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ABSTRACT: The hydrofunctionalization of alkenes is a founda-
tional class of reactions; however, the analogous reactions for B=
C bond-containing species have been virtually unexplored. This
work unearths a range of B=C hydrofunctionalization reactions
with the 9-borataphenanthrene anion, including hydroalkylation,
hydroarylation, hydroalkynylation, hydroamination, hydroalkoxyla-
tion, and hydration. The unique reactivity represents an addition to
the synthetic chemist’s toolbox to access functionalized tetracoor-

dinate borates.

B INTRODUCTION

Hydrofunctionalization reactions of alkenes are a valuable
synthetic tool and, accordingly, have been studied extensively
in recent decades.'”” This class of reactions consists of the
addition of an element—hydrogen bond across a carbon—
carbon double bond (Scheme 1). Prominent examples of

Scheme 1. Hydrofunctionalization Reactions of an Olefin
with an a-Olefin as an Example
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hydrofunctionalization reactions for olefins include hydro-
boration,”®™"* hydrosilylation,”"*>"*~"* hydroamination,"’~**
hydroalkoxylation,””** and hydrocarbonation.”'>**~** Intrigu-
ingly, some examples of hydrofunctionalization reactions,
specifically hydroboration, hydrophosphination, and hydro-
amination, have recently been realized for boron—boron
double and triple bonds by Braunschweig and co-workers.**~*’

Borataalkenes, anionic boron-containing analogues of
olefins, have been known since 1972 and, although somewhat
rare,"""*> have been demonstrated to undergo a variety of
transformations,**~*° including alkylation at carbon,*>*%%7
epoxide ring opening,”*" and the “boron-Wittig” reac-
tion.””*°™>* Despite the abundance of literature on olefin
hydrofunctionalization, the hydrofunctionalization reactivity of
borataalkenes has remained largely unexplored. The Erker and
Yamashita groups have demonstrated that zwitterionic
borataalkenes react with hydroboranes to form species
containing four-membered BHBC rings (Scheme 2).537%¢
The anionic borataalkene moiety of 9-borataphenanthrene
anion A undergoes hydroboration with pinacolborane (HBpin)
to produce a tetracoordinate boron species in which the
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Scheme 2. Selected Examples of Reactions of Borataalkene-
Containing Species with Hydroboranes®
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“Mes = 2,4,6-trimethylphenyl, BR, = 9-borabicyclo[3.3.1]nonyl, pin =
pinacolate.

hydride is not bridged between the two boron centers.”” Aside
from the aforementioned hydroboration reactivity, examples of
borataalkene hydrofunctionalization reactions are generally
absent from the literature.”® Given the vast utility of alkene
hydrofunctionalization chemistry and limited precedent for
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Figure 1. Solid-state structures of 1, 2, and 3 (left to right). Hydrogen atoms (except those from the C—H addition event) and noncoordinated
solvates are omitted for clarity, and thermal ellipsoids are drawn at the 50% probability level. For disordered atoms, only the component with the
higher occupancy is shown. Only the asymmetric unit is displayed for 3; the full dimeric structure is shown in the SI (Figure S-36).

B=C bond hydrofunctionalization, we herein investigate the
potential of a B=C system for hydrofunctionalization
reactivity.

B RESULTS AND DISCUSSION

Addition reactions of C—H bonds across unactivated olefins
are generally challenging transformations.””****' However,
given that the polarization of the B=C bond results in an
electron-rich carbon center, we envisioned that a borataalkene
might engage in C—H bond addition reactivity. The reaction of
A with neat acetonitrile at room temperature led to a new
singlet in the tetracoordinate region at —12.8 ppm in the in situ
"B NMR spectrum after 4 days (cf. A = 40.4 ppm). Complete
conversion could be achieved upon heating at 80 °C for 16 h.
Sequestration of the potassium countercation with dibenzo-18-
crown-6 enabled isolation in 66% yield of the major product,
determined by X-ray crystallography to be the cyanomethyl-
substituted tetracoordinate boron species 1 (Figure 1). Syn
addition of an acetonitrile C—H bond across the borataalkene
B=C bond occurred rather than insertion of the cyano group
into the C—Si bond of A (Scheme 3). This differs from nitrile/
silyl carbanion reactivity observed for trimethylsilyl-substituted
alkyllithium reagents, which undergo cyano group insertion

Scheme 3. C—H Activation Reactivity of A with Acetonitrile,
Pentafluorobenzene, and Phenylacetylene®
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into the C—Si bond to produce N-trimethylsilyl-1-azaallyl
anions.’”*® The "H NMR spectrum of 1 contains three signals
integrating in a 1:1:1 ratio for the three aliphatic protons
derived from acetonitrile: a singlet at 1.19 ppm assigned to the
proton added to the borataalkene carbon and two multiplets at
1.31-1.27 ppm and 1.02—0.98 ppm assigned to the two
diastereotopic protons of the cyanomethyl group. An
absorption band at 2212 cm™" in the FT-IR spectrum confirms
the presence of the pendant nitrile.

Given the unusual C—H bond activation with acetonitrile
(sp® C—H substrate), the activation of sp* and sp C—H bonds
was targeted using pentafluorobenzene and phenylacetylene,
respectively (Scheme 3). The reactions of A with excess
pentafluorobenzene and phenylacetylene were monitored by in
situ "B NMR spectroscopy and resulted in complete
consumption of A within 2 days at 60 °C for both reactions
with signals in the tetracoordinate region observed at —9.7
ppm (2) and —15.4 ppm (3), respectively. Compound 2 was
isolated as the [K(18-crown-6)]" salt in 45% yield, and 3 was
isolated as the free potassium salt in 849% yield.”" Single-crystal
X-ray diffraction studies identified both species as the syn C—H
addition products 2 and 3 for pentafluorobenzene and
phenylacetylene, respectively (Figure 1). Aliphatic singlets at
2.23 and 1.42 ppm corresponding to the protonated
borataalkene carbon were observed in the '"H NMR spectra
of 2 and 3, respectively. The reactivity of A with phenyl-
acetylene differs from that of a tantalum-bound n*-
borataalkene ligand, which underwent cyclization with the
alkyne moiety of phenylacetylene to form a five-membered
BC;Ta ring.62

The uncatalyzed series of sp3, spz, and sp regioselective C—
H addition reactivity is noteworthy and suggests that the
borataphenanthrene B=C bond could react with other
element—hydrogen bonds.”®> Accordingly, we examined the
reactivity of A with N—H and O—H bond-containing
substrates. The reaction of A with excess diphenylamine at
room temperature in THF resulted in complete conversion
after 24 h to a tetracoordinate boron-containing product as
indicated by in situ ''B NMR spectroscopy (6 = —4.1 ppm,
Scheme 4). The product was isolated in 58% yield and
identified as the syn hydroamination product 4 by a single-
crystal X-ray diffraction study (Figure 2). A diagnostic aliphatic
singlet at 2.0S ppm in the "H NMR spectrum was assigned as
the proton derived from the N—H unit in diphenylamine,
further confirming hydroamination of the B=C bond.
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Scheme 4. Reactions of A with N—H- and O—H-Containing
Substrates”
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The reaction of A with phenol resulted in a different
outcome than the N—H and C—H substrates. In this case, the
1:1 stoichiometric reaction did not result in an isolable
product, but heating a 2:1 mixture at 60 °C for 24 h generated
a single product exhibiting a tetracoordinate ''B NMR signal at
—1.5 ppm. X-ray crystallography revealed that, in addition to
hydroalkoxylation of the borataalkene B=C bond, desilylation
at the borataalkene carbon also occurred with the elimination
of phenyl trimethylsilyl ether (5, Scheme 4, Figure 2). This
structural assignment was corroborated by the absence of a
trimethylsilyl singlet in the product "H NMR spectrum and the
presence of two aliphatic multiplets at 2.11-2.07 ppm and
2.00—1.96 ppm corresponding to the diastereotopic protons at
the 10-position. Additionally, generation of phenyl trimethyl-
silyl ether was indicated by the presence of a trimethylsilyl
singlet (6 = 0.16 ppm in C4Dg) in the crude 'H NMR
spectrum. The reactivity of A with O—H-containing substrates
was explored further by exposing a THF solution of A to water.
This resulted in hydration of the B=C bond and hydrolysis of
the C—Si bond with the elimination of trimethylsilanol (6,
Scheme 4), similar to the reaction with phenol. Although this
species could not be cleanly isolated, X-ray crystallography
confirmed its generation (Figure 2).

The mechanism for the hydrofunctionalization reactivity of
A with the various substrates was investigated using density
functional theory (DFT) calculations for two different
pathways (Scheme 5): one in which a simple addition event

occurs (observed for 1—4), and another that includes
desilylation (observed for § and 6). In the formation of 1—4,
the first step consists of deprotonation of the substrate by the
borataalkene carbon to produce a 9,10-dihydro-9-boraphenan-
threne (Intl). This is consistent with the Hirshfeld charge of
—0.25 at carbon versus —0.08 at boron. The barrier for this
step (TS1) was found to be higher for the three C—H addition
reactions (120.2, 111.0, and 108.7 kJ/mol for acetonitrile,
pentafluorobenzene, and phenylacetylene, respectively) than
for the hydroamination with diphenylamine (82.2 kJ/mol).
The difference in barrier height is consistent with the
experimental observation that the hydroamination proceeds
to completion at room temperature, while the three C—H
activation reactions require elevated temperatures. The second
step consists of coordination of the deprotonated substrate to
the Lewis acidic boron center of Intl. Although a transition
state could not be located for this step, a scan of the reaction
energy surface with constrained geometry optimizations at a
series of fixed B—Cpqrare bond distances (CH;CN substrate
reaction) indicates that product formation may be considered a
barrierless process (without a transition state), while the loss of
planarity around the boron atom (from sp” to sp®) occurs very
late on the reaction energy surface and requires minimal
energy change. For all four substrates, formation of the B=C
hydrofunctionalization product Prodl was found to be
thermodynamically favorable (Table 1).

For the formation of § and 6, protonation of the
borataalkene carbon initially occurs as in the formation of
1—4, with barrier heights of 48.2 and 86.5 kJ/mol (consistent
with the observed room-temperature reactivity) for the
reactions with phenol and water, respectively. Although
modeling the H,O reaction with a single H,O molecule was
problematic, addition of an explicit water solvent molecule in
the form of a water dimer (H,0—H,0) yielded more
appropriate transition state and minimum energy structures.
Following the formation of protonated borataphenanthrene
Intl, however, nucleophilic attack by the deprotonated
substrate occurs at silicon rather than boron. The electro-
philicity at silicon is corroborated by a Hirshfeld charge of
+0.38, which is considerably greater than that of boron at
+0.11 in Intl. Desilylation subsequently produces the C-
unsubstituted 9-borataphenanthrene anion Int2. Hydrofunc-
tionalization of the B=C bond in Int2 then occurs in a
manner analogous with that observed for A in the mechanism
for the formation of 1—4 by deprotonation of the substrate by

Figure 2. Solid-state structures of 4, S, and 6 (left to right). Hydrogen atoms (except those derived from N—H or O—H bonds) and solvates are
omitted for clarity. Thermal ellipsoids are drawn at the 50% probability level. Only the asymmetric units are displayed; the full polymeric structures
are shown in the SI (Figures S-37, S-38, and S-39). For disordered atoms, only the component with the higher occupancy is shown.
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Scheme 5. General Reaction Pathways Modeled for Hydrofunctionalization Reactions with A
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Table 1. Calculated Reaction Free Energies (AG, kJ/mol) for Pathways Arising from Proton Abstraction of the Substrate by A,

Together with Experimental pK, (DMSO) of Substrates”

substrate pKab TS1 Intl Prod1
H,O0 314 86.5 55.6 —47.3
CH;CN 31.3 120.2 55.6 —-11.2
C4FsH 29.0 111.0 37.2 —10.0
PhCCH 28.8 108.7 33.8 —-52.2
Ph,NH 25.0 82.2 219 —10.6
PhOH 18.0 48.2 —-16.7 -71.6

TS2 Int2 TS3 Int3 Prod2
103.6 —106.3 14.1 -9.7 —143.3
151.1 —-27.0 103.4 69.6 —25.7
160.4 —27.0 100.0 51.2 —34.6
123.0 —70.7 44.9 4.1 —113.5
161.2 —58.6 26.0 4.4 —60.3
64.3 —-117.0 —70.6 —-92.5 —-171.2

“B3LYP-D3(BJ)/def2-TZVP(THF)//B3LYP-D3(BJ)/def2-SVP(THF) results, with energies given relative to the reactants. H,O modeled as a

hydrogen-bonded dimer H,0—H,O0. bpK, in DMSO.**~¢’

the borataalkene carbon to produce 9,10-dihydro-9-boraphe-
nanthrene Int3, which subsequently undergoes nucleophilic
attack by the deprotonated substrate to form Prod2 in a
barrierless process.

Further analysis of the desilylation pathway indicated that
the formation of Prod2 is more thermodynamically favorable
than the formation of Prodl for all six substrates examined.
This, combined with the large positive Hirshfeld charge at
silicon in Intl, suggests that the system is kinetically
controlled. Evidence supporting kinetic control is found
when the barrier heights for TS2 and TS3 are compared
with that of TS1 across all six reactions. For the three C—H
substrates, the largest barrier is associated with TS3, which is
greater than the TS1 barrier by 10.3, 16.1, and 6.8 kJ/mol for
CH;CN, C4FH, and PhCCH, respectively. With Ph,NH, the
largest barrier is for TS2 (139.3 kJ/mol), which is 57.1 kJ/mol
larger than for TS1. In contrast, the largest barrier on the
Prod2 pathway for phenol (TS2, 80.9 kJ/mol) is smaller in
magnitude than the TS1 barrier for PhCCH and C¢FsH, which
is consistent with PhOH forming Prod2 despite the fact that
PhCCH and C4FsH form Prodl under similar experimental
conditions. For water, the calculated barrier for TS3 of 120.5
kJ/mol is larger than for TS1 (86.5 kJ/mol), although the TS3
barrier is at the top of the range of barriers that can be crossed

1969

at room temperature. Comparison of the pK, of the substrate
(Table 1) with the TS1 barrier height indicates a near-perfect
linear relationship (r* = 0.992 excluding H,O, Figure S-40),
which confirms the importance of the acidic proton character
of the substrate. Water is an outlier to this trend, with a lower
barrier than expected from the relationship to pK, in DMSO,
with the caveat that the pK, of water varies widely depending
on solvent.” Since water does not follow the trend for TSI
barriers, it is possible that similar factors influence the TS2 and
TS3 barrier heights, with the true barrier potentially being
lower in energy. Modeling the system with larger water clusters
could alter the calculated energetics; however, the results
presented here for a water dimer provide qualitative agreement
with experiment.

B CONCLUSION

The borataalkene moiety at the 9- and 10-positions of the 9-
borataphenanthrene anion was demonstrated to undergo a
variety of hydrofunctionalization reactions, including hydro-
alkylation, hydroarylation, hydroalkynylation, hydroamination,
hydroalkoxylation, and hydration. Such hydrofunctionalization
reactions were previously unexplored for borataalkenes, which
is surprising given the extensively studied hydrofunctionaliza-
tion reactivity of alkenes. The ability of the anionic B=C bond

https://doi.org/10.1021/acs.organomet.1c00261
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to undergo diverse hydrofunctionalization reactivity presents
B=C hydrofunctionalization as a potentially promising
technique for the synthesis of tetracoordinate borates.

B EXPERIMENTAL SECTION

General Considerations. All manipulations were performed
under an inert atmosphere in a nitrogen-filled MBraun Unilab
glovebox or using standard Schlenk techniques. CD;CN and CDCl;
for NMR spectroscopy were purchased from Cambridge Isotope
Laboratories and dried by stirring for 3 days over CaH,, distilling, and
storing over molecular sieves. THF-dg for NMR spectroscopy was
purchased from Cambridge Isotope Laboratories and stored over
molecular sieves. All other solvents were purchased from commercial
sources as anhydrous grade, dried further using a JC Meyer Solvent
System with dual columns packed with solvent-appropriate drying
agents, and stored over molecular sieves. Compound A was prepared
by the literature procedure.”” The following reagents were purchased
from the listed manufacturers and used as received: dibenzo-18-
crown-6 (TCI), pentafluorobenzene (TCI), 18-crown-6 (Oakwood
Chemical), phenol (Sigma-Aldrich), and diphenylamine (Alfa Aesar).
Phenylacetylene was purchased from Chem-Impex International and
stored over molecular sieves. Multinuclear NMR spectra ('H, *C-
{'H}, "B, ¥F{"H}) were recorded on a Bruker Ascend 400 MHz
instrument. High resolution mass spectra (HRMS) were obtained at
the Baylor University Mass Spectrometry Center on a Thermo
Scientific LTQ Orbitrap Discovery spectrometer using ESI. Melting
points were measured with a Thomas-Hoover Unimelt capillary
melting point apparatus and are uncorrected. FT-IR spectra were
recorded on a Bruker Alpha ATR FT-IR spectrometer on solid
samples. Single-crystal X-ray diffraction data were collected on a
Bruker Apex II-CCD detector using Mo—Ka radiation (4 = 0.71073
A). Crystals were selected under paratone oil, mounted on MiTeGen
micromounts, and immediately placed in a cold stream of N,.
Structures were solved and refined using SHELXTL, and figures were
produced using OLEX2.”%”!

Computational Methods. Geometry optimization of reactants,
products, intermediates, and TS structures was carried out at the
B3LYP-D3(BJ) (refs 72—76)/def2-SVP (ref 77) level of theory
inclusive of solvation (SMD model,”® tetrahydrofuran solvent).
Frequency calculations were also performed analytically at the same
level of theory to characterize all stationary points and to calculate
thermodynamic corrections. Subsequent electronic energy calcula-
tions were carried out at the B3LYP-D3(BJ) (refs 72—76)/def2-
TZVP (ref 77) (SMD model,”® tetrahydrofuran solvent) level.
Extended Hirshfeld method CMS™ partial charges were calculated
at the B3LYP-D3(BJ) (refs 72—76)/def2-TZVP (ref 77) (SMD
model,”® tetrahydrofuran solvent) level. Single point calculations with
wB97X-D (ref 81)/def2-TZVP (ref 77) (SMD model,”® tetrahy-
drofuran solvent) were also carried out and yielded equivalent results.
All calculations were carried out in Gaussian 16.”

Synthesis of 1. A (74 mg 0.20 mmol) was dissolved in
acetonitrile (3 mL) and heated to 80 °C in a pressure tube with a
Teflon cap. After 16 h of heating, the volatile components were
removed from the solution in vacuo, and the resulting pale yellow oil
was redissolved in toluene (2 mL). A solution of dibenzo-18-crown-6
(74 mg, 0.20 mmol) in dichloromethane (2 mL) was then added to
the product solution while stirring at room temperature. After an
additional 30 min of stirring, the volatile components were removed
from the solution in vacuo, and the residue was washed with toluene
(10 mL) and dried in vacuo to yield 1 as a white powder. Yield: 103
mg (66%). d.p. 173 °C. Crystals for X-ray diffraction studies were
grown by vapor diffusion of n-pentane into a 1,4-dioxane solution of
1. '"H NMR (400 MHz, CD,CN): 5 7.68 (d, ] = 7.0 Hz, 2H), 7.64—
7.60 (m, 2H), 7.57-7.55 (m, 1H), 7.17—7.14 (m, 2H), 7.10—~7.05
(m, 2H), 7.03—6.99 (m, 1H), 6.97—6.95 (m, 10H), 6.94—6.90 (m,
1H), 4.17—4.15 (m, 8H), 3.94—3.92 (m, 8H), 1.31-1.27 (m, 1H),
1.19 (s, 1H), 1.02—0.98 (m, 1H), —0.75 (s, 9H); *C{'H} NMR (101
MHz, CD,CN): § 149.21, 147.86, 142.81, 138.51, 135.48, 134.27,
132.03, 128.66, 127.12, 125.84, 125.81, 125.71, 125.07, 123.97,
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123.31, 123.27, 122.33, 112.31, 70.03, 68.03, 0.53; "B NMR (128
MHz, CD,CN): § —12.8; FT-IR (cm™ (ranked intensity)): 2212
(14), 1504 (6), 1455 (10), 1247 (2), 1213 (4), 1120 (3), 1052 (7),
942 (5), 908 (11), 854 (8), 779 (15), 739 (1), 705 (9), 603 (12), 466
(13); high-resolution mass spectrometry (HRMS) electrospray
ionization (ESI): caled for C,,H,BNSi [M]~, 366.1849; found,
366.1864.

Synthesis of 2. Pentafluorobenzene (0.423 mL, 3.81 mmol) was
added to a solution of A (278 mg, 0.762 mmol) in THF (S mL) while
stirring at room temperature. The resulting solution was then
transferred to a pressure tube with a Teflon cap and heated at 60
°C for 2 d, after which the solution was cooled to room temperature
and filtered. A solution of 18-crown-6 (211 mg, 0.799 mmol) in THF
(2 mL) was then added to the solution while stirring at room
temperature. After 30 min of stirring, the volatile components were
removed in vacuo to produce a red-orange oil, which was washed with
1:1 THF/n-pentane (S mL) at —35 °C and dried in vacuo to yield 2 as
a yellow-orange solid. Yield: 273 mg (45%). d.p. 78 °C. Crystals for
X-ray diffraction studies were grown by storing the crude product oil
at =35 °C. '"H NMR (400 MHz, CDCL): 6 7.93 (d, J = 7.0 Hz, 1H),
7.65 (d, J = 7.0 Hz, 2H), 7.51 (d, ] = 7.0 Hz, 1H), 7.41 (d, ] = 7.0 Hz,
1H), 7.15-7.05 (m, SH), 7.00—6.97 (m, 1H), 6.91—6.82 (m, 2H),
3.48 (s, 24H), 2.23 (s, 1H), —0.63 (s, 9H); “C{'H} NMR (101
MHz, CDCly): § 150.69, 143.07, 138.87, 135.29, 134.04, 133.99,
133.95, 130.07, 125.98, 124.59, 124.21, 123.86, 123.26, 122.81,
121.47, 70.09, 1.03; ''B NMR (128 MHz, CDCL,): § —9.7; “F{*H}
NMR (376 MHz, CDCly): § —129.64 (d, br, J = 1728 Hz, 2F),
—166.42 (t, ] = 20.5 Hz, 1F), —167.70—167.87 (m, 2F); FT-IR (cm™*
(ranked intensity)): 2886 (12), 1503 (11), 1434 (3), 1350 (6), 1240
(8), 1104 (1), 1067 (10), 960 (2), 829 (4), 746 (5), 708 (7), 678
(13), 650 (14), 607 (9), 471 (15); high-resolution mass spectrometry
(HRMS) electrospray ionization (ESI): calcd for C,3H,3BF Si [M],
493.1582; found, 493.1539.

Synthesis of 3. Phenylacetylene (33 uL, 0.30 mmol) was added to
a solution of A (101 mg, 0.276 mmol) in THF (S mL) while stirring
at room temperature. The resulting solution was then transferred to a
pressure tube with a Teflon cap and heated at 60 °C for 2 d, after
which the volatile components were removed in vacuo to produce a
yellow oil. The oil was then washed with benzene (S mL) to produce
a white precipitate, which was dried in vacuo to yield 3 as a white
powder. Yield: 108 mg (84%). d.p. 114 °C. Crystals for X-ray
diffraction studies were grown by storing a dichloromethane solution
of 3 at —35 °C. "H NMR (400 MHz, CD;CN): § 7.85 (d, ] = 7.0 Hg,
2H), 7.62—7.59 (m, 1H), 7.56—7.52 (m, 1H), 7.50—7.49 (m, 1H),
7.15—6.90 (m, 13H), 1.42 (s, 1H), —0.70 (s, 9H); *C{'H} NMR
(101 MHz, CD4CN): & 150.34, 143.47, 136.40, 133.66, 131.76,
131.51, 129.66, 129.55, 128.76, 126.78, 125.97, 125.88, 124.84,
123.80, 123.31, 122.98, 0.76; ''"B NMR (128 MHz, CD,CN): &
—15.4; FT-IR (cm™ (ranked intensity)): 1593 (13), 1485 (8), 1425
(7), 1240 (3), 1054 (10), 897 (15), 828 (2), 741 (1), 712 (S), 692
(12), 676 (4), 613 (6), 578 (14), 529 (9), 466 (11); high-resolution
mass spectrometry (HRMS) electrospray ionization (ESI): calcd for
C3H,sBSi [M] ™, 427.2053; found, 427.2071.

Synthesis of 4. A solution of diphenylamine (171 mg, 1.01
mmol) in THF (2 mL) was added to a solution of A (74 mg, 0.20
mmol) in THF (2 mL) while stirring at room temperature. After 24 h
of stirring, the volatile components were removed in vacuo to produce
a yellow oil, which was lyophilized from benzene (3 mL) and washed
with n-pentane (8 X 10 mL) to yield 4 as a yellow powder. Yield: 63
mg (58%). d.p. 109 °C. Crystals for X-ray diffraction studies were
grown by vapor diffusion of a dichloromethane solution of 4 into
benzene. 'H NMR (400 MHz, THF-d,): & 7.82—7.80 (m, 2H), 7.41
(dd, J = 7.5, 1.5 Hz, 1H), 7.32—7.30 (m, 1H), 7.23 (d, ] = 7.0 Hz,
1H), 7.03=7.00 (m, 3H), 6.94—6.92 (m, 1H), 6.89—6.84 (m, 1H),
6.83—6.81 (m, 1H), 6.78—6.74 (m, 1H), 6.71 (td, ] = 7.5, 1.5 Hg,
1H), 6.58—6.53 (m, 4H), 6.46 (td, ] = 7.5, 1.5 Hz, 1H), 6.39 (s, br,
3H), 6.21 (s, br, 1H), 6.16—6.14 (m, 1H), 2.05 (s, 1H), —0.65 (s,
9H); ¥C{'H} NMR (101 MHz, THF-dy): 6 154.70, 149.30, 143.78,
140.01, 136.82, 135.94, 131.63, 129.62, 127.28, 12623, 125.16,
12474, 124.58, 124.49, 123.32, 123.12, 121.88, 117.97, 1.65; B
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NMR (128 MHz, THF-dg): § —4.1; FT-IR (cm™ (ranked intensity)):
3044 (15), 2951 (13), 1591 (3), 1493 (4), 1425 (10), 1307 (7), 1241
(5), 1174 (11), 1027 (9), 842 (2), 783 (14), 741 (1), 690 (6), 612
(8), 466 (12).

Synthesis of 5. A solution of phenol (42 mg, 0.45 mmol) in THF
(1 mL) was added to a solution of A (83 mg, 0.23 mmol) in THF (2
mL) while stirring at room temperature. The resulting solution was
transferred to a pressure tube with a Teflon cap and heated at 60 °C
for 24 h, after which the volatile components were removed in vacuo.
The residue was then washed with 1:1 dichloromethane/n-pentane 2
% 3 mL) and dried in vacuo to yield S as a white solid. Yield: 65 mg
(75%). d.p. 173 °C. Crystals for X-ray diffraction studies were grown
by vapor diffusion of a dichloromethane solution of § into hexanes.
"H NMR (400 MHz, CDCl;): § 7.57 (d, ] = 7.5 Hz, 1H), 7.35 (d, ] =
7.0 Hz, 1H), 7.29-7.27 (m, 1H), 7.23—7.19 (m, 1H), 7.17—7.14 (m,
1H), 7.08—7.06 (m, 3H), 6.95—6.87 (m, 4H), 6.81 (t, ] = 7.5 Hz,
2H), 6.69—6.66 (m, 1H), 6.59 (t, ] = 7.5 Hz 1H), 6.42 (d, J = 8.0 Hg,
2H), 2.11-2.07 (m, 1H), 2.00—1.96 (m, 1H); *C{'"H} NMR (101
MHz, CDCL): § 160.92, 145.38, 139.36, 137.86, 132.98, 131.09,
130.68, 129.24, 127.78, 127.34, 126.97, 126.36, 12521, 124.83,
124.17, 123.98, 120.44, 118.22; "B NMR (128 MHz, CDCl,): §
—1.5; FT-IR (cm™ (ranked intensity)): 3045 (14), 1590 (5), 1486
(2), 1426 (8), 1255 (4), 1167 (9), 1070 (13), 1023 (15), 998 (12),
903 (3), 752 (1), 699 (6), 619 (10), 598 (11), 564 (7).
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