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Planar Chiral (Arene)chromiumcarbonyl-Substituted Propargyl Cations –
A Spectroscopic and Computational Study
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Planar chiral (arene)Cr(CO)3-substituted propargyl cations
can be diastereoselectively generated from propargyl ace-
tates with the use of strong Lewis acids, and they have been
structurally characterized by UV/Vis and 13C NMR spec-
troscopy. At low temperatures (�–65 °C) the s-cis isomer is
exclusively obtained as a product of a kinetically controlled
ionization. DFT studies on the structure of the propargyl cat-

Introduction

The advent of transition metal stabilized propargyl cat-
ions has imposed a significant impact on stereoselective cat-
ionic propargylations.[1] Besides dicobalt hexacarbonyl
complexed propargyl cations applied in the Nicholas reac-
tion,[2] in the syntheses[3] of complex molecules we have
demonstrated in the past years that (arene)chromiumcar-
bonyl-substituted propargyl cations represent complemen-
tary propargyl cation synthetic equivalents in highly stereo-
selective cationic propargylation reactions.[4] As for the cor-
responding complexed benzyl systems[5] in a stepwise ion-
ization and nucleophilic addition to a planar chiral configu-
rationally stable propargyl cation, a high degree of dia-
stereoselection in the sense of retention of configuration at
the propargylic stereogenic center is obtained as a conse-
quence of a double inversion mechanism. Basic insights into
the electronic structure and reactivity of (arene)chromi-
umcarbonyl-substituted propargyl cations were obtained by
preliminary spectroscopic studies and extended Hückel cal-
culations[4a] as well as kinetic determination of the electro-
philicity[4c] of the Cr(CO)3 complexed 1,3-diphenyl propar-
gyl cation. Yet, the energetics of intramolecular dynamics
such as the chromiumcarbonyl tripod and the side chain
rotations, which are crucial for the conformational lock of
the propargyl cation and ultimately for the diastereoselec-
tivity of the nucleophilic addition, have remained unex-
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ions and on the Cipso–Cα bond rotation to give the thermody-
namically favored s-trans isomer reveal that the substitution
pattern at the γ-propargyl position has a stronger impact on
the height of the rotational barrier than the substituent on
the complexed aryl ring.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

plored so far. Here we report on the generation, the spectro-
scopic, and the computational characterization of planar
chiral (arene)chromiumcarbonyl-substituted propargyl cat-
ions.

Generation and Spectroscopy of (Arene)-
chromiumcarbonyl-Substituted Propargyl Cations

The most general access to (arene)chromiumcarbonyl-
substituted propargyl cations 2 can be achieved by Lewis
acid assisted extrusion of a suitable leaving group such as
an acetate from corresponding propargyl acetates 1
(Scheme 1).

Scheme 1. Lewis acid assisted generation of (arene)Cr(CO)3-substi-
tuted propargyl cations 2.
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First ionization experiments with (η6-phenyl)Cr(CO)3-

substituted propargyl acetate 1a (Scheme 1, R1 = H, R2 =
C6H5) with a slight excess of boron trifluoride diethyl
etherate at –78 °C in dichloromethane showed the genera-
tion of a new species accompanied by a significant color
change from light yellow to deep purple within 50 min.[4a]

The rate constant of the ionization of 2a was determined
as k̄2 = (2.95�0.33) Lmol–1 s–1 from a second-order rate
law obtained photometrically from the increase of the long
wavelength absorption band at λmax = 485 nm. A short in-
duction period is in agreement with an ionization scenario,
where a preequilibrium forming Lewis acid–base adduct 3
plays a key role in the transition from acetate 1 to cation 2
(Scheme 2). In comparison, the free ligand does not at all
ionize in the presence of boron trifluoride diethyl etherate
under similar conditions.

Scheme 2. Stepwise ionization by Lewis acid–base adduct 3.

This cationic species was then identified by NMR spec-
troscopy to be complex substituted propargyl cation 2a. For
synthetic transformations with ortho-substituted η6-phenyl
complexes 1b–f, stronger Lewis acids were used to ac-
complish complete conversion to desired propargyl cation
intermediates 2b–f.[4b,4d] In all cases, yellow propargyl ace-
tates 1 give deep colored red–violet to deep blue solutions
(Table 1, Figure 1) of propargyl cations 2 that are stable be-
low –50 to –40 °C for several hours.[6]

Table 1. Longest wavelength absorption bands λmax of (arene)
Cr(CO)3-substituted propargyl cations 2 (recorded in anhydrous
dichloromethane at 207�3 K).

Cation 2a 2b 2c 2d 2e 2f

λmax [nm] 485 462 480 589 503 421

Figure 1. UV/Vis spectra of propargyl cations 2b–f (recorded in dry
dichloromethane at 207�3 K).

The comparison of the longest wavelength absorption
bands ranging from λmax = 421–589 nm reveals a strong
dependence on the substitution pattern of the γ-propargyl
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position and of the ortho position of the complexed benzene
ring. For the γ-propargyl position, the propensity to stabi-
lize a positive charge by resonance stabilization rather than
by inductive effects is clearly reflected in lowering the en-
ergy for an electronic transition by replacing a butyl group
by a phenyl or even more so by a para-anisyl substituent.
At the ortho position of the complexed benzene ring, the
electronic effect is opposite: with increasing acceptor char-
acter (OCH3 � CH3 � H � Cl) the longest wavelength
maxima are shifted bathochromically. This can be interpre-
ted on the basis that propargyl cations 2 can be regarded
as organometallic push–pull chromophores[7] with the chro-
miumcarbonyl-complexed aryl fragment as the acceptor
and the γ-propargyl substituent as the donor functionality.

Although complete ionization could be achieved at lower
concentrations, the solubility of the corresponding propar-
gyl cation is strongly dependent on the temperature and the
structure. Hence, for NMR spectroscopic characterization,
higher concentrations were necessary and in some cases
even higher temperatures. With respect to the relative nar-
row temperature window (above –30 °C rapid decomposi-
tion of propargyl cations 2 was observed in all cases) and
the low solubility of TMSOTf at –24 °C or the crystalli-
zation of TiCl4 below –30 °C, SnCl4 has turned out to be
a versatile Lewis acid to achieve complete and irreversible
ionization even at lower temperatures. Therefore, propargyl
cation 2d (R1 = CH3, R2 = para-C6H4OCH3), which is the
most soluble cation, was structurally characterized by
NMR spectroscopy first.

To a precooled (–70 °C) solution of acetate 1d in CD2Cl2,
a 15-fold excess of pure SnCl4 was injected. Instantaneous
measurements of 1H, 13C (Figure 2), DEPT, and CH-COSY
NMR spectra at –65 °C reveal the generation of a new spe-
cies with a single set of signals (Table 2). The solution of
formed, diastereomerically pure propargyl cation 2d is
stable at this temperature for several hours and, thus, the
unambiguous assignment of the carbon resonances of 1d
and 2d was based in analogy to the system 1a/2a[4a] and
was additionally supported by the CH-COSY spectrum. Be-
sides a significant ionization shift, most characteristically,
a splitting of the resonances of the carbonyl ligands upon
ionization indicates restricted rotation of the chromium car-
bonyl tripod as a consequence of the anchimeric stabiliza-
tion[8] of the newly generated positive charge on the propar-
gyl side chain.

Likewise, propargyl cation 2b (R1 = OCH3, R2 = Ph) was
structurally characterized by 13C NMR spectroscopy. As
described in the previous case, the cation was generated in
the NMR tube from a CD2Cl2 solution of propargyl acetate
1b with SnCl4 at –70 °C and transferred to the thermo-
statized spectrometer. Because of the increased viscosity
and the accompanying signal broadening, measurements
were performed above –60 °C. The carbon resonances of
propargyl acetate 1b (recorded at –87 °C) and the ionized
species (recorded at –55 and –44 °C) not only revealed the
generation of expected propargyl cation 2b, but also a sec-
ond propargyl cation, 2b�, which can be identified as a dia-
stereomer (Table 3, Figure 3).
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Figure 2. 13C NMR spectra (recorded in CD2Cl2 at 203 K): a) ace-
tate 1d (R1 = CH3, R2 = para-C6H4OCH3) and b) propargyl cation
2d (indentations show the carbonyl resonances).

The ratio 2b/2b� changes with increasing temperature as
pointed out by the spectral development of the carbonyl
resonances. Major diastereomer 2b is converted into minor
diastereomer 2b�. Clearly, in both specimens, 2b and 2b�,
the splitting of the carbonyl resonances indicates a restric-
ted rotation of the chromium carbonyl tripod as a conse-
quence of the anchimeric stabilization (Figure 4).[8] The
ionization shift of the carbonyl ligands and the splitting are
in good agreement with the effect of electron withdrawing
substituents.[9,10]

This now implies that major s-cis diastereomer 2b, gener-
ated under kinetic control, is prone to syn–anti isomeriza-

Table 3. Assignment and ionization shifts [∆δ = δ(2b) – δ(1b)] of selected 13C NMR signals (recorded in CD2Cl2, 100 MHz, 1b at 186 K,
2b and 2b� at 218 K and 229 K, respectively).

Acetate 1b Cation, major diastereomer 2b Cation, minor diastereomer 2b� Ionization shift ∆δ[a]

Cr–CO 232.3 229.7 230.7 –2.6 (–1.6)
– 229.2 230.3 –3.1 (–2.0)
– 228.5 228.2 –3.8 (–4.1)

Ester CO 168.6 178.2 – 9.6
ortho-phenyl[b] 131.04 133.04 – 2.0
para-phenyl[b] 128.6 132.3 – 3.7
meta-phenyl[b] 127.8 129.0 – 1.2
ipso-phenyl[b] 120.1 120.2 119.7 0.1 (–0.4)
ortho-ipso-η6-aryl 141.7 153.0 151.1 11.3 (9.4)
η6-aryl 95.6 103.1 – 7.5
η6-aryl 95.0 97.7 100.7 2.7 (5.7)
ipso-η6-aryl 94.4 90.6 88.7 –3.7 (–5.9)
η6-aryl 83.3 96.6 – 13.3
η6-aryl 72.1 79.8 80.8 7.7 (8.7)
Cγ 84.6 118.7 119.0 34.1 (34.4)
Cβ 83.7 102.6 104.8 18.9 (21.1)
Cα 57.2 106.7 107.1 49.5 (49.9)
OCH3 (ortho) 55.7 58.0 58.3 2.3 (2.6)
acetyl-CH3 20.2 24.8 – 4.6

[a] Ionization shift of the minor diastereomer in parentheses. [b] Assigned according to the precedence 1a/2a.[4a]
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Table 2. Assignment and ionization shifts [∆δ = δ(2d) – δ(1d)] of
selected 13C NMR signals (recorded in CD2Cl2, 100 MHz at
203 K).

Acetate 1d Cation 2d Ionization shift ∆δ

Cr carbonyl 232.6 230.7 –2.1
– 228.5 –4.1

ester carbonyl 168.9 178.0 9.1
para-ipso-anisyl 159.3 163.7 4.4
meta-anisyl 132.8 136.5 3.7
ortho-anisyl 113.2 115.2 2.0
ipso-anisyl 112.2 111.7 –0.5
ortho-ipso-η6-aryl 109.0 107.9 –1.1
ipso-η6-aryl 104.8 96.4 –8.4
η6-aryl 95.1 101.9 6.8
η6-aryl 93.7 100.1 6.4
η6-aryl 92.4 98.5 6.1
η6-aryl 88.4 96.9 8.5
Cγ 85.7 119.5 33.8
Cβ 82.4 106.2 23.8
OCH3 (para) 54.9 55.9 1.0
Cα 60.4 119.9 59.5
CH3 (ortho) 18.0 17.9 –0.1
acetyl-CH3 20.4 24.7 4.3

tion of the propargyl cation side chain (Scheme 3) upon in-
creasing the temperature to the presumably thermodynami-
cally more stable s-trans cation 2b� (vide infra).

Rotation around the Cipso–Cα bond in propargyl cation
2 is very likely the cause of this dynamic phenomenon.
From the difference of the averaged carbonyl resonances of
2b and 2b� and from the temperature regime between –55
and –44 °C, an activation barrier for the diastereomeri-
zation of 10–11 kcalmol–1 can be estimated. Because of the
restricted solubility of specimens 2 and 2b� at temperatures
below –55 °C and their limited stability above –30 °C, it was
not possible to quantify the dynamic process experimen-
tally.
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Figure 3. 13C NMR spectra (recorded in CD2Cl2): a) acetate 1b (R1

= OCH3, R2 = C6H5) at 186 K, b) propargyl cation 2b at 218 K,
and c) the mixture of diastereomeric propargyl cations 2b and 2b�
at 229 K.

Computational Studies on (Arene)-
chromiumcarbonyl-Substituted Propargyl
Cations

The lack of an experimental option to determine the bar-
rier of the rotation around the Cipso–Cα bond in propargyl
cation 2 as the origin of the observed diastereomer distribu-
tion and stereomutation in the one-step ionization trapping
protocol[4d] in nucleophilic trapping reactions prompted us
to quantitatively study the syn–anti isomerization by com-
putational methods. Therefore, we set out to calculate ener-
gies[11] for cations 2b–d, 2g (R1 = Me, R2 = SiMe3), and 2h
(R1 = Me, R2 = nBu) by using Gaussian-03[12] and by ap-
plying the hybrid DFT[13] method B3LYP[14] with a 6-31G*
basis set.[15] Inspection of the conformational energies with
frozen dihedral angles reveals that the provisional rota-
tional barrier for aryl substituents in the γ-propargyl posi-
tions is significantly lower than that of either alkyl or silyl
substituents (Figure 5). Interestingly, it becomes evident
that for aromatic γ-substituents the rotation endo with re-
spect to the chromiumcarbonyl tripod is energetically fa-
vored.
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Figure 4. Carbonyl resonances in the 13C NMR spectra (recorded
in CD2Cl2): a) acetate 1b (R1 = OCH3, R2 = C6H5) at 186 K, b)
propargyl cation 2b at 218 K, and c) the mixture of diastereomeric
propargyl cations 2b and 2b� (marked by arrows) at 229 K.

Scheme 3. syn–anti isomerism of propargyl cations 2/2�.

The s-cis propargyl cations 2 and the s-trans propargyl
cations 2� (see for example Figure 6: 2g and 2g�) were opti-
mized. As expected, the s-cis diastereomer is generally 2.0–
2.9 kcalmol–1 higher in energy than the s-trans isomer
(Table 4).

We compared the Cipso–Cα bond lengths and the devia-
tion of the dihedral angle Cα–Cipso–Cortho–Hortho (see Fig-
ure 6) of the substituents towards the η6-coordinated aryl
system. The C–C distances are calculated to be
1.42�0.01 Å for all systems. Within that narrow margin,
those with R2 = aryl are calculated to be longer than those
with non-aromatic R2 groups. The difference between the
aryl and the other R2 substituents becomes even more obvi-
ous in the deviation from the planar geometry. All com-
pounds with R2 = aryl (2b–2d and isomers) show smaller
deviations of 7 to 13 °, while in 2g (R2 = SiMe3) and 2h (R2
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Figure 5. Calculated conformational energies at frozen dihedral angles for rotation around the Cipso–Cα bond in propargyl cations 2b–d,
2g (R1 = Me, R2 = SiMe3), and 2h (R1 = Me, R2 = nBu.

Figure 6. Calculated isomers 2g (left) and 2g� (right).

Table 4. Computed gas phase energies (in [kcalmol–1]) and solvent
calculations (in [kcalmol–1]) of conformers 2 and 2� and of the
transition states for Cipso–Cα bond rotation.

∆H2–2� ∆G2–2� ∆E2–2�(solv) ∆H‡
2�2� ∆G‡

2�2� ∆E‡
2�2�(solv)

2b +2.9 +2.7 +2.0[g] +19.4[a,f] +19.3[a,f] +18,4[f,g]

2c +2.1 +2.3 +1.0[g] +19.4[b] +20.7[b] +18.9[g]

2d +2.0 +2.2 +0.8[g] +16.1[c] +17.7[c] +14.7[g]

2g +2.3 +2.2 +0.8[g] +25.8[d] +26.3[d] +26.9[g]

2h +2.1 +1.9 –0.3[g] +25.5[e] +25.7[e] +25.4[g]

[a] Imaginary frequencies that verify transition states: i221 cm–1.
[b] i173 cm–1. [c] i112 cm–1. [d] i314 cm–1. [e] i336 cm–1. [f] Triplet
multiplicity. [g] Solvent single-point calculations on gas-phase opti-
mized geometries.

= nBu) the corresponding dihedral angle increases to
around 20 °. Earlier, extended Hückel calculations of other
aryl–chromium complexes by McGlinchey[5e] reported devi-
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ations of 22 °, and DFT studies by Koch and Schmalz[13a]

show angles of inclination of even 37 ° out of the planarity
of the η6-coordinated aryl system.

Least energy transition states 4 are represented by endo
orientation of the propargyl side chain, which is in agree-
ment with an almost orthogonal arrangement of the pro-
pargyl cation and the η6 complexed aryl ring (Scheme 3,
Figure 7). Therefore, the heights of the rotational barriers
calculated as ∆H‡ lie between 16 and 26 kcalmol–1. Al-
though, the calculated barriers are significantly higher than
the experimentally estimated activation energies for the dia-
stereomerization and deviate by 6–16 kcalmol–1, the trends
are self-consistent, where stronger electron donating sub-
stituents on the complexed arene ring cause a stronger re-
striction of the rotation than placing them in the γ-propar-
gyl position. This trend is also observed in the diastereo-
selectivities of the nucleophilic trapping reactions.[4d]

Figure 7. Calculated transition states 4d (left) and 4g (right).
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In the transition state structures, the Cipso–Cα bond

lengths are elongated in comparison to the corresponding
cationic ground state geometries. Again the nature of the
substituent R2 leads to a significant difference. For transi-
tion states 4g (R2 = SiMe3) and 4h (R2 = nBu) the Cipso–
Cα bond length is shorter (1.468 Å) compared to the aryl
substituents in 4b–4d, where this bond length increases to
1.476–1.480 Å.

The deviation in the coplanarity of the Cipso–Cα bond
from the planar aromatic system of the η6-coordinated aryl
ring is smaller than the cationic ground states. Dihedral
angles of 5–10 ° deviation with respect to the corresponding
cationic ground state are calculated. The propargyl Cα–Hα

bond is almost orthogonal to the aryl chromium complex
with torsion angles (Hα–Cα–Cortho1–CMethyl, see Figure 7) of
78 to 82 ° in all calculated transition states.

In the case of transition states 4b and 4d we also checked
higher spin states. For ground states 2b/2b� and 2d/2d�, the
corresponding triplet spin states are disfavored by 6–
10 kcalmol–1. They are all located on the singlet potential
energy surface. The “two-state-reactivity” concept proposed
by Schwarz et al.[16] allows selected first-row transition met-
als to react on a different hypersurface, for example by a
higher multiplicity exclusively for the transition state. For
transition state 4d (R1 = Me, R2 = para-anisyl), the triplet
state remains unfavorable although the energy difference of
the two spin states is calculated to be only 3 kcalmol–1.

But a two-state-reactivity is indeed proposed for transi-
tion state 4b (R1 = OMe, R2 = phenyl). For the singlet state,
a free energy of 22.6 kcalmol–1 is calculated, the corre-
sponding triplet state is about 3.3 kcalmol–1 lower (∆G).
Therefore, it is in that case possible that the two singlet state
isomers are connected via a triplet transition state. Because
of the oxygen function in R1 it seems that the necessary
biradical character is favored in this transition state. There
are only small structural differences between the singlet and
the triplet state of transition state 4b. The distance of the
OMe group (R1) to the chromium–aryl complex is larger in
the higher spin state (triplet: 1.34 Å, singlet: 1.32 Å), and
also the distance of the carbonyl ligands to the chromium
center changes. In the singlet state, the average distance of
the three ligands is 1.87 Å, while in the triplet state their
mean value is 1.91 Å.

To probe for a possible solvent effect of DCM, single
point calculations using the PCM method[17] were con-
ducted on the optimized gas-phase structures (Table 4). For
all systems the effect is only small. The energy difference
between the syn and anti isomers becomes smaller, and in
the case of 2h� the s-trans isomer in solution is even lower in
energy than its s-cis isomer, 2h. The transition states show a
clear dependence of the solvent effects on the substituent
R2. For aryl groups, the rotational barrier decreases by 1–
3 kcalmol–1, whereas the silyl and nBu groups show only a
small (4h) or even an opposed influence (4g) of the solvent.

In the case of the one-state-reactivity system 2d–4d–2d�
(R1 = Me, R2 = para-anisyl) the solvent effects were studied
in more detail by reoptimizing the three stationary points
by using the PCM method.[17] By comparing the single-
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point energies on the gas-phase geometries to the energies
calculated for the structures optimized in the solvent, it be-
comes obvious that there is no significant change in the
geometries of the two cations and the transition state. For
the ground state, the calculated energies are identical,
whereas for the transition state, the solvent corrections of
the single-point calculation (+14.7 kcal/mol) overestimate
the solvent effect when compared with +15.4 kcalmol–1 for
the reoptimized structure.

As a consequence for further methodological applica-
tions, the use of alkyl or silyl substituents in the γ-propargyl
position not only diminishes the rotation around the Cipso–
Cα bond in propargyl cations 2, but they also preserve the
stereochemical integrity during the ionization–nucleophilic
trapping sequences. Therefore, these types of propargyl cat-
ions should be most favorable for stereoselective syntheses
of complex molecules (Scheme 4).

Scheme 4. Cipso–Cα bond rotation as the origin of the syn–anti
isomerism of propargyl cations 2/2�.

In conclusion, we have demonstrated that planar chiral
(arene)Cr(CO)3-substituted propargyl cations can be dia-
stereoselectively generated from propargyl acetates with
strong Lewis acids at a reasonable rate. UV/Vis and 13C
NMR spectroscopy have been successfully applied to unam-
biguously characterize these cationic species. At low tem-
peratures (�–65 °C), the s-cis isomer is exclusively obtained
as a product of kinetically controlled ionization in agree-
ment with a chromiumcarbonyl-assisted neighboring-group
participation in an anti-periplanar acetate extrusion. The
origin of epimerization at the propargylic center is obvi-
ously a Cipso–Cα bond rotation that causes syn–anti isomer-
ism towards the thermodynamically more favored s-trans
propargyl cation isomer. Computational studies on the
Cipso–Cα bond rotation reveal that the substitution pattern
at the γ-propargyl position has a stronger impact on the
height of the rotational barrier than the substituent on the
complexed aryl ring.

Experimental and Computational Section
All reactions involving tricarbonylchromium complexes were car-
ried out in flame-dried Schlenk flasks under a nitrogen atmosphere
and by using septum and syringe techniques. Solvents were dried
and distilled according to standard procedures.[18] 1H- and 13C
NMR spectra were recoded with a Bruker ARX 300 or a Varian
VXR 400S instrument. The assignments of quaternary C, CH,
CH2, and CH3 have been made by using DEPT spectra. UV/Vis
spectra were recorded with a Perkin–Elmer Lambda 16 or J&M
TIDAS (transputer integrated diodes array spectrometer) instru-



A. Netz, M. Drees, T. Strassner, T. J. J. MüllerFULL PAPER
ment with a Hellma low temperature quartz probe and J&M Spek-
tralys program 1.5.5 for evaluation, Schölly UV spectrometer KGS
III Intraphotometer.

Generation of the Planar Chiral (arene)Cr(CO)3-Substituted Propar-
gyl Cations

For UV/Vis Spectroscopic Studies: Standard solutions of propargyl
acetates 1 (10–3  in dichloromethane) were prepared under rigor-
ous exclusion of moisture. A well-defined volume of the standard
solution was injected into a measuring flask containing precooled
(–65 °C) and dry dichloromethane (for experimental details see
Table 5). After recording the spectrum of acetate 1, a precooled
Lewis acid (BF3·OEt2 or TMSOTf) was added by a thermostatized
syringe in a tenfold excess at –65 °C. After stirring for 50 min at
this temperature, the spectrum of cation 2 was recorded.

Table 5. Experimental details for ionization of propargyl acetates 1
(UV/Vis studies).

Entry Temperature Propargyl acetate 1 Lewis acid
[°C] [mol L–1] [mol L–1]

1 –64.2 1.54 � 10–4 of 1b 2.61 � 10–3 of BF3·OEt2

2 –65.4 1.45 � 10–4 of 1c 1.41 � 10–3 of TMSOTf
3 –69.1 1.44 � 10–4 of 1d 3.12 � 10–3 of TMSOTf
4 –66.0 1.98 � 10–4 of 1e 7.02 � 10–3 of TMSOTf
5 –65.7 1.74 � 10–4 of 1f 7.05 � 10–3 of TMSOTf

For 13C NMR Spectroscopic Studies: Propargyl acetates 1 were
placed in an NMR tube under an argon atmosphere and sealed
with a septum. To these NMR tubes, anhydrous deuterated dichlo-
romethane was added (0.3–0.6 mL) (for experimental details, see
Table 6). The spectra of acetates 1 were then recorded at –87 and
–70 °C, respectively. The NMR tubes were then cooled in Dewar
vessel to –70 °C (dry ice/acetone). An excess of a precooled Lewis
acid (as a solution in deuterated dichloromethane) was injected by
a thermostatized cannula to the bottom of the NMR tubes. Cool-
ing was maintained until the tube was quickly placed into the ther-
mostatized conduit of the NMR apparatus. After 2–5 min of shim-
ming, the measurements were started.

Table 6. Experimental details for ionization of the propargyl ace-
tates 1 (13C NMR studies).

Entry Temperature [°C] Propargyl acetate 1 Lewis acid

32 mg (0.8 mmol) 0.18 mL (0.12 mmol)
1 –55 and –44

of 1c of 0.68  SnCl4
9 mg (0.9 mmol) 0.20 mL (0.15 mmol)

2 –65
of 1d of 0.77  SnCl4

Computational Studies: All calculations were performed with the
software package GAUSSIAN-03[12] by using the density func-
tional/Hartree–Fock hybrid model Becke3LYP[14] and the split val-
ence double-ζ (DZ) basis set 6-31G(d).[15] No symmetry or internal
coordinate constraints were applied during optimizations except for
the calculations leading to the results in Figure 5. All reported in-
termediates were verified as true minima by the absence of negative
eigenvalues in the vibrational frequency analysis. Transition-state
structures were located by using the Berny algorithm[19] until the
Hessian matrix had only one imaginary eigenvalue. The identity
of all transition states was confirmed by IRC calculations and by
animating the negative eigenvector coordinate with MOLDEN[20]

and GaussView.[21]

Approximate free energies (∆G) and enthalpies (∆H) were obtained
through thermochemical analysis of frequency calculations by

www.eurjoc.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2007, 540–547546

using the thermal correction to Gibbs free energy as reported by
GAUSSIAN-03. This takes into account zero-point effects, thermal
enthalpy corrections and entropy. All energies reported in this pa-
per, unless otherwise noted, are free energies or enthalpies at 298 K
with the use of unscaled frequencies. All transition states are max-
ima on the electronic potential energy surface (PES), which may
not correspond to maxima on the free energy surface. Solvation
corrections were applied by using the PCM model[17] as im-
plemented in GAUSSIAN-03. Table 4 includes single-point calcula-
tions while for 2d–4d–2d� the stationary points were also reopti-
mized in solution.
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