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NMR Spectroscopic Observation of a Metal-Free Acetylide Anion

Yoshiyuki Tanaka,*"! Makoto Arakawa,* Yohei Yama%uchi,[“] Chieko Hori,"!

Masahiro Ueno,"” Takeyuki Tanaka," Tatsushi Imahori,'

and Yoshinori Kondo'

Abstract: A metal-free acetylide was
observed by using NMR spectroscopy.
Metal-free acetylides are closely relat-
ed to reactive intermediates (carban-
ions) in solution; therefore, they have
been regarded as unobservable species.
However, we generated this highly re-
active and unstable species through the

zene base rBu-P4. In the presence of
tBu-P4, the J coupling between the eth-
ynyl carbon and hydrogen nuclei (/¢ y)
of phenylacetylene disappeared; this
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indicates the deprotonation of the
alkyne terminal. Furthermore, a large
low-field shift (approximately 90 ppm)
of the alkyne carbon resonance was ob-
served. We concluded that we have ob-
served a metal-free carbanion with a
formal charge on an sp-hybridized
carbon atom for the first time.

deprotonation of phenylacetylene by
using the strong nonmetallic phospha-

Introduction

The carbanion is a fundamental reactive species that is uti-
lized in numerous organic reactions.!! Generally, carbanions
are generated from organometallics, such as Grignard re-
agents, organolithiums, metal acetylides, and so on.l"? These
compounds can be regarded as carbanion equivalents, and
have been characterized extensively.'” However, as op-
posed to other reactive intermediates” (carbocations, free
radicals, and carbenes), direct observation of intact or
metal-free carbanions in solution is still rare. Although free
carbanions have been characterized in the gas phase,”! the
instability of intact or metal-free carbanions in solution have
hindered the development of methods for their observation.
Moreover, their characterization is important for the under-
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reactive intermediates

standing and control of reactions of carbanions in solution.
To date, trials for the detection of metal-free carbanions in
solution!® are limited to those from carbonyl,*! sulfonyl
fluorenyl,*! and fluorocarbon!® compounds (Scheme 1).
Important carbanions (reactive intermediates) such as
metal-free acetylide anions (carbanions with a formal
charge on an sp-hybridized carbon atom) have remained un-
detected, in spite of their frequent use in organic synthesis.!]
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Scheme 1. Known carbanion equivalents: a) sulfonylate, b) enolate,
¢) fluorenyl anion, d) anion from a fluorocarbon. fBu-P4 is defined in
Figure 1.
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Figure 1. Generation of metal-free phenylacetylide anion in solution with the phosphazene base tBu-P4. a) Course of the reaction. b) Putative spectral
pattern of the alkyne terminal carbon resonance at each stage. c) Structures of tBu-P4”) and phenylacetylene with deprotonation site in gray.

Furthermore, the anionic centers of acetylide anions take a
different hybridization state from those of metal-free anions
such as enolates (carbanion equivalents of carbonyl com-
pounds).!! Therefore, we tried to generate the metal-free
acetylide anion in solution.

NMR spectroscopy is suitable for observing reactive inter-
mediates, as it provides deep insight into the electronic
structures of organic and inorganic compounds.” In particu-
lar, simultaneous monitoring of the resonances of several
kinds of nuclei provides precise information about not only
the electronic state, but also the solution equilibrium.?® We
previously reported the successful application of N, '*Cd,
and >C NMR spectroscopy to the detection of metal-RNA
interactions.®! In the case of organometallics, Collum and
co-workers revealed complexations and solution equilibria
of organolithium compounds by using °Li, “C, and
"N NMR spectroscopy.”) Herein, we tried to detect the
metal-free phenylacetylide anion by means of C NMR
spectroscopy.

Results and Discussion

We postulated that metal-free carbanions can be generated
through deprotonation by an extraordinarily strong nonme-
tallic base. For this purpose, the phosphazene base rBu-P4")
is suitable, as it belongs to the strongest class of nonmetallic
bases (Figure 1a and c). In fact, fBu-P4 promotes the depro-
tonative functionalization of aromatics and the formation of
enynes from phenylacetylene (Scheme 2).'"! Furthermore,
the pKgy of Bu-P4 (30.2 in DMSO!) is higher than the

Abstract in Japanese:
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Scheme 2. Deprotonative functionalization with rBu-P4. o.n.=Overnight.

pK, of the alkyne proton of phenylacetylene (28.7 in
DMSO™) (Figure 1c), which means that tBu-P4 can deprot-
onate phenylacetylene. Therefore, by following the reaction
scheme in Figure 1a, we tried to generate metal-free phenyl-
acetylide anion and record its NMR spectrum in the pres-
ence of tBu-P4. To avoid undesired reactions of the acety-
lide anion, electrophiles were not added to the solutions.

For the sake of clarity, we used *C-labeled phenylacety-
lene (mixture of Ph—C="C-H (85%) and Ph—"C=C-H
(15%); see Experimental Section for details). To highlight
the presence or absence of the ethynyl proton of phenyl-
acetylene, 1-dimensional (1D) *C NMR spectra (without 'H
decoupling) are useful for the following reasons. If a proton
is present on the ethynyl carbon, its resonance will be split
into two signals due to the one-bond C—H J coupling (/e
~250 Hz; Ph—C=C—H, Figure 1b). On the contrary, if the
ethynyl group is deprotonated, 'Joy will disappear, and a
single ethynyl carbon resonance will be observed (Fig-
ure 1b). Furthermore, it is also interesting to monitor the
chemical shifts, as a large chemical shift perturbation is ex-
pected for the anion center.

In Figure 2, 1D C NMR spectra of phenylacetylene with
and without tBu-P4 are presented. In the absence of tBu-P4,
the alkyne terminal and internal carbon nuclei resonated at
80.7 and 84.3 ppm, respectively (Figure2a andb and
Table 1). Surprisingly, in the presence of tBu—P4, the reso-
nance of the alkyne terminal carbon shifted to an extraordi-
narily low field at 168.7 ppm (Figure 2¢ and d and Table 1).
In general, alkyne carbon nuclei resonate between 65 and
95 ppm,”™ and no alkyne carbon resonance at such a low
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Figure 2. 1D C NMR spectrum (without 'H decoupling) for each condi-
tion. a) Spectrum of phenylacetylene alone (neutral conditions: “C-la-
beled phenylacetylene (25 mm) at —30°C). b) Magnified view around the
alkyne terminal carbon resonance in a). ¢) Spectrum of phenylacetylene
with fBu-P4 (basic conditions: *C-labeled phenylacetylene (25 mm) and
tBu-P4 (250 mm) at —30°C). d) Magnified view around the alkyne termi-
nal carbon resonance in c). e) Spectrum of phenylacetylene with (Bu-P4
and [D]TFA (acidic conditions: "*C-labeled phenylacetylene (25 mm),
tBu-P4 (250 mm), and [D]TFA (500 mm) at —30°C). f) Magnified view
around the alkyne terminal carbon resonance in e). The alkyne terminal
and internal carbon atoms and their resonances are labeled with circles
and stars, respectively. Open symbols: normal phenylacetylene under
neutral conditions; black symbols: phenylacetylene under basic condi-
tions; gray symbols: deuterated phenylacetylene.

Table 1. Experimental and calculated chemical shifts of alkyne carbon
nuclei.

3(Ct) [ppm]¥ 6(Ci) [ppm]™  Jey [Hz]

Ph—C=C—H (neutral) 80.7L 843l 252
Ph—C=C—H 4+ rBu-P4 (basic) 168.7\l 113.614
Ph—C=C—H (calcd)"! 81.91 87.611 247
Ph—C=C" (calcd)'® 179.619 115.81

[a] 6(Ct)=chemical shift of the alkyne terminal carbon (Ph—C=C—H).
[b] 6(Ci)=chemical shift of the alkyne internal carbon (Ph—C=C—H).
[c] Experimental chemical shift values from Figure 2a and b. [d] Experi-
mental chemical shift values from Figure 2c¢ and d. [e] Chemical shifts
were calculated for a single phenylacetylene molecule (see Experimental
Section). [f] Chemical shifts were calculated by using the GIAO method
at the B3LYP/6-311 4+ G(2d,p) level. [g] Chemical shifts were calculated
for the ion pair Ph—C=C -(H-tBu-P4)* (see Experimental Section). Nota-
bly, the calculated 'J.y; (Ph—C=C—H) value was also in good agreement
with experimental data. Further detailed considerations on the chemical
shifts of this anionic species are described in the Supporting Information.

Species

field has been reported. Furthermore, metal phenylacety-
lides resonate at different chemical shifts, at 100-150 ppm
(see Supporting Information), which indicates that they are
different compounds from the species observed here. There-
fore, this extraordinary low-field shift of the resonance of
the alkyne terminal carbon nucleus may indicate that we
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have observed novel phenomena and an unknown acetylide
species. Interestingly, when deuterated trifluoroacetic acid
([D]TFA; 300 umol) was added to the solution under basic
conditions (Figure 2c¢ and d), neutral phenylacetylene was
recovered almost quantitatively, and deuterium was intro-
duced at the alkyne terminal (Ph—C=C—D) in significant
yield (the triplet resonances labeled with filled circles in Fig-
ure 2e and f). Although protonated phenylacetylene (Ph—
C=C—H) was also derived (the doublet resonances labeled
with empty circles in Figure 2e and f), it would have been
generated through back-donation of a proton from (H-tBu—
P4)* (see Supporting Information).

Next, we considered the J coupling. Under neutral (usual)
conditions, one-bond C—H J coupling ('Jcy=252 Hz; Ph—
C=C—H) was observed as expected (Figure2a andb and
Table 1). Under basic conditions, however, these couplings
disappeared (Figure 2c and d). As J coupling is generally
known to arise from a covalent bond, the disappearance of
YJen is direct evidence of the cleavage of the alkyne termi-
nal C—H bond. It probably means that the solutes were
transformed into phenylacetylide anions and phosphazeni-
um cations. In any case, the disappearance of the J coupling
is not explicable without the deprotonation of phenylacety-
lene. The data for the chemical shifts and coupling constants
unambiguously indicate the generation of a novel acetylide
species, most likely a metal-free acetylide anion in solution.
Notably, the carbon resonance of Ph—C=C—D was observed
as a triplet due to J coupling with D (I=1, 'Jp=37.9 Hz),
which surely indicates that this resonance is that of the deu-
terated alkyne terminal carbon nucleus.

Theoretical chemical shifts from density functional theory
(DFT) calculations with the gauge-independent atomic orbi-
tal (GIAO) method also support the generation of an acety-
lide anion. The calculated chemical shift for the alkyne ter-
minal carbon of the phenylacetylide anion was 179.6 ppm,
whereas that of the neutral phenylacetylene was 81.9 ppm
(Table 1). Clearly, the observed chemical shift under basic
conditions is much closer to the calculated value of the
phenylacetylide anion (an ethynyl carbanion) than that of
the neutral phenylacetylene (see Experimental Section). In-
terestingly, the alkyne terminal carbon resonated at increas-
ingly lower field as the molar ratio [phenylacetylene]/[tBu-
P4] became smaller (Table 2). This means that the limiting

Table 2. Dependence of the chemical shifts of alkyne carbon nuclei on
the molar ratio [phenylacetylene]/[tBu-P4].

Species 6(Ct) [ppm] 6(Ci) [ppm]
Ph—C=C—H (1.0 equiv) 4 fBu-P41 140.8 104.0
Ph—C=C—H (0.1 equiv) + tBu-P4" 168.7 113.6
Ph—C=C—H (0.01 equiv)+ Bu-P4l! 172.0 114.4

[a] Phenylacetylene (140 mm) and tBu-P4 (140 mm) in [Dg] THF/[D,]DMF
(2:3) at —30°C. [b] Phenylacetylene (25 mm) and Bu-P4 (250 mm) in
[Dg]THF/[D,]DMF (2:3) at —30°C. [c] Phenylacetylene (2.0 mm) and
tBu-P4 (200 mm) in [Dg]THF/[D;]DMF (2:3) at —20°C. In this experi-
ment, *C-labeled phenylacetylene was used for higher sensitivity. Other-
wise, the alkyne terminal resonances could not be observed below a
molar ratio of 0.1 equivalents.
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shift of the alkyne terminal resonance should be larger and
closer to the calculated chemical shift. Accordingly, the
chemical shifts observed under basic conditions are assigned
to the metal-free acetylide anion (the ethynyl carbanion).

Conclusion

We have observed the metal-free phenylacetylide anion in
solution, which is a first for carbanions with a formal charge
on the sp-hybridized carbon atom.

Experimental Section

NMR Measurements

Phenylacetylene, tBu-P4, and deuterated solvents were used as purchased
(phenylacetylene: ISOTEC #604399, rBu-P4 in hexane (1m): Fluka
#79421, [D]THF: ISOTEC #184314, [D,]JDMF (DMF = N,N-dimethyl-
formamide): ISOTEC #189979, [D]TFA: Aldrich #30889-7). The current
batch of phenylacetylene enriched in “C at C2 (the alkyne terminal
carbon) (ISOTEC, Catalog #: 604399, Lot #: EQ0216-O0S, Sales #:
9060717) is a mixture of the alkyne labeled at the terminal carbon atom
(Ph—C="C—H 85%) and the alkyne labeled at the internal carbon atom
(Ph—C=C-H 15%).

The solutions for NMR measurements were prepared as follows. Hexane
was evaporated from a solution of rBu-P4 (150 pL, 150 umol) in hexane
in an NMR tube with a rubber septum under vacuum. Then, dry argon
gas was introduced into the NMR tube. The resulting residue was dis-
solved in [Dg]THF (200 uL). Then, phenylacetylene (15 umol, 10% v/v in
[D,]JDMF) was added to this solution at around —20°C. Finally,
[D;]DMF (300 pL) was added to the resulting solution at around —20°C,
and this basic solution was used for NMR measurements. Notably, even
in the DMF/THF mixed solvent, the pKyy value of rBu-P4 is thought to
be higher than the pK, value of phenylacetylene, owing to the linear rela-
tionships of pK, values in different solvents.!"!

For deuteration of phenylacetylide anion, [D]TFA (300 umol) was added
to the above basic solution, and neutral phenylacetylene (Ph—C=C—D
and Ph—C=C—H) was recovered almost quantitatively. It was found that
deuterium was introduced at the alkyne terminal (Ph—C=C—D) in signifi-
cant yield (the triplet resonances labeled with filled circles in Figure 2e
and f). Chemical shifts of alkyne terminal carbon resonances were 80.6
(Ph—C=C-D) and 80.8 ppm (Ph—C=C—H). This chemical shift difference
between deuterated and protonated nuclei is known as an isotope shift
(Figure 1b), which means that the derived species were identical except
for the terminal hydrogen atoms (H or D). More importantly, the ob-
served chemical shifts of the alkyne carbons under acidic conditions (Fig-
ure 2e and f) were consistent with those of the original phenylacetylene
(Figure 2a and b); this is direct evidence that neutral phenylacetylene
was regenerated.

NMR spectroscopic measurements were performed on a JEOL ECA600
spectrometer (600 MHz for 'H, 151 MHz for “C). Typical 1D *C NMR
spectra without 'H decoupling were recorded with a spectral width of
47169.811 Hz digitized into 65536 complex points. For the neutral solu-
tion, 128 scans were averaged. This spectrum was processed with an ex-
ponential window function to give a line-broadening of 3 Hz. For the
basic solution, 1024 scans were averaged. This spectrum was processed
with an exponential window function to give a line-broadening of 10 Hz.
Measurements under basic and neutral conditions were performed at
—-30°C.

We gave each sample sufficient time for the solution to equilibrate
before NMR spectral acquisition. Chemical shift referencing was per-
formed by using the "*C resonances of [Dg]THF as internal references.
We also performed indirect chemical shift referencing with the chemical
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shift referencing ratio (y(**C)/y(*H))"™ and confirmed that both correct-
ed chemical shift values were consistent with each other.

DFT Calculations

DFT calculations were carried out with Gaussian 03 on an Origin 3400
processor (Silicon Graphics Inc.).l") Structural optimizations, vibrational
analyses, and NMR shielding calculations were performed at the B3LYP/
6-3114++ G(2d,p) level. Shielding values were calculated with the GIAO
method."! The shielding values obtained were transformed into chemical
shifts (8,e) by using [Eq. (1)].'! with the calculated shielding values of
the target nuclei (0, and tetramethylsilane (0,).

6targel = (O‘reffatarge&/(l 7Uref) = Oret —Oltarget (1)

For the sake of clarity, chemical shifts of the acetylide anion (Ph—C=C")
were calculated for the anion alone and for its complexes with THF,
DMF, and phosphazenium cation, (H-/Bu-P4)*. Among the above calcu-
lated models, the ion pair Ph—C=C~ (H-1Bu-P4)* showed quite similar
chemical shift values to the experimental (Table 1). Calculated chemical
shift values are as follows (0(Ct), 6(Ci)): Ph—C=C~ alone: 214.8,
118.9 ppm; Ph—C=C-THF: 204.0, 117.4 ppm; Ph—C=C -(H-1Bu-P4)*:
179.6, 115.8 ppm. For Ph—C=C-DMF, chemical shifts were not calculat-
ed, as there was no converged structure or reasonable structure without
imaginary frequencies for the calculated structures tested (B3LYP/6—
31G(d) level).

Next, chemical shifts of neutral phenylacetylene (Ph—C=C—H) were cal-
culated for phenylacetylene alone and for its complexes with THF and
DMEF. According to our calculations, all the complexes showed imaginary
frequencies, which means that they are not stable. In contrast, the model
of phenylacetylene alone did not show an imaginary frequency. There-
fore, chemical shift values for phenylacetylene alone are listed in Table 1.
Calculated chemical shift values are as follows (6(Ct), 6(Ci)): Ph—C=C—
H alone: 81.9, 87.6 ppm. We also calculated the J coupling constant
(Jen: Ph—C=C—H) between the alkyne carbon and the alkyne hydrogen
nuclei of neutral phenylacetylene. Interestingly, the calculated 'Jc;; value
was in good agreement with the experimental. This indicates that the
DFT calculations were performed correctly.

DFT calculations at the 6-311++ G(2d,p) level were performed not only
for small molecules but also for a very large molecular system of Ph—C=
C-(H-tBu-P4)* (M,=735.47). We emphasize that this level of DFT cal-
culations of NMR chemical shifts (GIAO method) was the highest level
for the Ph—C=C-(H-/Bu-P4)* within the limits of both the software and
hardware. Reviews on the theoretical chemistry of metal carbanions?!
and phosphazene bases!™®! are present in the literature.
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