W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202203406

www.chemeurj.org

@ Phospholenes from Phosphabenzenes by Selective Ring
il Contraction
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Beate Paulus,” and Christian Miller*®?

Abstract: A 3-amino-functionalized phosphabenzene (phos-
phinine) has been synthesized and structurally characterized.
The pyramidalized nitrogen atom of the dimethylamino
substituent indicates only a weak interaction between the
lone pair of the nitrogen atom and the aromatic phosphorus
heterocycle, resulting in somewhat basic character. It turned
out that the amino group can indeed be protonated by HCI.

In contrast to pyridines, however, the phosphabenzene-
ammonium salt undergoes a selective ring contraction to
form a hydroxylphospholene oxide in the presence of addi-
tional water. Based on deuterium labeling experiments and
quantum chemical calculations, a rational mechanism for this
hitherto unknown conversion is proposed.

Introduction

\,0>-Phosphinines, also known as phosphabenzenes or phos-
phorines, are intriguing aromatic phosphorus heterocycles that
are currently undergoing a renaissance within coordination
chemistry, small-molecule activation, catalysis and molecular
materials science.' However, for their use in more applied
research fields, their specific functionalization is particularly
important in order to modify their stereo-electronic properties
and coordination abilities. Phosphinines with additional donor-
substituents at the 2-position of the heterocycle (A, Figure 1)
are relatively rare. Small bite-angle phosphinines (Do=PR,), for
example, have been used successfully as chelating ligands in
several catalytic reactions.” Griitzmacher and co-workers have
accessed sodium salts of phosphinine-2-ols (Do=OH).”’ The
anionic phosphinine-2-olate (Do=0Na) acts as a 4e-donor and
bridges a cationic [Au(PPh,)]™ and a neutral [AuCl] fragment.””
We have recently reported the first 2-N,N-dimeth-
ylaminophosphinine B. Natural resonance theory calculations
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Figure 1. 2-Donor-substituted phosphinines and a pictorial summary of this
work.

revealed resonance structures with two lone-pairs at the
phosphorus atom (B’), contributing substantially to the elec-
tronic ground state of this compound. Accordingly, B/B’ forms
coordination polymers with CuBr-S(CH;),, in which the
phosphorus atom of the phosphinine heterocycle bridges two
Cu' centers in a rare u,-P-d4e coordination mode in the solid
state, exhibiting the first example for this bonding motif for a
neutral substituted phosphinine.”

Stimulated by these results, we anticipated to synthesize a
3-amino-functionalized phosphinine (C) with the aim to inves-
tigate the influence of an amino group in 3-position on the
electronic properties and the reactivity of the corresponding
phosphorus heterocycle. We report here an unusual ring
contraction of C in the presence of hydrochloric acid and water
and the selective formation of a hydroxylphospholene oxide (D,
Figure 1).

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Results and Discussion

While B was prepared by the 2-pyrone route, we found that the
3-N,N-dimethylaminophosphinine derivative 3 can easily be
synthesized by using a method developed by Mathey and co-
workers.® The precursor 1,3,2-diazaphosphinine (1) was sequen-
tially reacted with 1-(trimethylsilyl)propyne to afford azaphos-
phinine 2 and subsequently with N,N-dimethyl-phenylacetylene
at elevated temperatures in toluene (Scheme 1).

A single resonance at d(ppm) =244.0 was found for product
3 in the *'P{"H} NMR spectrum. The chemical shift is remarkably
different compared to the one observed for the previously
synthesized phosphinine B (d(ppm)=127.0). This already
indicates, that the electronic properties of 3 vary significantly
from its regioisomer. Crystals of 3 suitable for single-crystal X-
ray diffraction were obtained by slow evaporation of the solvent
from a solution of 3 in n-hexanes and the molecular structure of
this compound in the solid state is depicted in Figure 2, along
with selected bond lengths and angles.

The crystallographic characterization of 3 shows, that the
N(1)-C(4) bond length of 1.406(1) A is closer to a C—N single
bond (1.47 A) than to a double bond (1.28 A).! Moreover, the
nitrogen atom of the dimethylamino substituent in 3 s
pyramidalized (£ (CNC)=345.9°), in contrast to the bonding
observed for B/B' in a Cu' complex, in which the phosphinine
serves as a ligand. The twist angle of best plane through the
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Scheme 1. Synthesis of the 3-N,N-dimethylamino-functionalized phosphinine
3.

Figure 2. Molecular structure of 3 in the crystal. Displacement ellipsoids are

shown at the 50% probability level. Selected bond lengths [A] and angles

[°1: P(1)-C(1): 1.7369(8), P(1)-C(5): 1.7333(8), N(1)-C(2): 1.4059(10), C(1)-C(2):

1.4151(11), C(2)-C(3): 1.4104(11), C(3)-C(4): 1.3960(12), C(4)-C(5): 1.4115(11).

C(1)-P(1)-C(5): 105.33(4), C(2)-N(1)-C(14): 118.06(7), C(2)-N(1)-C(13): 117.58(7),
C(13)-N(1)-C(14): 110.26(7).
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NMe, group versus the phosphinine ring has been calculated as
28.30(5)°. For 3, this might hint to only a weak electronic
interaction between the nitrogen lone pair and the m-accepting
phosphorus heterocycle.

As shown by us recently, an N,N-dimethylamino group in
the 2-position of the parent phosphinine induces accumulation
of negative charge (red) in the ring of the m-system, as
visualized by the electrostatic potential (ESA) map of B/B’
(Figure 3, left)” In this case, the ring is even more negative
than the nitrogen substituent, in full accordance with the mt-
accepting character of the aromatic phosphorus heterocycle.
Accordingly, the basicity of B/B' is also reduced with respect to
N,N-dimethylaniline, as shown by a decrease of the computed
gas phase Dbasicities (220 kcalmol™" for B/B’  versus
225 kcalmol™" for C¢H;N(CH;),).

In contrast, according to the electrostatic potential map of
3, we found a large concentration of electrons close to the
nitrogen atom, suggesting the presence of a lone pair that is
not part of the aromatic phosphorus heterocycle (Figure 3,
right). Interestingly, this effect is clearly caused by the steric
demand of the phenyl- group in the 2-position of 3. In fact, the
parent phosphinine, substituted in 3-position by an N,N-dimeth-
ylamino group (3'), shows again a fully planar nitrogen atom
(Figure S29 in the Supporting Information). Consequently,
because the lone pair of the nitrogen atom in 3 shows only
weak interaction with the aromatic system, the amino sub-
stituent should provide a stronger basic character than the one
in B/B’. This is also confirmed by the calculated gas phase
basicity of this compound (225 kcalmol™" for 3 vs.
220 kcal mol~"' for B/B")."™

We thus anticipated, that the amine functionality in 3 can
easily be protonated, in contrast to B/B'. Upon addition of a
slight excess of HCI/Et,0 to 3, a precipitate is formed
instantaneously. Based on the 'H and *P NMR data, the
protonated species 4 is formed initially, with the SiMe;-
substituent still located in the ortho position of the heterocycle.
The signal of this pronated species 4 can be found at d(ppm)=
252.3 in the *'P{'"H} NMR spectrum. However, during the process

Figure 3. Electrostatic potential maps for B/B’ (left) and 3 (right). Parameters:
r(red): 0.000, yellow: 0.025, green: 0.050, light blue: 0.075, blue 0.100. The
electrostatic potential [a.u.] is mapped on electron density isosurfaces of

0.02 eau”’. The calculations were performed at a B3LYP-D3/def2-TZVP
level.”
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of recrystallizing 4 from hot acetonitrile, protodesilylation
occurs, resulting in phosphinine 5 (Scheme 2).

Compound 5 shows a single resonance at é(ppm)=212.7 in
the *'P{'"H} NMR spectrum. The crystallographic characterization
of 5 (Figure 4) displays indeed the presence of an ammonium
group in the 3-position of the phosphinine as well as a ClI™
counter anion, and clearly shows that protodesilylation had
occurred.

Surprisingly, when the suspension containing the white
precipitate is stirred for a prolonged time at room temperature
in an open reaction vessel, a clear solution is formed overnight
at room temperature. The *'P{"H} NMR spectrum shows that a
new compound had formed selectively, which exhibits a single
signal at d(ppm)=>53.0. Remarkably, this chemical shift is not in
the usual range found for a phosphinine, which indicates that
there is no A%,0>-phosphinine present anymore.""! Crystals of the
product (6; Scheme 3) suitable for X-ray diffraction were

H H
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rt., 10 min Cle
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Scheme 2. Synthesis of protonated phosphinines 4 and 5.

Figure 4. Molecular structure of 5 in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Selected bond lengths [A] and angles
[°1: P(1)-C(1): 1.7445(13), P(1)-C(5): 1.7230(14), C(1)-C(2): 1.3886(17), C(2)-C(3):
1.3942(16), C(3)-C(4): 1.3940(17), C(4)-C(5): 1.3902(18), N(1)-C(2): 1.4824(15);
C(1)-P(1)-C(5): 102.13(6).

Ph Mez \
HCI/Et,0 ®NH HN@
traces H,0
CI

HaC_~NMe,
: T X
i cl S

Me;Si P Ph
3

HOIHO o/ @NH @ —CHs
Et,0 A=0---

@cr/

Scheme 3. Formation of oxygen-bridged phospholene oxide 6 and hydrox-
ylphospholene oxide 7.
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obtained from a concentrated solution of 6 in a mixture of
dichloromethane and n-hexane. The molecular structure of 6 in
the solid state is depicted in Figure 5, along with selected bond
lengths and angles.

Much to our surprise, the crystallographic characterization
of 6 reveals that the product consists of two phospholene oxide
moieties bridged by an additional oxygen atom. The amine
functionalities of both five-membered phosphorus heterocycles
are protonated, with the chloride counter anion bridging the
two ammonium groups by hydrogen bonding. The second
counter anion is a rare hydrogen dichloride anion [CI(HCI]™
which is located on the unit cell with the bond lengths
matching those previously reported in literature.'”

The P(1)—C(1) (1.80 A) and P(1)—C(4) (1.86 A) bond lengths
are consistent with those of reported phospholenes."? In
general, hydrogen dichloride salts tend to liberate HCl readily
with some of them being rather unstable toward moisture and
oxygen.¥ 6, however, is air and moisture stable in solution and
in the solid state. While ring expansion reactions from phosp-
holes to phosphinines and a ring contraction from 1,3,5-
triphosphinines to a triphosphole have been reported in
literature before, the here presented results are the first case of
a ring contraction reaction from a 1-phosphinine to a hydrox-
yphospholene oxide.!>'®

To clarify the role of water in this reaction (see also
Figures S25 and S26), a dry solution of HCI/Et,0 was reacted
with a solution of 3 in diethyl ether and monitored by means of
NMR spectroscopy. Again, a precipitate was formed immedi-
ately and no resonance could be observed in the 3'P{'H}
spectrum anymore. The white precipitate is, however, soluble in
CD;CN and the NMR spectra verified the formation of the
protonated species 4. When dichloromethane was used as a
solvent, the first step in the protonation of 3 with HCI/Et,O is
again the formation of 4. A prolonged reaction time leads to a
new, yet unknown transient intermediate with a resonance at
d(ppm) =75.0 in the *'P{'"H} NMR spectrum. Finally, protodesily-
lation occurs and 5 is formed quantitatively. Apparently, the
presence of water is indeed essential for the ring contraction to

Figure 5. Molecular structure of 6 in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Selected bond lengths [A] and angles
[°1: P(1)-C(1): 1.7956(13), P(1)-C(4): 1.8629(12), P(1)-O(1): 1.6307(6), P(1)-O(2):
1.4687(9), N(1)-C(4): 1.5225(15), N(1)-H(1): 0.980, C(1)-C(2): 1.5137(18), C(2)-
C(3): 1.3381(18), C(3)-C(4): 1.5110(17), C(4)-C(5): 1.5542(16). C(1)-P(1)-C(4):
95.89(6), P(1)-O(2)-P(1): 121.92(8).
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occur, while in the absence of water only protonation, followed
by protodesilylation, occurs.!'”

Consequently, we attempted the reaction of 4 with an
aqueous HCl solution in dichloromethane. The main product
showed a resonance at O(ppm)=56.0 in the 'P{'H} NMR
spectrum after stirring the reaction mixture for overnight. The
chemical shift of this species is similar to the one recorded for
the oxygen bridged dimer 6, however, not identical. According
to NMR spectroscopic analysis, it was identified as compound 7-
TMS. Recrystallization of this species from a hot isopropanol
solution afforded crystals suitable for X-ray diffraction and the
molecular structure of 7 (Scheme 3) is depicted in Figure 6,
along with selected bond lengths and angles.

The crystallographic characterization of 7 shows that the
product consists again of a five-membered phosphorus hetero-
cycle. In contrast to 6, however, a hydroxyphospholene oxide is
present, that forms hydrogen bonding to a second molecule,
via the —P=0 and —N(H)Me, moieties.

Figure 6. Molecular structure of 7 in the crystal. Displacement ellipsoids are
shown at the 50% probability level. Selected bond lengths [A] and angles
[°1: P(1)-C(1): 1.786(3), P(1)-C(4): 1.863(3), P(1)-O(1): 1.483(3), P(1)-O(2):
1.550(3), N(1)-C(4): 1.533(4), N(1)-H(1): 0.93(5), C(1)-C(2): 1.515(5), C(2)-C(3):
1.333(5), C(3)-C(4): 1.507(5), C(4)-C(5): 1.548(5); C(1)-P(1)-C(4): 95.78(16).
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Moreover, protodesilylation occurred during the reaction or
the crystallization process, respectively. The dissolved crystals
show a signal in the *'P{"H} NMR spectrum at 6(ppm)=47.0.
Formally, 7 is the hydrolyzed product of the oxygen-bridged
dimer 6 (Scheme 3).

In order to get insight into the mechanism of the formation
of 7-TMS (or 7), calculations based on Grimme's PBEh-3c
composite method and the PBEO-D3(BJ)""® level of DFT were
carried out (see the Supporting Information). Based on the
computational results, the NMR monitoring experiments as well
as the crystallographic data, we propose the following mecha-
nism for the ring contraction in the presence of water
(Scheme 4). The first step is the protonation of the amino
substituent by HCI, forming 4 as the first intermediate (int.1).

This step is exergonic by —69.5 kJmol™" and fully consistent
with the NMR experiments. A proton migration forming a
racemic mixture of int.2 occurs, which is energetically feasible
under the applied reaction conditions (+22.3 kimol™'). Sub-
sequently, we propose the addition of water to the reactive
P=C bond in int.2 to give a trivalent hydroxyphosphine species
(HOPCH(Ph)R), that tautomerizes to int.3. Overall, this process is
also exergonic by —101.9kJmol™'. A related tautomerism
reaction at a phosphinine has been reported in the literature
before.”” Moreover, metal complexes of phosphinines also
readily add H,0 across the P=C double bond.*"

In the presence of a second water molecule, int.3 is in
equilibrium with the phosphinic acid derivate int4 (+
8.7 kJmol™"). Int4 can transform into tautomer int5 (+
32.0 kimol™). Such a process is known in literature.’”? The
formation of Int.5 is crucial in order to reach the transition state
of the rate-determining step (RDS). The phosphorus atom in
int.5, having a rather strong nucleophilicity, can react with
electrophilic C=N* moieties intermolecularly to form a new P—C
bond. The formation of the P—C bond (+33.3 kimol™) in the
transition state (TS) can be specified as a 5-exo-trig reaction,
which is allowed according to the Baldwin rules.”? The ring

7\
int.2 int.3
-47.2 -149.1
H,O
H H
H Ph H Ph
N9 N9
| NMe, [ NMe,
H o — H
H3C . H3C
8 ! "SiMe; 3 ! “SiMes
HO™ “OH H 10
OH
int.5 int.4
-106.8 -138.8

Scheme 4. Proposed mechanism for the reaction of 3 with HCl in the presence of water. 7-TMS is the main product; relative Gibbs free energies [kJmol™'] are
given below the compound name. Calculated at the PBEO-D3(BJ) level of theory. Int.: intermediate. Note: only the diastereomer int.3 is shown as int.3" is
located at higher energy (—146.4 kJmol™') and therefore not considered for the mechanism.
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formation from TS to int.6 is associated with a significant
decrease in free energy by —63.2 kimol™'. The last step is a
proton transfer, which is a significantly exergonic reaction
(=50.3 kimol™), to form the final product 7-TMS. The whole
reaction sequence is exergonic by —187.0kJmol™" and the
energy barrier of the RDS (int.3—TS) is 76.0 kJmol™". The
protodesilylation to 7 presumably proceeds in the presence of
excess HCl during the recrystallization process.

In order to get additional experimental proof for our
proposed mechanism, we sought to incorporate deuterium into
the products by using DCI/D,0O. The reaction between 3 and
DCI/D,0 in dichloromethane was stirred for overnight. The
product (7-d) was recrystallized from hot isopropanol. For
compound 7-d several signals (Figure S22) can be detected as
broad resonances due to ?D,">C coupling in the “C{"H} NMR
spectrum compared to that of compound 7.

Moreover, compound 7d shows a chemical shift (3(ppm) =
47.5) similar to compound 7 in the *'P{'"H} NMR spectrum. By
means of 2D and HMQC NMR experiments, the D-atoms were
assigned to the positions depicted in Scheme 5, which supports
the proposed mechanism. Moreover, the crystallographic char-
acterization of 7-d showed the same molecular structure in the
solid state as determined for 7.

It is clear, that the unusual ring-contraction reaction can
only proceed due to the special electronic properties of
phosphinines in combination with the reactivity of low-
coordinate organophosphorus species. This indeed allows
sequential reactions at the aromatic phosphorus heterocycle, in
contrast to functionalized pyridines.

Conclusion

In summary, we have synthesized and structurally characterized
a new 3-amino-functionalized phosphinine by a series of [4+ 2]
cycloaddition/cycloreversion reactions, starting from 1,3,2-dia-
zaphosphinine, 1-(trimethylsilyl)propyne and N,N-dimethyl-phe-
nylacetylene. The steric demand of the phenyl group in the a-
position of the heterocycle causes a weak electronic interaction
between the nitrogen lone pair and the aromatic phosphorus
heterocycle, as evidenced by a substantial pyramidalization of
the nitrogen atom. This allows protonation of the dimeth-
ylamino substituent by hydrochloric acid. Remarkably, in the
presence of water, the protonated phosphinine undergoes a
hitherto unknown, selective ring contraction to form a hydrox-
yphospholene oxide that participates in hydrogen bonding and
forms a dimer in the solid state. DFT-based calculations and

Scheme 5. Formation of 7-d by treatment of 3 with DCI/D,0.
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deuterium labeling experiments were performed to gain insight
into the reaction mechanism. The experimental results are fully
consistent with the calculations and the proposed reaction
pathway. Overall, we could show for the first time that a
phosphinine can undergo a selective and quantitative ring
contraction reaction. The special electronic properties of
phosphinines in combination with the particular reactivity of
low-coordinate organophosphorus species allow sequential
reactions at the aromatic phosphorus heterocycles, in contrast
to functionalized pyridines.

Experimental Section

General: All reactions were performed under argon in oven-dried
glassware by using modified Schlenk techniques unless otherwise
stated. All common solvents and chemicals were commercially
available and were used without further purification. All dry or
deoxygenated solvents were prepared using standard techniques
or were used from a MBraun solvent purification system. N,N-
dimethyl-2-phenylethyn-1-amine and 1,3,2-diazaphosphinines were
prepared according to literature.®*" The H, "F, *C{'H}, *'P{'"H} and
P NMR spectra were recorded on a JEOL ECX400 (400 MHz)
spectrometer and a Bruker Avance 600 (600 MHz), and all chemical
shifts are reported relative to the residual resonance in the
deuterated solvents. The HRMS ESI mass spectra were measured on
an Agilent 6210 ESI-TOF. Low-temperature X-ray diffractometry was
performed on a Bruker-AXS X8 Kappa Duo diffractometer with [uS
micro-sources, performing ¢ and w scans. Data were collected by
using a Photon 2 CPAD detector with Moy, radiation (A=
0.71073 A).

Synthesis of 3: 1equiv. of 1-(trimethylsilyl)prop-1-yne (0.22 g,
2.0 mmol) was added to a solution of 1,3,2-diazaphosphinine
(2.0 mmol, 0.13 M) in toluene (15 mL). The mixture was heated at
T=70°C for 5h after which complete formation of the 1,2-
monoazaphosphinine was observed by 3'P NMR spectroscopy (0=
297.9 ppm). Next, 2 equiv. of N,N-dimethyl-2-phenylethyn-1-amine
(0.58 g, 4 mmol) were added to the mixture and heated at T=90°C
for overnight. The solution was cooled to room temperature and
the product purified by column chromatography (silica) using an
eluent of n-hexane/ethyl acetate (9:1). Yield: 78% (471 mg,
1.56 mmol). '"H NMR (400 MHz, C,Dy): 6=7.65 (d, 'Jyy=7.8 Hz, 2H,
1-Ph), 7.24 (t, "Jyy=7.5Hz, 2H, -Ph), 7.11 (td, 'Jyy=7.4, 1.3 Hz, 1H,
-Ph), 6.78 (brs, 1H, CsHP), 2.45 (s, 3H, -Me), 2.33 (s, 6H, -NMe,),
0.48 ppm (d, “Jyp=1.8 Hz, 9H, -TMS); “C{'"H} NMR (151 MHz, C,Dy):
0=156.8 (d, 'Jop=88 Hz), 156.3 (d, "Jcp=106 Hz), 155.9 (d, *Jcp=
10 Hz), 149.7 (d, *Jep=13 Hz), 143.7 (d, *Jcp=24 Hz), 129.3 (d, *Jcp=
11 Hz), 1287 (s), 126.6 (s), 122.9 (d, *Jcp=16 H2), 42.6 (s), 26.3 (d,
“Jep=3Hz), 1.5 ppm (d, *Jep=11 Hz); *'P{'"H} NMR (162 MHz, C,Dy):
0 =244 ppm; HR-ESI MS (m/z): 302.1506 (calcd: 302.1489) [M+H]";
Element analysis calculated (%) for C;;H,,NPSi: C 67.74, H 8.03, N
4.65; found: C 67.79, H 9.519, N 4.672.

Synthesis of 4: Compound 3 (36 mg, 0.12 mmol) was dissolved in
2mL Et,0 at room temperature, and 0.1 mL HCl in water
(0.24 mmol, 24 M) was added to the Schlenk flask. A white
precipitate was formed immediately, after which the reaction was
stirred for an additional 10 min. All solvents were removed by
syringe and the residual solid was washed with Et,O. Yield: 75%
(30 mg, 0.09 mmol). '"H NMR (400 MHz, CD;CN): 0 =7.68-7.00 (m,
6H, C;HP, 1-Ph), 3.26-2.82 (m, 1H, -HNMe,), 2.68 (s, 6H, -NMe,), 2.50
(s, 3H, -Me), 0.43 ppm (s, 9H, TMS); >'P{'H} NMR (142 MHz, CD,CN):
0=252 ppm.
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Synthesis of 5: 4 (34 mg, 0.1 mmol) was dissolved in refluxing
MeCN (0.5 mL) for recrystallization. This resulted in protodesilyla-
tion. Yield: 72% (19 mg, 0.07 mmol). "H NMR (700 MHz, CD;CN): § =
7.51-7.41 (m, 5H, -Ph), 7.41-7.37 (m, 2H, CsH,P), 2.75-2.66 (m, 6H,
-NMe,), 2.52 (d, *Jyp=1.5Hz, 3H, -Me), 2.58-2.37 ppm (m, 1H,
-HNMe,); *C{"H} NMR (176 MHz, CD;CN): =158.9 (d, 'Jc,=54 Hz),
146.8 (d, *Jcp=14 Hz), 142.5 (d, *Jcp=12 Hz), 132.0 (d, 'J., =88 Hz),
130.3 (d, *Jep=10Hz), 129.4 (s), 128.3 (s), 125.5 (d, *Jep=25 H2),
125.0 (s), 44.8 (s), 24.7 ppm (d, *Jcp=3 Hz); *'P{'"H} NMR (142 MHz,
CD;CN): 0 =213 ppm; HR-ESI MS (m/z): 230.1104 (calcd: 230.1094)
MI*.

Synthesis of 6: Compound 3 (36 mg, 0.12 mmol) was dissolved in
Et,O (3mL) at room temperature, and 0.1 mL HCl in water
(0.24 mmol, 2.4 M) was added to the Schlenk flask. The reaction
was stirred for overnight before removing all volatiles in vacuo. The
residual solid was washed with Et,0. Yield: 40% (30 mg,
0.05 mmol). 'H NMR (700 MHz, D,0): 6=7.68-6.67 (m, 10H, Ph),
5.72 (d, *Jyp=24.7 Hz, 2H, C,HP), 3.33 (d, *J;p=11.6 Hz, 4H, -CH,),
3.01 (s, 9 H, -NMe,), 2.72 (s, 3H, -NMe,), 2.06 (s, 2H, -HNMe,), 2.00 (m,
4H, CH,), 1.76 ppm (s, 6H, -Me); *C{"H} NMR (176 MHz, D,0): 6 =
145.0 (d, YJep=9 H2), 134.0 (t, Jep=>5 Hz), 131.3 (5), 1283 (5), 1274
(s), 121.9 (d, *Jcp=17 Hz), 71.3 (d, "J, =86 Hz), 40.8 (s), 39.3 (s) 35.1
(d, YJep=14Hz), 35.1 (d, Jep=192 Hz), 20.4 ppm (d, *Jp=12 H2);
*'P{'H} NMR (162 MHz, D,0): =53 ppm; *'P NMR (162 MHz, D,0):
0=>53ppm (t, 2Jyp = 11Hz); HR-ESI MS (m/z): 531.2596 (calcd:
531.2542) [(M+OH)1*.

Synthesis of 7: Compound 3 (72 mg, 0.24 mmol) was dissolved in
DCM (3 mL) at room temperature, and HCl in water (0.3 mL,
0.72 mmol, 2.4 M) was added to the Schlenk flask. The reaction was
stirred for overnight before removing all volatiles in vacuo. A
crystal, suitable for single-crystal X-ray diffraction, was obtained by
slowly cooling a hot solution of the crude solid in isopropanol.
Yield: 87% (63 mg, 0.21 mmol). 'H NMR (400 MHz, D,0): 6 =7.55-
711 (m, 5H, -Ph), 5.69 (d, *},p=25.3 Hz, 1H, CH), 3.29 (d, *}p=
12.6 Hz, 2H, -CH,), 2.96 (d, *Jyp=3.4 Hz, 6H, -NMe,), 2.67 (s, TH, -OH),
2.05-1.96 (m, TH, -HNMe,), 1.96 (m, 2 H, CH,), 1.72 ppm (s, 3H, -CH;);
BC{'"H} NMR (151 MHz, D,0): 6=145.0 (d, *Jcp=9 Hz), 134.0 (d,
*Jep=4Hz), 131.3 (s), 128.3 (s), 127.4 (s), 121.9 (d, *Jcp=16 Hz), 71.3
(d, Jep=86Hz), 40.8 (s), 39.3 (s), 35.3 (d, Jep= 95Hz), 352 (s),
20.4 ppm (d, *Jcp=12 Hz); *'P{'"H} NMR (162 MHz, D,0): =47 ppm;
3P NMR (162 MHz, D,0): 6 =47 ppm (t, Jyp = 25 Hz); HR-ESI MS (m/
2): 266.1306 (calcd: 266.1304) [M]*.

Synthesis of 7-TMS-d

Method 1: 3 (72 mg, 0.24 mmol) was dissolved in DCM (3 mL) at
room temperature, and DCl in D,0 (0.2 mL, 2.4 M) was added to the
Schlenk flask. The reaction was stirred for overnight before
removing the DCM phase by syringe. The water phase containing
the product 7-TMS-d was washed with 0.2 mL DCM, after which all
volatiles were evaporated under vacuum to obtain the pure
product. Yield: 62% (56 mg, 0.15 mmol).

Method 2: 3 (72 mg, 0.24 mmol) was dissolved in MeCN or THF
(0.5 mL) at room temperature in an NMR tube, and DCI in D,0
(0.2 mL, 2.4 M) was added. This reaction mixture was allowed to
stand at room temperature for approximately 5 days. Almost all
starting material was converted to the product directly. Yield: 88 %
(80 mg, 0.21 mmol). The product was recrystallized from isopropa-
nol without further purification. '"H NMR (400 MHz, CD,CN): 6=
7.43-7.14 (m, 5H, -Ph), 5.74 (d, ¥4, =27.1 Hz, 1H, CH), 3.00 (s, 6H,
-NMe,), 1.66 (s, 3H, -Me), 0.04 ppm (d, J=5.6 Hz, 9H, -TMS); *C{'H}
NMR (151 MHz, CD5CN): 6 =144.0 (s), 133.8 (s), 132.1 (s), 128.5 (d,
ZJC,P: 14 Hz), 127.9 (s), 122.9 (s), 71.7 (d, 1Jc,p:90 Hz), 41.7-41.4 (m),
40.3-40.0 (m), 35.7-34.7 (broad peak due to D—C coupling), 20.5 (s),
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0.8 (s); 2Si{'H}-DEPT NMR (80 MHz, CD,CN): 6 =8 ppm; *'P{'"H} NMR
(162 MHz, CD5CN): 6 =55 ppm.

Synthesis of 7-d: Protodesilylation of 7-TMS-d in solution occurs
under strong acidic conditions. All volatiles were removed in vacuo
after the reaction was completed. The residual solid was dissolved
in refluxing isopropanol (0.5 mL) and subsequently recrystallized.
Yield: 90% (58 mg, 0.19 mmol). 'H NMR (400 MHz, D,0): 6 =7.43-
7.23 (m, 5H, -Ph), 5.67 (dd, *Jyp=24.9, 1.5 Hz, 1H, CH), 2.94 (d, *Jy=
3.2 Hz, 6H, -NMe,), 1.70 (s, 3H, -Me) ppm; "*C{'"H} NMR (151 MHz,
D,0): 6=145.0 (d, *Jcp=9 Hz), 133.9 (d, *J c,=4 Hz), 131.3 (5), 1284
(s), 127.5 (s), 122.0 (d, *Jcp=17 H), 71.2 (d, "Jc, =86 Hz), 40.9 (s), 39.3
(s), 36.1-33.7 (m, broad peak due to D—C coupling), 20.4 ppm (d,
*Jep=12 Hz); *'P{'"H} NMR (162 MHz, D,0): 5 =48 ppm.

Supporting Information

All experimental and computational details, including the NMR
spectra, can be found in the Supporting Information.

Deposition Numbers 2181743 (3), 2181744 (5), 2181745 (6),
2181746 (7) contain the supplementary crystallographic data for
this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.
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