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The secondary aryl-P(H) phosphanyl substituted tert-butylacetylenes 7a,b (aryl: Mes or Mes*) undergo hydroboration with
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[HB(CsFs)2] with a rarely observed regiochemistry to give the geminal vinylidene-bridged P/B Lewis pairs 8a,b. Treatment of

8a,b with benzonitrile, N-sulfinylaniline, and phenyl isothiocyanate, respectively, gives the addition products 12a,b, 13a,b,

and 14 with proton transfer from the phosphorus to the more basic nitrogen site. The reaction of the FLPs 8a,b with carbon

dioxide yields a doubly boron bonded addition product. The reaction of 8b with a conjugated ynone formally proceeded by

trans-1,2-hydrophosphination of the alkyne at the geminal FLP framework to give the seven-membered heterocycle 21.

Introduction

The combination of Lewis acids and bases with sufficiently bulky
substituents to effectively hinder their neutralizing Lewis
adduct formation has opened ways of cooperative binding of
small molecules, often resulting in their activation.
Intramolecular frustrated Lewis pairs (FLPs) have played a
significant role in this current development.2 Most of these
intramolecular systems contain hydrocarbyl bridges that
feature a separation by two or more atoms between the FLP
antagonists. In contrast, geminal FLPs are less frequently
encountered. There is a sizable number of alkylidene-bridged
phosphane/aluminum FLPs (1 and 2, Scheme 1) that were
mostly reported by Uhl et al.3~> We had communicated a related
cationic P/Zr* system 3.6 The related C;-bridged P/B FLP systems
are rather rare, including our unusual (CsFs),P/B(CsFs), systems
4 and 5 with a much less nucleophilic
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Scheme 1 Geminal intramolecular frustrated Lewis pairs.

phosphane component.” Lammertsma, Wagner and others
have described a few methylene-bridged P/B compounds 6 with
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various types of substituents at the heteroatoms, most of which
show typical FLP reactivities.??®

We have now prepared a pair of geminal alkylidene-bridged
Ar(H)P/B(Ce¢Fs), FLPs by means of a simple regioselective
hydroboration route and found them to show some specific
reaction behavior toward CO, and some related organic
reagents.

Results and discussion

The secondary aryl, alkinyl phosphanes 7a,b were prepared in a
two-step procedure by treatment of 2,4,6-tri-tert-butylphenyl
(Mes*), respectively mesityl (Mes)PCl, with in situ generated
lithio tert-butylacetylene followed by chloride exchange for
hydride at phosphorus with the Li[HBEts] reagent.* We had
previously shown that di-mesityl vinyl- or substituted alkynyl
phosphanes added Piers’ borane [HB(CsFs),]*° with anti-
Markovnikov orientation, giving the respective vicinal C,-
bridged P/B systems.2'! The secondary phosphane 7a (Ar: Mes*)
reacted rapidly with the [HB(CeFs),] reagent (pentane, r.t., 1 h)
to cleanly give the hydroboration product with the opposite
regioselectivity, namely the geminal P/B system 8a, which we
isolated as an orange solid in 90% yield (Scheme 2). It was
characterized by C,H elemental analysis and by NMR
spectroscopy [*H: §6.60 (3Jpy = 25.2 Hz, 2-H), 5.93 (Ypy = 234.8
Hz, PH); 13C: §151.9 (Ypc = 37.8 Hz, C1), 170.1 (2Jpc = 22.0 Hz,
C2); 3'P: 5-67.2; 11B: 562.1; *°F: A8'°F,,, = 11.7 ppm, for further
details see the Supporting Information]. Compound 7b reacted
with [HB(CsFs)2] during a period of 12 h atr.t. to give the geminal
P/B product 8b. We isolated it from the reaction mixture in 85%
yield. It shows similar spectroscopic features as 8a (see the
Supporting Information).
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Fig. 1 A view of the molecular structure of the geminal P/B FLP dihydrogen splitting
product 9 (thermal ellipsoids are shown with 30 % probability). Selected bond lengths (A)
and angles (°): P1-C1 1.789(1), C1-B1 1.667(2), C1-C2 1.335(2); C1-P1-C11 129.0(1),
P1-C1-B1 102.1(1), ZB1°C = 335.2(1).

The mesityl P/B compound 8b did not turn out to be reactive
toward H; (60 bar). However, the mesityl* P/B compound 8a
showed FLP behavior and heterolytically split dihydrogen under
more forcing conditions (r.t., 60 bar H,, 7 h) to give the PH,*/BH"~
zwitterion 9, which we isolated as a white solid in 82% yield
(Scheme 2) [31P NMR: §-41.4 (t, Ypy = 486.9 Hz); 11B: 5-18.7
(Yan = 85.9 Hz); *H: §7.46 (d, PH,), §3.32 (BH)]. Compound 9
was characterized by X-ray diffraction (Fig. 1). The structure has
confirmed the wunusual regioselective outcome of the
hydroboration reaction of the bulky secondary alkynyl
phosphane 7a with [HB(CeFs),] plus the heterolytic dihydrogen
splitting reaction. The central sp?-hybridized carbon atom (C1)
has the boron and the phosphorus atom attached it. The
phosphorus atom P1 bears a pair of hydrogen atoms attached
and the bulky Mes* substituent, the boron atom B1 has one
hydrogen bonded to it in addition to the pair of C¢Fs groups.
Compound 8a was found being a metal-free catalyst for the
hydrogenation of a bulky imine and an enamine under more
forcing conditions (60 bar H,, r.t.) but it is not overly active (see
the Supporting Information for details).

The geminal P/B FLP 8a is thermally sensitive. Over a period of
5 d in cyclohexane-di; solution at r.t., it was converted to a ca.
1: 1 mixture of the products 10 and 11 (Scheme 3). This is due
to the frequently observed internal nucleophilic aromatic
substitution reaction of the phosphane at an adjacent CgFs

2| J. Name., 2012, 00, 1-3

group.812 Capture of fluoride and H* transfer then. resulted;in
the formation of the 10/11 product paiPQsdé ¥h¥E/Suppottipg
Information for their characterization). Compound 10 was also
isolated and identified by an X-ray crystal structure analysis.
Both the compounds 8a and 8b reacted rapidly (5 to 10 min)
with benzonitrile at r.t. in pentane solution to give the products
12a,b which were isolated in good yield (Scheme 3). The
products were probably formed by a typical P/B FLP addition
reaction to the —C=N 7-system followed by proton transfer to
the more basic nitrogen site. A similar rapid reaction is observed
upon treatment of 8a,b with N-sulfinylaniline.'® We isolated the
zwitterionic five-membered heterocycles 13a,b (Scheme 3).
Again, we note that proton transfer from phosphorus to
nitrogen had occurred. Compound 8b reacted rapidly with the
heterocumulene phenyl isothiocyanate to give the similar
compound product 14 (Scheme 3) (isolated in 82% yield, see the
Supporting Information for the characterization of these
compounds). The structures of the products 12b, 13b and 14
were also secured by X-ray diffraction.
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Scheme 3 FLP reactions of the geminal systems 8a,b.

The geminal P/B FLP 8b was exposed to carbon dioxide!4> (2
bar) in pentane at r.t. for ca. 12 h. During this time a white
precipitate had formed. The product 16b was isolated in 65%
yield (Scheme 4). The X-ray crystal structure analysis revealed
that CO; had reacted with 8b in a 1:2 molar ratio (Fig. 2).1®

The formation of the unusually structural product 16b can be
rationalized by P/B FLP addition to a C=0 bond of carbon dioxide
followed by trapping of the intermediate 15 by a second
equivalent of the bifunctional starting material 8b with the
boron Lewis acid coordinating to the remaining active carbonyl

This journal is © The Royal Society of Chemistry 20xx
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oxygen atom and the phosphorus Lewis base serving as a proton
acceptor in the final stabilization step.
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Scheme 4 Reaction of the geminal FLPs 8a,b with carbon dioxide.
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Fig. 2 Molecular structure of the CO, addition product 16b (thermal ellipsoids are shown
with 15 % probability). Selected bond lengths (A) and angles (°): P1-C1 1.805(5), C1-B1
1.639(8), C1-C2 1.330(7), B1-01 1.580(6), O1-C7 1.277(6), C7-02 1.274(6), 02-B2
1.559(7), B2-C41 1.639(7), C41-P2 1.792(5), C41-C42 1.333(7), C42-C43 1.513(7);
B1-01-C7 113.6(4), 01-C7-02 121.7(5), C7-02-B2 124.1(4), B2-C41-P2 112.0(3),
C41-P2-C51 123.9(2), TP1<C = 307.6(2).

Consequently, the phosphorus atom P2 has a pair of hydrogen
atoms bonded whereas the other phosphorus atom P1 is tri-
coordinated. Inside the five-membered core heterocycle we
find almost identical C7-01/02 bond lengths indicating a
delocalized structure of this moiety. Due to the chiral trivalent
phosphorus unit P1, compound 16b shows the 'H NMR signals
of a pair of diastereotopic PH, hydrogens at §6.61 (Ypy = 479.7

This journal is © The Royal Society of Chemistry 20xx
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Hz) and 6.40 (Ypy = 486.8 Hz) in CD,Cl; solution as well asthe.1oF
NMR signals of a total of four differentiabéd: CRROEFSUPT Ft5thk
pair of boron atoms [''B: §7.2 and 1.9; 3'P: §-17.7 and -60.3
(td, Ypy = 482.9 Hz, 3Jpy = 70.5 Hz); 13C: 5205.2 (br d, Ypc = 5.6
Hz, C7); for details see the Supporting Information].

Compound 8a reacted analogously with CO,. Again the product
formation occurred with a FLP/CO, stoichiometry of 2:1 and we
isolated the twofold addition product 16a in 60% yield (Scheme
4). Compound 16a was shown by X-ray diffraction to have an
analogous structure to 16b. It shows similar NMR data [*H: &
7.61 (Ypn = 504.8 Hz) and 7.10 (Ypy = 477.9 Hz); 3'P: 5-4.5 and
-48.3; 11B: § 4.2 and 1.8; 13C: & 201.0 (C7), 9F: at 233 K
compound 16a shows a total of twenty resonances; we note
that two of the ortho-F signals show a rather large through
space Jir coupling constant of ca. 70 Hz;'7 for details see the
Supporting Information].

We were able to trap the alleged intermediate 15 by the
phosphane-free strong boron Lewis acid B(CgFs)s. For that
reason B(CgFs)s (1 molar equiv.) was added to a pentane
solution of in situ generated compound 8a and subsequent
exposure to CO, (2 bar) for 1 h at r.t. produced compound 17 as
a white precipitate. The product was isolated in 71% vyield and
characterized by C,H elemental analysis and by spectroscopy [*H
NMR: 68.24 (Ypy = 484.3 Hz, PH), 6.78 (3Jpn = 68.6 Hz, =CH); 13C:
5175.9 (Ypc = 117.6 Hz, [P]-CO,); 31P: §-26.8 (dd, Ypy = 484.3
Hz, 3Jpy = 68.6 Hz); 1'B: 512.1 and 4.9, for further details see the
Supporting Information]. In an in situ NMR experiment we
noticed that the B(CsFs)3/CO, FLP adduct 17 over 3 days at r.t.
had partially converted to the CO; addition product 16a.

The FLP 8b (Ar: Mes) reacted rapidly with the a,p-unsaturated
ynone 18 in the often observed 1,2-P/B carbonyl addition mode
(r.t., pentane, 5 min) to give the substituted five-membered
heterocyclic product 19 (Scheme 5) (isolated in 84% vyield as a
mixture of two stereoisomers, see the Supporting Information
for the characterization of the compounds including the X-ray
crystal structure analysis of one isomer). The P/B FLP 8a reacted
in a remarkably different way with the ynone 18. Stirring the
reaction mixture of 8a and 18 for 12 h in pentane at r.t. gave a
dark purple solution after filtration, from which the product 21
crystallized at —35 °C. We isolated the red crystalline product in
76% vyield (Scheme 5). It was characterized by C,H elemental
analysis, by NMR spectroscopy and by X-ray diffraction. The X-
ray crystal structure analysis revealed the formation of the
seven-membered heterocycle (Fig. 3). We assume that it was
formed by initial 1,4-PB FLP addition to the ynone forming the
allenic boron enolate intermediate 20.® This reactive
intermediate contains a phosphonium Brgnsted acid and an
enolate carbon base. Consequently, proton transfer takes place
to eventually give the observed product 21, formed by
sequential transformation of the acetylic carbon-carbon triple
bond of the substrate 18 to the Z-configurated olefinic double
bond in 21. The *H NMR spectrum shows the olefinic hydrogen
signal at 66.07 (3Jpy = 30.3 Hz, —C(Ph)=CH-) [*3C: §168.4 (Ypc =
63.9 Hz), 116.3 (Ypc = 5.5 Hz); 3!P: §60.2; 11B: §3.9]. The 13C
NMR carbonyl resonance of the newly formed conjugated
enone, coordinated to the boron Lewis acid, occurs at ¢ 199.3

J. Name., 2013, 00, 1-3 | 3
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(3Jpc = 13.3 Hz); for further details of the characterization of
compound 21 see the Supporting Information.

©® C]
_ Mes*—
\ \
o1 \ N
19 21
(2 isomers)

Scheme 5 Reaction of the FLPs with a conjugated ynone.

Fig 3 Molecular structure of the ynone reaction product 21 (thermal ellipsoids are shown
with 30 % probability). Selected bond lengths (A) and angles (°): P1-C1 1.786(3), C1-B1
1.649(4), B1-01 1.538(3), 01-C53 1.288(3), C53-C52 1.395(4), C52-C51 1.406(4),
C51-P1 1.736(3); P1-C1-B1 111.1(2), C1-B1-O1 108.4(2), B1-01-C53 132.5(2),
C53-C52-C51 128.7(2), C52-C51-P1 131.0(2), £P1¢cc = 351.1(1).

Conclusions

Alkenyl and alkynyl phosphanes usually undergo hydroboration
with Piers’ borane [HB(CeFs),] to give the respective vicinal P/B
systems. Many syntheses of C,-bridged P/B FLPs rely on that
regioselectivity.'! This strong regiocontrol of the hydroboration
reaction on the other hand had so far precluded the easy
synthesis of the missing alkylidene-bridged geminal P/B FLPs by
the hydroboration pathway. Our new systems 8, therefore,
represent a remarkable exception. Moreover, the system is
characterized by the joint presence of the strong B(CsFs), Lewis
acid function plus the strong P(H)Aryl Lewis base in close spacial
proximity. In addition, the secondary phosphane in the systems

4| J. Name., 2012, 00, 1-3

8 serves as a latent Brgnsted acid, which becomes.astive
through the generation of the respectivéphé3phshium eation
upon cooperative substrate addition. This may lead to new
reactivities toward carbonyl compounds as we have seen it in
the reaction of 8a with the ynone 18. The combination with the
latent [P]H* Brgnsted acid also causes the B(CgFs), FLP
component to appear more Lewis acidic in conjunction with the
phosphonium Brgnsted acid under equilibrium conditions as we
have seen it in the reaction of the systems 8 with carbon
dioxide. We shall investigate if this H*/B(Ce¢Fs), cooperation
might direct us toward new applications in frustrated Lewis pair
chemistry.

Experimental section

For general information and the spectroscopic and structural
data of these new compounds see the Supporting Information.

Preparation of compound 8a

After stirring the white suspension of compound 7a (180 mg,
0.5 mmol) and HB(CgFs), (173 mg, 0.5 mmol) in pentane (5 mL)
at room temperature for 5 min, the formed yellow solution was
stirred for 1 h at room temperature to finally give a red solution
(with a little bit solid material). The solution was filtered and
then all volatiles of the obtained red filtrate were removed in
vacuo to give an orange solid. Yield: 318 mg, 90%. Anal. calc. for
C36H1oPBF10 (704.5 g mol): C, 61.38; H, 5.72. Found: C, 61.62;
H, 5.74.

Preparation of compound 8b

After stirring the white suspension of compound 7b (116 mg,
0.5 mmol) and HB(CgFs), (173 mg, 0.5 mmol) in pentane (5 mL)
at room temperature for 5 min, the formed yellow solution was
stirred for 12 h at room temperature to finally give a yellow
solution (with a little bit solid material). The solution was
filtered and then all volatiles of the obtained yellow filtrate
were removed in vacuo to give a yellow solid. Yield: 246 mg,
85%. Anal. calc. for C,7H2,PBF10 (578.2 g mol™): C, 56.08; H, 3.84.
Found: C, 56.38; H, 3.95.

Preparation of compound 16a

After stirring a mixture of compound 7a (180 mg, 0.5 mmol) and
HB(CeFs)2 (173 mg, 0.5 mmol) in pentane (3 mL) at room
temperature for 1 h, the resulting red suspension was filtered
to give a clear red solution which was exposed to CO; gas (2.0
bar). After the reaction mixture was stirred at room
temperature for 12 h a white precipitate was formed. The
resulting suspension was filtered. The collected solid was
washed twice with pentane (2x5 mL) and dried in vacuo to give
a white solid. Yield: 218 mg, 60%. Anal. calc. for C73HgoP2B,0F 20
(1453.0 g mol?): C, 60.35; H, 5.55. Found: C, 60.28; H, 5.48.

Preparation of compound 16b

After stirring a mixture of compound 7b (116 mg, 0.5 mmol) and
HB(CeFs)2 (173 mg, 0.5 mmol) in pentane (5 mL) at room

This journal is © The Royal Society of Chemistry 20xx
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temperature for 12 h, the resulting yellow suspension was
filtered to give a clear yellow solution which was exposed to CO,
gas (2.0 bar). After the reaction mixture was stirred at room
temperature for 12 h a white precipitate was formed. The
resulting suspension was filtered. The collected solid was
washed twice with pentane (2x5 mL) and dried in vacuo to give
a white solid. Yield: Yield: 195 mg, 65%. Anal. calc. for
CssHa4P2B205F20 (1200.5 g mol™): C, 55.03; H, 3.69. Found: C,
55.48; H, 4.06.

Preparation of compound 19

After stirring a mixture of compound 7b (116 mg, 0.5 mmol) and
HB(Ce¢Fs)> (173 mg, 0.5 mmol) in pentane (3 mL) at room
temperature for 10 h, the resulting yellow suspension was
filtered to give a clear yellow solution. Then one equiv. of 4,4-
dimethyl-1-phenylpent-1-yn-3-one (93 mg, 0.5 mmol) was
added and after stirring for 5 min a white precipitate was
formed. The resulting suspension was filtered. The collected
solid was washed twice with pentane (2x5 mL) and dried in
vacuo to give a white solid. Yield: 321 mg, 84%. Anal. calc. for
C40H36PBOF10 (764.5 g mol?): C, 62.84; H, 4.75. Found: C, 62.76;
H, 4.49.

Preparation of compound 21

After stirring a mixture of compound 7a (180 mg, 0.5 mmol) and
HB(CsFs)> (173 mg, 0.5 mmol) in pentane (3 mL) at room
temperature for 1 h, the resulting red suspension was filtered
to give a clear red solution. Then one equiv. of 4,4-dimethyl-1-
phenylpent-1-yn-3-one (93 mg, 0.5 mmol) was added and after
stirring for 12 h a dark purple suspension was formed which was
filtered. The filtrate was stored at —35 °C to give dark red crystal.
Yield: 339 mg, 76%. Anal. calc. for C4gHs4PBOF10 (0.5 CHCl,): C,
63.71; H, 5.94. Found: C, 63.98; H, 5.90.
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