atom C3 bears the -C≡C–
Pmes2 substituent [C3–C2 1.403(3), C2–C1 1.204(3),
C1–P1 1.758(2) Å, angles P1–C1–C2 162.3(2)◦, C1–
C2–C3 177.0(2)◦, C2–C3–C4 144.0(2)◦, C2–C3–P2
146.5(1)◦]. Both, the boron atom B1 and the phos-
phorus atom P2 show pseudotetrahedral coordination
geometries, whereas the remaining phosphorus center
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P1 features a trigonal-pyramidal coordination [sum of
P1CCC angles: 316.1◦].

Compound 15 was heated for 7 h at 80 ◦C in an
NMR experiment. This resulted in the formation of the
1,1-carboboration product E-16 (Scheme 3). The prod-
uct shows a 31P NMR signal of the adjacent mes2P
substituent at δ = 11.2 ppm. The 19F NMR spectra fea-
ture a set of signals (double intensity) of the -B(C6F5)2
group [in the typical borate range: δ = −132.0 (o),
−160.9 (p) and −168.2 (m) ppm] and the signals of
the -C6F5 group (single intensity) that had been shifted
from boron to carbon during the 1,1-carboboration re-
action sequence [δ =−138.5 (o), −158.3 (p), −166.6
(m) ppm]. The 31P NMR signal of the remaining
-C≡C–Pmes2 group occurs at δ = −59.7 ppm [corre-
sponding acetylenic 13C NMR resonances: δ = 98.7,
102.5 ppm]. Compound 16 was also synthesized on
a preparative scale and isolated in 91% yield.

We thermolyzed the in situ generated 1,1-
carboboration product 16 in an autoclave at 160 ◦C
(24 h, Scheme 3). This resulted in the formation of
compound 17, which was isolated in > 90% yield. We
assume that under these forcing conditions E-16/Z-16
isomerization might take place followed by internal
nucleophilic aromatic substitution at the -C6F5 group
by the then adjacent -Pmes2 group [29].

Compound 17 shows the typical 19F NMR signal of
the boron-bonded fluoride ([B]-F) at δ =−187.5 ppm
and four clearly separated 19F NMR features of the
remaining tetrafluorophenylene moiety (δ = −123.9,
−124.6, −141.8, −152.3 ppm) in addition to the 19F
NMR signals of the residual -B(C6F5)2 group [δ =
−134.0 (o), −160.9 (p), −166.5 (m) ppm]. Com-
pound 17 shows a phosphonium 31P NMR signal at
δ = 25.9 ppm and the typical 31P NMR signal of the
pendent -C≡C–Pmes2 substituent (δ =−55.9 ppm).

The X-ray crystal structure analysis of compound
17 (Fig. 3) shows the newly formed phosphonia-indene
moiety [P2–C3 1.819(3), C3–C4 1.363(4) Å] that has
the -B(F)(C6F5)2 substituent bonded to it at carbon
atom C4 (C4–B1 1.649(4), B1–F1 1.452(4) Å] and the
-C≡C–Pmes2 substituent at carbon atom C3 [C3–C2

Scheme 4.

Fig. 3. Molecular structure of compound 17.

1.416(4), C2–C1 1.204(4), C1–P1 1.777(3) Å, angles
P1–C1–C2 166.7(3)◦, C1–C2–C3 171.4(3)◦, C2–C3–
C4 126.3(3)◦, C2–C3–P2 122.4(2)◦].

We have started to investigate the reactivity of the
1,1-carboboration product E-16 and describe here its
reaction with an alkyl isonitrile. We generated com-
pound E-16 in situ on a preparative scale (see above)
and added n-butylisocyanide. The reaction mixture
was then kept at r. t. for ca. 2 d to give the addition
product 18 in ca. 69% yield (Scheme 4).

In the crystal (Fig. 4) compound 18 features the
newly formed five-membered heterocyclic core struc-
ture that was formed by addition of both the borane
and the phosphane moiety of the frustrated Lewis
pair [30, 31] E-16 to the isonitrile carbon atom [B1–
C5 1.652(6), C5–P2 1.886(4), P2–C3 1.818(4), C3–
C4 1.361(5), C4–B1 1.652(5) Å]. The C5–N1 bond
(1.265(5) Å) is in the C=N double bond range. The
newly formed imine type structure is E-configurated.
The sp2-hybridized olefinic ring carbon atom C4
has the C6F5 substituent attached to it (C4–C51
1.485(5) Å) whereas the -C≡C–Pmes2 substituent is
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Fig. 4. Molecular structure of the isonitrile addition product 18.

bonded to C3 [C3–C2 1.426(5), C2–C1 1.214(5),
C1–P1 1.763(4) Å, angles P1–C1–C2 162.0(4)◦, C1–
C2–C3 174.2(4)◦, C2–C3–P2 119.8(3)◦, C2–C3–C4
128.5(3)◦, sum of P1CCC angles: 314.0◦, sum of C5
angles: 359.8◦].

In solution we see the NMR signals of a single
isomer of compound 18. It shows a 11B NMR sig-
nal at δ = −14.7 and a ring phosphorus resonance
at δ = 8.5 ppm. The endocyclic B(C6F5)2 unit shows
a set of 19F NMR signals with double intensity at
δ =−129.9 (o), δ =−159.3 (p) and δ =−165.2 (m)
ppm. The 19F NMR resonances of the single carbon-
bound -C6F5 group were located at δ = −134.9 (o),
δ =−155.2 (p) and δ =−163.6 (m) ppm. The termi-
nal -Pmes2 substituent gives rise to a 31P NMR signal
at δ = −55.5 ppm.

Conclusion

Bis(dimesitylphosphanyl)butadiyne (14) reacts
cleanly with the strong Lewis acid B(C6F5)3. It
undergoes a typical 1,1-carboboration reaction that
proceeds via a phosphirenium-borate intermediate
(here: 15). Further heating leads to completion of
the 1,1-carboboration reaction with formation of the
internal frustrated Lewis pair E-16. It has previously
been shown that related syn-1-boryl-2-phosphanyl
alkenes [32] or arenes [33] may serve as bifunctional

Fig. 5.

donor/acceptor ligands in transition metal coordina-
tion chemistry and form the respective five-membered
chelate metal complexes or related coordination
systems (Fig. 5). In our case the FLP E-16 serves
in a “metal-like” role, namely as a combined donor/
acceptor system for a typical organic ligand, namely
n-butylisocyanide.

It is also remarkable that B(C6F5)3 undergoes a very
selective 1,1-carboboration reaction at only one acety-
lene unit of the bifunctional substrate 14 without
touching the other -C≡C–Pmes2 function. We shall
see whether we can eventually utilize this remaining
functionality to prepare new multi-functionalized FLP
derivatives.

Experimental Section

All reactions were carried out under argon atmosphere
with Schlenk-type glassware. Solvents were dried using
a Grubbs-type system [34]. The following instruments were
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used for physical characterization of the compounds. Ele-
mental analyses: Foss-Heraeus CHN-O-Rapid. NMR: Varian
Inova 500 (1H, 500 MHz; 13C, 126 MHz), Varian UnityPlus
600 (1H, 600 MHz; 13C, 151 MHz). Chemical shifts (δ ) are
given in ppm. Assignments of the resonances were supported
by 2D experiments. For the determination of melting points
a DSC Q 20 (TA Instruments) was employed.

Compound 14

Compound 14 was prepared analogously to a pub-
lished synthetic procedure for bis(diphenylphosphanyl)buta-
diyne [25]: First a solution of n-butyllithium (30 mL,
48 mmol, 4 eq.) in THF (75 mL) was protected from light and
cooled down to −78 ◦C. Then a solution of hexachlorobuta-
diene (1.9 mL, 12 mmol, 1 eq.) in THF (10 mL) was added
via syringe within a period of 15 min. The reaction mix-
ture was stirred for 15 min at −78 ◦C and additional 2.5 h
at r. t. Subsequently the solution was cooled to −78 ◦C to
add a solution of PMes2Cl (7.31 g, 24 mmol, 2 eq.) in THF
(30 mL) during 15 min. After one hour stirring at−78 ◦C the
dark reaction mixture was hydrolyzed with H2O (30 mL) at
r. t. The organic layer was separated and dried with MgSO4.
After filtration the solvent was removed in vacuo to yield
a dark-yellow solid (6.52 g). It was purified by column
chromatography (30×350 mm, SiO2/dichloromethane) and
crystallization from dichloromethane solution. Yield: 4.78 g
(8.15 mmol, 68%); m. p. 175 ◦C. – 1H NMR (400 MHz,
295 K, CD2Cl2): δ = 6.81 (dm, 4JPH = 3.4 Hz, 2H, m-Mes),
2.33 (s, 6H, o-CHMes

3 ), 2.23 (s, 3H, p-CHMes
3 ). – 13C{1H}

NMR (76 MHz, 295 K, CD2Cl2): δ = 142.2 (d, 2JPC =
15.9 Hz, o-Mes), 139.3 (p-Mes), 130.2 (d, 3JPC = 4.0 Hz,
m-Mes), 128.5 (dd, 1JPC = 10.7 Hz, 6JPC = 1.1 Hz, i-Mes),
92.6 (dd, 2JPC = 11.3 Hz, 3JPC = 3.0 Hz, ≡C)t, 82.6 (dd,
1JPC = 12.2 Hz, 4JPC = 3.2 Hz, ≡CP)t, 23.0 (d, 3JPC =
14.2 Hz, o-CHMes

3 ), 21.0 (p-CHMes
3 ), [t tentatively assigned].

– 31P{1H} NMR (121 MHz, 295 K, CD2Cl2): δ = −54.0
(ν1/2 ≈ 1 Hz). – HRMS: m/z = 587.2991 (calcd. 587.2996
for C40H45P2). – C40H44P2: calcd. C 81.88, H 7.56; found C
80.39, H 7.56.

Compound 15

A solution of B(C6F5)3 (256 mg, 0.5 mmol, 1 eq.) in
dichloromethane (8 mL) was added to a solution of 14
(293 mg, 0.5 mmol, 1 eq.) in dichloromethane (5 mL) via
syringe. The reaction mixture was stirred for 3 d at r. t.
Then the solvent was removed in vacuo to yield a brown
solid (436 mg, 79%). The product was purified by crystal-
lization from dichloromethane-pentane solution to get col-
orless crystals (384 mg, 70%). Crystals suitable for X-ray
crystals structure analysis were obtained by diffusion of
pentane into a dichloromethane solution of 15 at −40 ◦C.
M. p. 134 ◦C. – 1H NMR (500 MHz, 299 K, CD2Cl2): δ =

6.87 (d, 4JPH = 5.8 Hz, 2H, m-MesP+), 6.84 (d, 4JPH =
3.5 Hz, 2H, m-Mes), 2.30 (s, 6H, o-CHMes

3 ), 2.29 (s, 3H, p-
CHMesP+

3 ), 2.26 (s, 3H, p-CHMes
3 ), 2.11 (s, 6H, o-CHMesP+

3 ).
– 13C{1H} NMR (125 MHz, 299 K, CD2Cl2): δ = 152.6 (br.
=CB), 148.2 (dm, 1JFC ≈ 240 Hz, C6F5), 144.9 (d, 4JPC =
3.3 Hz, p-MesP+), 143.5 (d, 2JPC = 12.1 Hz, o-MesP+),
142.1 (d, 2JPC = 16.0 Hz, o-Mes), 139.6 (p-Mes), 139.4 (dm,
1JFC ≈ 250 Hz, C6F5), 137.0 (dm, 1JFC ≈ 250 Hz, C6F5),
130.7 (d, 3JPC = 13.6 Hz, m-MesP+), 130.3 (d, 3JPC =
4.1 Hz, m-Mes), 128.1 (d, 1JPC = 9.6 Hz, i-Mes), 122.8 (br,
=CP)t, 120.6 (br, i-C6F5), 120.3 (d, 1JPC = 87.0 Hz, i-
MesP+), 113.1 (dd, 2JPC = 20.8 Hz, 2JPC = 8.3 Hz, ≡C)t,
93.1 (dd, 1JPC = 7.9 Hz, 3JPC = 2.3 Hz, ≡CP)t, 23.0 (d,
3JPC = 14.0 Hz, o-CHMes

3 ), 22.5 (d, 3JPC = 7.6 Hz, o-
CHMesP+

3 ), 21.3 (d, 5JPC = 1.3 Hz, p-CHMesP+
3 ), 21.0 (p-

CHMes
3 ), [t tentatively assigned]. – 31P{1H} NMR (202 MHz,

299 K, CD2Cl2): δ =−54.6 (d, 3JPP = 3.2 Hz, ν1/2 ≈ 2 Hz,
P), −131.7 (ν1/2 ≈ 10 Hz, P+). – 11B NMR (160 MHz,
299 K, CD2Cl2): δ = −16.7 (ν1/2 ≈ 30 Hz). – 19F NMR
(470 MHz, 299 K, CD2Cl2): δ = −131.2 (m, 2F, o-C6F5),
−160.5 (t, 3JFF = 20.7 Hz, 1F, p-C6F5), −165.4 (m, 2F, m-
C6F5), [∆δ 19Fm,p = 4.8]. – HRMS: m/z = 1099.2844 (calcd.
1099.2844 for C58H45BF15P2).

Compound E-16

NMR tube scale: Compound 15 (20 mg, 0.018 mmol) in
CD2Cl2 (1.5 mL) was heated in a flame-sealed NMR tube
for 7 h at 80 ◦C. Then the sample was investigated by NMR
spectroscopy. – 1H NMR (500 MHz, 299 K, CD2Cl2): δ =
6.74 (dm, 4JPH = 3.7 Hz, 2H, m-MesP=), 6.72 (dm, 4JPH =
3.4 Hz, 2H, m-Mes), 2.25 (s, 3H, p-CHMesP=

3 ), 2.22 (s, 3H,
p-CHMes

3 ), 2.15 (s, 6H, o-CHMesP=
3 ), 2.08 (s, 6H, o-CHMes

3 ).
– 13C{1H} NMR (125 MHz, 299 K, CD2Cl2): δ = 163.1
(br. =CB), 142.7 (d, 2JPC = 8.9 Hz, o-MesP=), 142.1 (d,
2JPC = 15.8 Hz, o-Mes), 142.0 (d, 4JPC = 2.9 Hz, p-MesP=),
139.1 (p-Mes), 130.9 (d, 3JPC = 9.0 Hz, m-MesP=), 130.1 (d,
3JPC = 4.0 Hz, m-Mes), 128.9 (dd, 1JPC = 11.0 Hz, 5JPC =
1.4 Hz, i-Mes), 122.7 (d, 1JPC = 35.7 Hz, i-MesP=), n. o.
(=CP), 102.5 (dm, 2JPC = 9.3 Hz, ≡C)t, 98.7 (dd, 3JPC =
14.7 Hz, 1JPC = 5.8 Hz, ≡CP)t, 23.5 (br d, 3JPC = 6.0 Hz,
o-CHMesP=

3 ), 22.6 (d, 3JPC = 14.2 Hz, o-CHMes
3 ), 21.0 (p-

CHMes=
3 )t, 20.9 (d, 5JPC = 1.3 Hz, p-CHMes

3 )t, [C6F5 not
listed], [t tentatively assigned]. – 31P{1H} NMR (202 MHz,
299 K, CD2Cl2): δ = 11.2 (ν1/2 ≈ 40 Hz P=), −59.7 (d,
4JPP = 4.8 Hz, ν1/2≈ 1 Hz P). – 19F NMR (470 MHz, 299 K,
CD2Cl2): δ = −132.0 (br, 4F, o-C6FB

5 ), −138.5 (m, 2F,
o-C6F5), −158.3 (t, 3JFF = 21.0 Hz, 1F, p-C6F5), −160.9
(t, 3JFF = 20.3 Hz, 2F, p-C6FB

5 ), −166.6 (m, 2F, m-C6FB
5 ),

−168.2 (m, 4F, m-C6FB
5 ), [∆δ 19Fm,p(C6FB

5 ) = 7.4].
Preparative scale: The phosphane 14 (293 mg, 0.5 mmol,

1 eq.) and B(C6F5)3 (256 mg, 0.5 mmol, 1 eq.) were dis-
solved in deuterated dichloromethane (6 mL) and stirred for
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one day at r. t. Then the reaction mixture was heated at 80 ◦C
for additional 3 d (the process was monitored by 1H and 31P
NMR spectroscopy). Subsequently the solvent was removed
in vacuo to yield a brown solid (502 mg, 91%). – HRMS:
m/z = 1099.28225 (calcd. 1099.28505 for C58H45BF15P2).

Compound 17

Compound 14 (293 mg, 0.5 mmol, 1 eq.) and
tris(pentafluorophenyl)borane (256 mg, 0.5 mmol, 1 eq.)
were dissolved in dichloromethane (12 mL). The reaction
mixture was transferred into a sealed vial which was kept
in a autoclave reaction vessel containing dichloromethane.
The autoclave was heated up to 160 ◦C for 24 h. Af-
ter cooling to r. t. the volume of the reaction mixture
was reduced to get a brown oil. Crystallization from
dichloromethane-pentane yielded light orange crystals
(509 mg, 92%) suitable for X-ray crystal structure analysis.
M. p. 160 ◦C. – 1H NMR (500 MHz, 299 K, CD2Cl2):
δ = 6.90 (dm, 4JPH = 5.1 Hz, 2H, m-MesP+), 6.75 (dm,
4JPH = 3.5 Hz, 2H, m-Mes), 2.34 (s, 3H, p-CHMesP+

3 ),
2.23 (s, 3H, p-CHMes

3 ), 2.11 (s, 6H, o-CHMes
3 ), 2.04 (s,

6H, o-CHMesP+
3 ). – 13C{1H} NMR (126 MHz, 299 K,

CD2Cl2): δ = 179.8 (m, =CB)t, 145.7 (d, 4JPC = 3.1 Hz,
p-MesP+), 143.3 (d, 2JPC = 10.9 Hz, o-MesP+), 142.5
(d, 2JPC = 16.8 Hz, o-Mes), 139.3 (p-Mes), 132.8 (d,
3JPC = 12.2 Hz, m-MesP+), 130.1 (d, 3JPC = 4.1 Hz,
m-Mes), 127.8 (dd, 1JPC = 11.5 Hz, 5JPC = 2.1 Hz, i-Mes),
120.7 (d, 1JPC = 81.0 Hz, =CP)t, 112.5 (d, 1JPC = 78.9 Hz,
i-MesP+), 103.5 (dd, 2JPC = 13.9 Hz, 2JPC = 10.1 Hz,≡C)t,
102.1 (dd, 3JPC = 18.1 Hz, 1JPC = 12.9 Hz, ≡CP)t, 23.3
(br d, 3JPC = 5.8 Hz, o-CHMesP+

3 ), 22.4 (d, 3JPC = 15.1 Hz,
o-CHMes

3 ), 21.4 (p-CHMesP+
3 ), 21.0 (p-CHMes

3 ), [C6F5,
C6F4 not listed], [t tentatively assigned]. – 31P{1H} NMR
(202 MHz, 299 K, CD2Cl2): δ = 25.9 (ν1/2 ≈ 35 Hz,
P+), −55.9 (ν1/2 ≈ 25 Hz, P). – 11B NMR (160 MHz,
299 K, CD2Cl2): δ = −0.3 (ν1/2 ≈ 200 Hz). – 19F NMR
(470 MHz, 299 K, CD2Cl2): δ = −123.9 (m, 1F, F9)t,
−124.6 (m, 1F, F6), −134.0 (m, 4F, o-C6F5), −141.8 (m,
1F, F8)t, −152.3 (m, 1F, F7)t, −160.9 (t, 3JFF = 19.9 Hz,
2F, p-C6F5), −166.5 (m, 4F, m-C6F5), −187.5 (br, 1F, BF),
[∆δ 19Fm,p(C6F5) = 5.6], [t tentatively assigned]. – HRMS:
m/z = 1121.2647 (calcd. 1121.2674 for C58H44BF15P2Na).

Compound 18

Compound 14 (293 mg, 0.5 mmol, 1 eq.) and tris(penta-
fluorophenyl)borane (256 mg, 0.5 mmol, 1 eq.) were dis-
solved in dichloromethane (24 mL). The reaction mixture
was stirred for 2 d and heated at 75 ◦C for 10 h. 12 mL
of that mixture were transferred to another Schlenk tube
and treated with n-butyl isonitrile (21 mg, 0.25 mmol, 1 eq.).
The reaction mixture was stirred for 2 d and the solvent re-

moved in vacuo to get a brown solid (203 mg, 69%). Suit-
able crystals for X-ray crystal structure analysis were ob-
tained by diffusion of pentane into a dichloromethane solu-
tion at −40 ◦C. M. p. 141 ◦C. – 1H NMR (500 MHz, 299 K,
CD2Cl2): δ = 6.82 (dm, 4JPH = 4.1 Hz, 4H, m-MesP+),
6.69 (dm, 4JPH = 3.4 Hz, 4H, m-Mes), 3.38 (m, 2H, CHN

2 ),
2.28 (s, 6H, p-CHMesP+

3 ), 2.20 (s, 6H, p-CHMes
3 ), 2.19 (s,

12H, o-CHMesP+
3 ), 2.05 (s, 12H, o-CHMes

3 ), 1.50 (m, 2H,
CHCH2

2 ), 1.25 (m, 2H, CHCH3
2 ), 0.81 (t, 3JHH = 7.3 Hz,

3H, CH3). – 13C{1H} NMR (125 MHz, 299 K, CD2Cl2):
δ = n. o. (=CB), 145.1 (d, 2JPC = 11.0 Hz, o-MesP+) 143.6
(br, p-MesP+), 141.9 (d, 2JPC = 16.0 Hz, o-Mes), 139.0 (p-
Mes), 131.6 (d, 3JPC = 10.3 Hz, m-MesP+), 130.0 (d, 3JPC =
3.7 Hz, m-Mes), 128.9 (dd, 1JPC = 11.3 Hz, 5JPC = 1.2 Hz,
i-Mes), n. o. (=CP), n. o. (C=N), 120.2 (br dm, 1JPC =
53.5 Hz, i-MesP+), 104.2 (m,≡C)t, 99.6 (m,≡CP)t, 55.4 (br,
CHN

2 ), 31.8 (d, J = 1.4 Hz, CHCH2
2 ), 23.9 (d, 3JPC = 5.9 Hz,

o-CHMesP+
3 ), 22.5 (d, 3JPC = 14.3 Hz, o-CHMes

3 ), 21.0 (d,
5JPC = 1.4 Hz, p-CHMesP+

3 ), 20.9 (p-CHMes
3 ), 20.8 (d, J =

0.6 Hz, CHCH3
2 ), 13.8 (CH3), [C6F5 not listed], [t tentatively

assigned]. – 31P{1H} NMR (202 MHz, 299 K, CD2Cl2):
δ = 8.5 (ν1/2 ≈ 550 Hz, P+), −55.5 (ν1/2 ≈ 15 Hz, P).
– 11B NMR (160 MHz, 299 K, CD2Cl2): δ = −14.7 (d,
3JPB ≈ 40 Hz). – 19F NMR (470 MHz, 299 K, CD2Cl2): δ =
−129.9 (m, 4F, o-C6FB

5 ), −134.9 (br, 2F, o-C6F5), −155.2
(t 3JFF = 21.1 Hz, 1F, p-C6F5), −159.3 (t, 3JFF = 20.1 Hz,
2F, p-C6FB

5 ), −163.6 (m, 2F, m-C6F5), −165.2 (m, 4F, m-
C6FB

5 ). – C63H53BF15NP2: calcd. C 64.03, H 4.52, N 1.19;
found C 63.62, H 4.47, N 1.01.

X-Ray crystal structure determination

Data sets were collected with a Nonius KappaCCD
diffractometer. Programs used: data collection, COLLECT

(Nonius B.V., 1998); data reduction DENZO-SMN [35];
absorption correction, DENZO [36]; structure solution
SHELXS-97 [37]; structure refinement SHELXL-97 [38] and
graphics, XP (Bruker AXS, 2000). Displacement ellipsoids
are drawn with 30% probability, R values are given for ob-
served reflections, and wR2 values are given for all reflec-
tions. Exceptions and special features: For compound 15
a disordered solvent molecule was found in the asymmet-
ric unit and could not be satisfactorily refined. The routine
SQUEEZE as incorporated in PLATON [39] was therefore
used to remove mathematically the effect of the solvent. The
chemical formula and the molecular mass do not include
the squeezed part of the solvent molecules. For compound
18 one disordered molecule of dichloromethane was found
in the asymmetric unit. Several restraints (SADI, SIMU,
SAME and ISOR) were used in order to improve refinement
stability. A second disordered molecule of dichloromethane,
which could not be refined satisfactorily, was removed using
the routine SQUEEZE [39].



P. Feldhaus et al. · Facile 1,1-Carboboration of a Diarylphosphino-substituted Conjugated Diyne 673

X-Ray crystal structure analysis of 14: formula C40H44P2,
Mr = 586.69, yellow crystal, 0.25×0.25×0.10 mm3, mono-
clinic, space group P21/n (no. 14), a = 8.6357(4), b =
9.6320(4), c = 20.4270(6) Å, β = 93.867(3)◦, Z = 2, V =
1695.23(12) Å3, ρcalcd. = 1.15 g cm−3, µ = 1.3 mm−1, em-
pirical absorption correction (0.730 ≤ T ≤ 0.877), λ =
1.54178 Å, T = 223(2) K, ω and φ scans, 22110 reflections
collected (±h, ±k, ±l), [(sinθ)/λ ] = 0.60 Å−1, 2949 inde-
pendent (Rint = 0.047) and 2703 observed reflections [I >
2σ(I)], 196 refined parameters, R = 0.040, wR2 = 0.114,
max. (min.) residual electron density 0.24 (−0.21) e Å−3;
hydrogen atoms calculated and refined as riding atoms.

X-Ray crystal structure analysis of 15: formula
C58H44BF15P2, Mr = 1098.68, colorless crystal,
0.25 × 0.20 × 0.13 mm3, triclinic, space group P1̄ (no.
2), a = 11.7211(3), b = 14.6796(8), c = 18.8329(9) Å,
α = 95.071(3), β = 94.995(2), γ = 98.570(4)◦, Z = 2,
V = 3175.1(3) Å3, ρcalcd. = 1.15 g cm−3, µ = 1.3 mm−1,
empirical absorption correction (0.738 ≤ T ≤ 0.850),
λ = 1.54178 Å, T = 223(2) K, ω and φ scans, 40550
reflections collected (±h, ±k, ±l), [(sinθ)/λ ] = 0.60 Å−1,
10907 independent (Rint = 0.045) and 9120 observed
reflections [I > 2σ(I)], 698 refined parameters, R = 0.044,
wR2 = 0.128, max. (min.) residual electron density 0.25
(−0.24) e Å−3; hydrogen atoms calculated and refined as
riding atoms.

X-Ray crystal structure analysis of 17: for-
mula C58H44BF15P2, Mr = 1098.68, yellow crystal,
0.30 × 0.15 × 0.03 mm3, triclinic, space group P1̄ (no.
2), a = 10.6613(2), b = 12.6853(3), c = 19.9278(4) Å,
α = 75.576(1), β = 78.833(1), γ = 84.997(1)◦, Z = 2,
V = 2558.55(9) Å3, ρcalcd. = 1.43 g cm−3, µ = 0.2 mm−1,
empirical absorption correction (0.948 ≤ T ≤ 0.994),
λ = 0.71073 Å, T = 223(2) K, ω and φ scans, 23662
reflections collected (±h, ±k, ±l), [(sinθ)/λ ] = 0.60 Å−1,

8809 independent (Rint = 0.050) and 7314 observed re-
flections [I > 2σ(I)], 697 refined parameters, R = 0.056,
wR2 = 0.129, max. (min.) residual electron density 0.29
(−0.27) e Å−3; hydrogen atoms calculated and refined as
riding atoms.

X-Ray crystal structure analysis of 18: for-
mula C63H53BF15NP2 × CH2Cl2, Mr = 1266.74,
colorless crystal, 0.25 × 0.20 × 0.03 mm3, mono-
clinic, space group P21/c (no. 14), a = 13.4724(6),
b = 21.7726(13), c = 21.4217(6) Å, β = 94.999(3)◦, Z = 4,
V = 6259.7(5) Å3, ρcalcd. = 1.34 g cm−3, µ = 2.2 mm−1,
empirical absorption correction (0.614 ≤ T ≤ 0.938),
λ = 1.54178 Å, T = 223(2) K, ω and φ scans, 50772
reflections collected (±h, ±k, ±l), [(sinθ)/λ ] = 0.60 Å−1,
10639 independent (Rint = 0.081) and 6522 observed
reflections [I > 2σ(I)], 843 refined parameters, R = 0.064,
wR2 = 0.187, max. (min.) residual electron density 0.31
(−0.44) e Å−3; hydrogen atoms calculated and refined as
riding atoms.

CCDC 930182 (14), 930183 (15), 930184 (17), and
930185 (18) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data request/cif.

Supporting information

Further information on the materials and apparatus
used, the experimental procedures including syntheses
and structure determinations and pictures of spectra are
given as Supporting Information available online (DOI:
10.5560/ZNB.2013-3088).
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[5] R. Köster, G. Seidel, B. Wrackmeyer, Chem. Ber. 1989,
122, 1825 – 1850.

[6] B. Wrackmeyer, P. Thoma, S. Marx, G. Glatz, R.
Kempe, Z. Anorg. Allg. Chem. 2013, doi:10.1002/
zaac.201300007.

[7] B. Wrackmeyer, Coord. Chem. Rev. 1995, 145, 125 –
156.

[8] B. Wrackmeyer, Heteroatom Chem. 2006, 17, 188 –
208.
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[15] C. Chen, T. Voss, R. Fröhlich, G. Kehr, G. Erker, Org.
Lett. 2011, 13, 62 – 65.

[16] C. Chen, G. Kehr, R. Fröhlich, G. Erker, J. Am. Chem.
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