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DFT Study on the Sn'-Catalyzed Diastereoselective Synthesis of
Tetrahydrofuran from D—A Cyclopropane and Benzaldehyde
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By means of density functional theory (DFT), the regio- and
diastereoselective mechanism for the synthesis of 2,5-disub-
stituted tetrahydrofuran from a donor-acceptor (D-A) cyclo-
propane cycloaddition reaction with benzaldehyde catalyzed
by Sn(OTf), was investigated. As demonstrated, the overall
reaction includes the activation of the D-A cyclopropane (S)-
1, an unusual SN2 attack on the activated cyclopropane, the
formation of the tetrahydrofuran coordination complex and
the regeneration of the catalyst. The D-A cyclopropane is ac-
tivated by its combination with Sn(OTf),, which leads to a
decrease in the natural bond orbital (NBO) energy of
G*(ci—c2) and an increase in the dipole moment and angular
deviation of the bent bond 6(ci_c). Two nucleophilic reac-

tions generates two chiral carbon centres, and the first one is
rate controlling. In the Sy2 reaction, one molecule of tri-
fluoromethane sulfonate forms a hydrogen-bond Hcpo)
O(ots, which can control the stretching direction of the benz-
aldehyde. On the whole, the solvation energies of the species
increase with increases in the molecular dipole moments,
and the solvent effects increase the reaction barriers. The
theoretically predicted dominant product is cis-(2R,5R)-tetra-
hydrofuran. So these can satisfactorily account for the experi-
mental observations.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The regiospecificity and stereochemistry of electrophilic
carbon—carbon bond cleavage in cyclopropanes have been
the subject of considerable investigation and speculation. In
particular, donor-acceptor (D-A) cyclopropanes have been
studied owing to their easy synthesis and high reactivity,
and they are exceptionally useful three-atom building
blocks. By employing ligand control to effect absolute ste-
reochemical induction, a series of stereoselective cycload-
dition reactions were developed.['>! Recently, Pohlhaus et
al. described a highly diastercoselective synthesis of 2,5-di-
substituted tetrahydrofurans (2) by Lewis acid catalyzed cy-
cloaddition of donor-acceptor (D-A) cyclopropanes (1)
and aldehydes (Scheme 1). Further, tetrahydrofuran 2 can
undergo decarboxylation in a stereoselective manner to af-
ford monoester 3 in good yield.[®! So, it should allow simple
functionalization of the ring at the 3-position. This discov-
ery is significant in synthetic organic chemistry because
functionalized tetrahydrofurans occur in a variety of phar-
macologically relevant natural products and the structures
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of tetrahydrofurans repetitively occur in natural products.
In Pohlhaus’ experiment,”? by utilizing Sn(OTf), (OTf =
trifluoromethane sulfonate) as a catalyst and CH,Cl, as a
solvent, the cycloaddition reaction of D-A cyclopropanes
[(S)-1] and benzaldehyde afforded tetrahydrofuran 2 in 96%
ee, 100% conversion and >100:1 diastereomeric ratio. On
the contrary, strong Lewis acids such as TiCl; and AlCl;
give significant decomposition of the cyclopropane, whereas
several milder Lewis acids such as SnCl,, ZnCl,, Mg-
(OTY), and La(OTY), exhibit no reactivity towards the cy-
clopropane. Interestingly, their labelling study in which one
of the diastereotopic carboxymethyl groups of the cyclopro-
pane was deuterated, compound 4, and subjected to the
normal reaction conditions revealed 94% of the label to be
cis to the phenyl groups in the tetrahydrofuran.

In light of this, Pohlhaus et al. assumed this cycload-
dition reaction was unlikely to proceed by Sg2 attack®! or
by a [;2; + 52,] mechanism,!'% but likely through an un-
usual initial Sy2 corner attack on the activated cyclopro-
pane. In addition, they suggested that the ligand control
might not be necessary. Considering this significant method
for the preparation of regiodefined tetrahydrofurans, it was
necessary to arbitrate the cycloaddition reaction mecha-
nism to account for the specific function of the Sn(OTf), in
the activation of the D-A cyclopropanes. Hence, the com-
prehensive theoretical investigation of the complete reaction
cycle for the Sn(OTf),-catalyzed synthesis of 2,5-disubsti-
tuted tetrahydrofuran from D-A cyclopropane and benzal-
dehyde was performed in the present work.
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Scheme 1.

Computational Methods and Models

The present computations were based on the cycload-
dition reaction of (S)-1 with benzaldehyde catalyzed by
Sn(OTY),. All computations were carried out by using the
Gaussian03 program package.['!! Density functional theory
(DFT) methods!!? have now been widely applied to various
molecular systems with great success because of their
efficiency and accuracy.!'>!3 Especially the B3LYP
method,['%!7] which includes Becke’s three-parameter-ex-
change functionals and nonlocal Lee—Yang—Parr corre-
lation functional that generally provide better results. In
this paper, by taking into account the accuracy and the fa-
cility of the calculations, B3LYP/6-311G(d,p) (LANL2DZ
adding one set of d-polarization function with exponent of
0.180'%1 for Sn) single-point energies based on the B3LYP/6-
31G (LANL2DZ basis setl'>2!l for Sn) optimized struc-
tures were obtained. This strategy should be appropriate
and feasible for this larger system (Figure S7 and
Table S11). The transition states were verified by intrinsic
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reaction coordinate (IRC)1??! calculations and by animating
the negative eigenvector coordinates with a visualization
program (Molekel 4.3).123-24 The intermediates were charac-
terized by all real frequencies.

In addition, solvent effects of CH,Cl, were studied by
performing self-consistent reaction field (SCRF) single-
point calculations by employing the polarizable continuum
model (PCM)*! approach based on the B3LYP/6-31G gas
phase optimized geometry of each species at the B3LYP/6-
311G(d,p) level. By utilizing Gibbs free energy including all
electrostatic and nonelectrostatic terms, the reaction rate
coefficients for key steps were computed by transition-state
theory (TST).[20

Furthermore, the bonding characteristics were analyzed
by using the “atoms in molecules” (AIM) theory,*”l which
is based on a topological analysis of the electron charge
density and its Laplacian. The magnitude of the electron
density, p(r), at the bond critical points (BCPs) depends on
the interatomic distance and the degree of coordination of

AN
/SnOTh,

Scheme 2.
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the atoms, and it is often used as a measure of the bond
strength or similar type of bonds.”® The analysis went fur-
ther with those obtained by means of the natural bond or-
bital (NBO) theory.?* 321 AIM analysis was carried out by
employing the AIM2000 codel*¥! with the B3LYP/6-31G
wave functions as input. NBO analysis was performed by
utilizing NBOS5.0 codel**! with the optimized structures.

Results and Discussion

The complete reaction cycle for the Sn(OTf),-catalyzed
synthesis of 2,5-disubstituted tetrahydrofuran by D-A cy-
clopropane (S)-1 and benzaldehyde includes the following
four steps: (1) D—A cyclopropane activation, (2) Sn2 attack
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at the carbon in the 2-position of the activated cyclopro-
pane, (3) formation of the tetrahydrofuran coordination
complex and (4) regeneration of the catalyst (Scheme 2).
Ten possible reaction channels leading to cis-(2R,5R)-P1,
cis-(28,5S)-P2 and trans-(2R,5S)-P3 were located. Specially,
unless otherwise specified, the B3LYP/6-311G(d,p)//B3LYP/
6-31G energies including solvent effects were used in the
following discussion.

CAT Coordination Reaction with R1

The Sn** ion has the (5s)* configuration; hence, a non-
bonding electron pair can have a stereochemical influence.
Thus, the structure of Sn(n?-OTf), shows tin with four oxy-
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Figure 1. Geometries and parameters of the reactants, catalyst, and the five isomers of Sn(n'-OTf),(n>-R1) (CF5SO; and C¢Hs are

represented by sticks for clarity, bond lengths in A, angles and dihedral angles in
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3

gen neighbours on one side and a “vacant” coordination
site apparently occupied by the lone pair of electrons (Fig-
ure S2). In addition, Sn—O(6) and Sn—O(7) are stronger
than Sn—-O(10) and Sn-O(11), because O(6) and O(7) are
more negative than O(10) and O(11) in the atomic polar
tensors (APT) charges (Table S4), and Sn—-O(6) and Sn-—
O(7) are higher than Sn—O(10) and Sn—O(11) in the Wiberg
bond orders. Because the carbonyl oxygen atoms of (S)-1
(R1) have electron pairs in a p orbital, the coordination
reaction between R1 and the catalyst leads to the complex
Sn(n'-OTf),(n>-R1). However, whereas the two carbonyl
oxygen atoms of R1 are close to the Sn>* ion, O(10) and
O(11) leave it. Thus the Sn** ion keeps its four coordination
in the Sn(n'-OTf),(n?-R1). Five possible stereoisomers were
located: Ma, Mb, Mc, Md and Me (Figure 1).
Sn(n!-OTf),(n>-R1) differs from R1 in electron structural
characters. For Ma: (1) the NBO energy of the antibonding
orbital 6*; ¢z, decreases by 251.3 kImol ™' (Table S2); (2)
the positive APT charge at C(2) increases by 0.322, whereas
the negative APT charges at C(1), O(1) and O(2) increase
by —0.382, —0.264 and —0.310, respectively (Table S4); thus,
the bonding dipole moment of o(ci_co) increases by
0.715D; (3) the angular deviation of 0O ¢ increases,
whereas 0(c_c3) and 0o c3) decrease (Table S1); (4) the
molecular orbital occupied electrons and electron density
p(r) at the BCP of 6(cy_¢2) decrease, whereas the electron
density p(r) at the ring critical point (RCP) of the C(1)-
C(2)-C(3) decreases remarkably. Evidently, the bent bond
G(c1-c2) of Ma becomes more unstable, and the carbon at
the 2-positon exhibits electrophilic behaviour, whereas the
carbon at the 1-positon exhibits nucleophilic behaviour.
Mb, Mc, Md and Me resemble Ma in electron structural
characters (Table S1). Synoptically, Sn(n!-OTf),(n>-R1) is
much lower than R1 in the NBO energy of the antibonding
orbital 6%y c2). The lower the energy of the antibonding
6*c1_c2) orbital the easier it is for this orbital to accept
electrons from an attacking nucleophile. In short, R1 is re-
markably activated by its combination with the catalyst.
However, the difference in the stretching directions of the
trifluoromethane sulfonates coordinated with Sn** leads to
the remarkable differences in the dipole moments, solvent

effects, steric hindrance effects and stereoelectronic effects.
Therefore, the five stereoisomers of Sn(n'-OTf),(n>-R1) ex-
hibit very different activities in the further cycloaddition
reactions with benzaldehyde.

Ma Reaction with R2

The initial nucleophilic substitution reaction of Ma oc-
curs while the formyl oxygen attacks the carbon at the 2-
position of the cyclopropane. Three possible reaction path-
ways, (1), (2) and (3), leading to products Pla, P2 and P3,
respectively, were located (Scheme 3).

In pathway (1), SN2 corner attack at C(2) occurs, which
leads to transition state Tal (Figure 2). NBO analysis of
Tal indicates that C(1) and C(2) are sp? hybridized and
that the dipole moments of 67 0s) and G 2, increase
remarkably. This reveals the electron transfer from C(7) to
O(5) and C(2) to C(1). The electron density increase in C(1)
leads to a conjugated system O(1)-C(4)-C(1)-C(5)-0O(2),
which further strengthens the coordination forces of Sn—
O(1) and Sn—O(2). Noticeably, the Hcpo(4):+O(8) distance
of 2.424 A is shorter than the standard H+-O van der Waals
distance of 2.720 A (Bondi value);**! hence, it is likely a
hydrogen bond. Moreover, the angular deviations of
Occ1-c3) and 0o c3) decrease to 7.1 and 11.8°, respectively.
This reveals the remarkable elimination of bond strain in
the cyclopropane. However, the high stabilization energy
(obtained from the second-order perturbation analysis of
donor—acceptor interactions in the NBO basis and used to
estimate the strengths of the donor—acceptor interactions of
the NBOs) of 205.2 kJmol™ for (sp'®7)gs—(p)co reveals
the electron transfer tendency from O(5) to C(2).

In the 6(os c2) bond formation process, as a result of
the orientation effect of the Heyo(4)--O(8) hydrogen bond,
H(3)-C(2)-C(6) rotates along 6> c3) in a clockwise man-
ner. Ultimately, the H(3) and the phenyl of the cyclopro-
pane overturn. Hence, the chiral carbon centre of C(2) be-
comes (R) configured. In Mal, because of the APT charges
—-0.783 at C(1) and +1.124 at C(7), an intramolecular nucle-
ophilic reaction can occur, which would lead to ring closure
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Figure 2. Geometries and parameters of the stationary points in the reactions of Ma with benzaldehyde R2 (CF;SO; and C¢Hs are
represented by sticks for clarity, bond lengths in A, angles and dihedral angels in °, dipole moments, z, in Debye).

via early tight transition state Ta2 (Figure 2). Eventually, configuration. Because C(1) is sp> hybridized, the conju-
prochiral C(7) becomes a chiral carbon centre with the (R)  gated system O(1)-C(4)-C(1)-C(5)-O(2) is destroyed; fur-
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ther, Sn—O(1) and Sn—O(2) are weakened. Finally, Ma2 dis-
sociates into cis-(2R,5R)-tetrahydrofuran [P1a, correspond-
ing to 5, its two phenyls are cis to O(1)].

Table 1. The reaction barriers for the entropy AS™ (Jmol ! K1),
energy AE™ (kJmol!) and Gibbs free energy AG™ (kJmol™!) of the
transition states.

In pathway (2), the formyl oxygen attacks C(2) from the Transition In gas phase In CH,Cl,
bottom right corner. As a result of steric repulsion between  States ASZRLAGER AETT AGERT AGTT
the phenyl and trifluoromethane sulfonate groups, H(3)-  Tal ~144.1 54.6 18.5 25.7 42.7
C(2)-C(6) rotates along G(ca c3) in a clockwise manner. In ~ Ta2 -28.0 26.4 13.9 33.8 28.6
Ta3 (Figure 2), there is evidence for Hepo(4)+O(8), and 123 1635 39:5 39.9 227 60.9

. 5 .. R Ta4 -38.5 14.6 1.5 16.6 11.4
C(1) is sp® hybridized. The rich p electrons of C(1) leads 1,5 175.8 35.8 575 536 85,
to a conjugated system O(1)-C(4)-C(1)-C(5)-O(2), which  Ta6 ~16.7 26.3 19.2 24.6 21.5
further enhances the coordination strength of Sn—O(1) and  Thl ~194.6 62.3 36.7 28.5 69.4
Sn-O(2). In addition, the high stabilization energy of Tel -196.7 61.2 26.4 311 64.6
240.4 kImol™! for (sp”?*)os—(p)co reveals the p electron Rﬁ 71;2? ggg 595.()6 28(7) é?;
transfer tendency from O(5) to C(2). Td2 193 28.9 6.2 20.3 3.0

In Ma3, Hcyo(4)O(8) becomes stronger, and C(2) Td3 -163.7 92.1 68.5 43.1 73.9
keeps the (S) chiral configuration. C(1) and C(7) are sp> Tel -174.5 92.4 64.8 314 64.4
hybridized and exhibit high negative (-0.781) and positive Te2 147 34.7 151 32.9 159

. . Te3 -154.9 108.3 85.6 59.3 89.9
(1.250) APT charges, respectively. So, an intramolecular nu- 1.4 398 0.7 06 338 233
cleophilic reaction can occur, which would lead to ring clo-  Tes 1534 108.5 85.1 57.3 86.1

sure with a very low barrier energy (Table 1 and Figure 3).
However, Hcpyo(4)::O(8) is weak in Ta4 and Ma4 (Fig-
ure 2). Finally, Ma4 dissociates into cis-(2S5,55)-P2 and the
catalyst.

In pathway (3), the nucleophilic reaction goes through
formyl oxygen attack at C(2) from the top right corner. Be-
cause of the steric repulsion between the phenyl and trifluo-
romethane sulfonate groups as the formyl oxygen ap-
proaches C(2), the angels O(1)-Sn—-O(6) and O(6)-Sn-O(7)
increase. A hydrogen bond Hcpo(4):++O(8) exists in Tas and
MaS5 (Figure 2), and it can control the stretching direction
of benzaldehyde. As the intramolecular nucleophilic reac-
tion proceeds further, Ma5 transforms into Ma6, which can
further dissociate into trans-(2R,5S)-P3 and the catalyst.

As shown in Table 1 and Figure 3, each of the Ma reac-
tion pathways include two nucleophilic reactions, and the

[a] Obtained from B3LYP/6-31G calculations. [b] Obtained from
B3LYP/6-311G(d,p)//B3LYP/6-31 calculations.

first one, which suffers from a much higher energy barrier,
is rate controlling. Both in the gas phase and in the absence
of CH,Cl,, pathway (1) is absolutely favoured, and cis-
(2R,5R)-P1a is the dominant product.

Mb and Mc Reactions with R2

Akin to pathway (1), the Mb and Mc reactions [path-
ways (4) and (5), respectively] proceed by initial S\2 attack
at the carbon in the 2-positon of the cyclopropane, which
leads to the same intermediate Mbl and the product Pla
(Scheme 4).
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04 Ta5(-24.9) AG: In CH,Cl,
Ta3(-49.2)
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.50 Ma3 (95.8) Ta4(-84.4)
_ \ Ma1(-106.5) P3+[Sn] (-62.1)
B 1 7 Pla+(Sn)(-64.7)
£ /
2 /
G -100- \ /
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] ' —_— Ma2(-112.8) #
Vo T NN T Mad(-1135)
-150 - g 27T Tab (934 N T . Ma6(-122.3)
Ma+R2(-150.9) TaBA11.0) e et B . i
Tal(-1324) OISR N
] —=""" Tab(-136.9)", P
m:g“gg;; Tad (1636) . /7 Ma2(-196.2)
-200 - -100. Ta2(-164.2 prorecim
e T8 S

Figure 3. The schematic reaction profiles of Ma with benzaldehyde [dash lines represent the relative energies AE in the gas phase,
solid lines represent the relative Gibbs free energies AG; solvation energies, which were obtained from B3LYP/6-311g(d,p)//B3LYP/6-31G

calculations, are included].
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Scheme 4.
1 - AE: Gas phase
R1+R2+[Sn] (0.0) -
04 AG: InCH,CL,
P1a+[Sn] (-22.9)
(-46.8)
-50 (-49.1)
b P1a+[Sn] (-64.7)
E | \‘
= % Tb2 (-90.4) /
X K ‘
S -100 - 5 2
Mc+R2 (-113.7)} Mb1 (-103.5) !
<1 \ . 3 i
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~ iy N Mb2 (-120.1) /
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1504 mb+rz (156.2) ot l
Mc+R2 (-162.4) =as ;
- N Th2 (-180.5)
-200 - Mb1 (-189.5) \\\\ E
Mb2 (-206.2)

Figure 4. The schematic reaction profiles of Mb and Mc with benzaldehyde [dash lines represent the relative energies AE in the gas phase,
solid lines represent the relative Gibbs free energies AG; solvation energies, which were obtained from B3LYP/6-311g(d,p)//B3LYP/6-31G

calculations, are included].

In the Mbl formation process, because of the Heyo(4)*O
interaction, H(3)-C(2)-C(6) rotates along 6> 3, H(3) and
the phenyl group turn upside down and benzaldehyde
moves to the right of C(2). Hence, C(2) adopts the (R) chi-
ral configuration. Further, an intramolecular nucleophilic
reaction occurs, which leads to ring closure with a very low
energy barrier. Finally, Mb2 dissociates into cis-(2R,5R)-
Pla.

As shown in Table 1 and Figure 4, both in the gas phase
and in CH,Cl,, the Sy2 reaction is the rate-determining
step.

Md Reaction with R2

There are two alternative routes at the initial stage of the
Md pathway: through Tdl and Td3 [pathways (6) and (7),
respectively] with barrier heights of 81.2 and 73.9 kImol !,
respectively (Scheme 5). In Td1 and Td3, both the increases
in the negative APT charges at C(1) and O(5) and the posi-
tive APT charges at C(2) and C(7) reveal the electronic
transfer from 605 c7) to pos) and from 6c1_c2) to Py
In addition, a conjugated system O(1)-C(4)-C(1)-C(5)-
O(2) strengthens the Sn>* coordination force with O(1) and

Eur. J. Org. Chem. 2007, 4855-4866
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O(2). Noticeably, in the transformation process of Tdl to
Mdl, as a result of the Hcyo(4):°O(9) interaction and the
steric hindrance effect of the trifluoromethane sulfonate
and methoxy groups, C(3) overturns to the another side of
C(1)-C(2) (Figure S4); thus, C(2) becomes (R) configured.
Further, an intramolecular nucleophilic reaction occurs be-
tween C(1) and C(7) with a remarkably low energy barrier
of 3.0 kJmol™!, which leads to ring close product Md2. Ulti-
mately, Md2 dissociates into cis-(R,R)-tetrahydrofuran
[P1b, corresponding to 6. Unlike Pla, the two phenyls of
P1b are trans to O(1)] and the catalyst.

However, in the forward direction of transition state Td3,
unexpectedly, only the ring-closed coordination complex
Md3 was located, and our numerous attempts to locate
other stationary points between Td3 and Md3 failed. By
analyzing the structure of Td3 or by animating the negative
eigenvector coordinates with a visualization program, it is
affirmed that Md + R2—Md3 is unlikely a [2, + 2.]
mechanism.['% Also, by comparison with the energy gaps
of interacting NBOs, the [;2, + ;2,] mechanism is the most
unfavourable (Tables S2 and S3). However, it can be ex-
plained that a possible intermediate M2 positioned in the
forward direction of transition state Td3 is too unstable to
4861
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Scheme 5.

Table 2. The reaction rate coefficients of the selected reactions at 298.15K in CH,Cl,.

Entry Reactions k> / dm3mol's!  Reactions ksl st Reactions Kz | dm®mol 2s!
1 Ma + R2— Mal 5.02 X 10° Mal — Ma2 6.09 x 107 R1 + R2 + CAT — Mal 6.39 X 10?3
2 Ma + R2—>Ma3 3.25x103 Ma3— Ma4 6.24 < 1010 R1 + R2 + CAT—Ma3 4.22 %102
3 Ma + R2— Ma5s 1.80 x 107! Ma5— Ma6 1.04 X 10° R1 + R2 + CAT —Ma5 2.32x 10
4 Mb + R2— Mbl 1.05 X 10? Mbl— Mb2 3.09 X 1010 R1 + R2 + CAT — Mbl 1.59 X 1020
5 Mec + R2— Mbl 7.30 X 102 — - R1 + R2 + CAT— Mbl 4.11 X102
6 Md + R2— Mdl 9.02x 10! Md1l - Md2 1.82 x 1012 R1 + R2 + CAT—Mdl1 9.15x 108
7 Md + R2— Md3 1.71 X 10 - - R1 + R2 + CAT—-Md3 1.70 X 1020
8 Me + R2— Mel 7.92 X 102 Mel — Me2 1.03x 100 R1 + R2 + CAT — Mel 9.85 %X 10!
9 Me + R2— Me3 2.70 X 1072 Me3— Me4 5.22 X108 R1 + R2 + CAT —Me3 3.30 X 107
10 Me + R2— Me5 1.25% 10! - R1 + R2 + CAT — Me5 1.55x 108
b -=—-- AE: Gas phase
0 R1+R2+[Sn] (0.0) AG: In CH,Cl,
P3+(Sn] (-20.1)
1 Ta1 (307) P1b+[Sn] (-22.9)
Td3 (-46.9)
501 P3+(Sn] (62.1)
+[Sn] (-62.
i T Plbesn] (64.7)
I (968) X :
g -100 + T M
s Ma+R2 (-120.9)'; S |
a L Md3 (-133.4) g
W -150 + AV /
Md+R2 (-152.5) p
| T2 (181.4) /
200 Mt (1876 N -
=L Mg (2072)
i Md3 (-213.4)

Figure 5. The schematic reaction profiles of Md with benzaldehyde [dash lines represent the relative energies AE in the gas phase, solid
lines represent the relative Gibbs free energies AG; solvation energies, which were obtained from B3LYP/6-311G(d,p)//B3LYP/6-31G

calculations, are included].

be located. Just as mentioned above, the intramolecular nu-
cleophilic reactions of M2— M3 easily occur between C(1)
(with high negative APT charge) and C(7) (with high posi-
tive APT charge) because it suffers from a remarkably low
energy barrier. Most importantly, pathway (7) is very un-
favourable (Tables 1 and 2) in the (S)-1 reactions. So we did
not pay further attention to this. Finally, Md3 associates
into trans-(2R,5S)-P3.

As Figure 5 shows, in the gas phase, Td1 is lower in en-
ergy by 12.9 kJmol! than Td3 in the forward reaction en-
ergy barrier, whereas in the absence of the CH,Cl, solvent,
4862
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Td1 is higher by 7.3 kJmol™!' than Td3. This indicates that
the solvent effect cannot to be ignored in the Md reactions.

Me Reaction with R2

Me reactions go through pathways (8), (9) and (10),
which leads to P1b, P3 and P2, respectively (Scheme 6).

Akin to pathway (6), reaction pathway (8) is initiated by
an SN2 corner attack on the activated cyclopropane. Simi-
larly, because of steric hindrance between the phenyl and
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Scheme 6.

methoxy groups in the 6> os) formation process, 63 c1)
rotates in an anticlockwise manner and C(3) overturns to
the another side of the o(ci_c2) bond. In Tel and Mel,
there is evidence for a Hepo(4)::O(8) bond, and C(1) and
C(7) exhibit high negative and positive APT charges,
respectively. Hence, the intramolecular nucleophilic reac-
tion of Mel —Me2 goes smoothly by suffering from a very
low energy barrier of 15.9 kJmol '. Ultimately, Me2 de-
composes into P1b and the catalyst.

Both pathways (9) and (10) go through formyl oxygen
attack at C(2) from the bottom right corner. They are dif-
ferent in the H(4) stretching directions and the phenyl
group positions. In Te3, H(4) points downward and the
benzaldehyde plane is nearly vertical to the C(1)-C(2)-C(3)
plane and parallel to the C(4)-C(1)-C(5) plane. In Te5,
H(4) points rightward and benzaldehyde is nearly coplanar
with the C(1)-C(2)-C(3) plane and vertical to the C(4)-
C(1)-C(5) plane.

European Journal
of Organic Chemistry

In Me3, C(2) keeps the (S) chiral configuration. Further
internal nucleophilic reaction leads to ring closure and the
chiral carbon centre C(7) with (R) configuration. Finally,
Me4 dissociates into the catalyst and P3.

Akin to reaction pathway (7), in the forward reaction to
transition state Te5 of pathway (10) only the ring closing
Me5 was located. By analyzing the structure of Te5 or by
animating the negative eigenvector coordinates with a visu-
alization program, it is affirmed that Me + R2— MeS is
unlikely a concerted asynchronous cycloaddition. In the
same way, it can be explained as the former expression. Ul-
timately, MeS releases the catalyst and yields cis-(2S,55)-
P2.

As Figure 6 shows, the reactions of Me experience high
energy barriers, especially reaction pathways (9) and (10).
So the Me reaction pathways are reduced to absolute inferi-
ority in the (S)-1 reactions (see Table 2).

8 - AE: Gas phase
o | RiRessn 00 Te3(-315) I:g Eggi’; USRS
. ] : *ln
E;E 2;(7); Me3 (-75.7) 22 P3+[Sn] (-20.1)
-00. Me1 (-94.8 <.
J (-89.4) MZ3 E-101 f,_) Ted (-52.55) P1b+Sn] (-22.9)
7 Te2 (-79.0) P2+[Sn] (-23.0)
Ted (-100.6)
50 P3+[Sn] (-9.1)
== P1b+{Sn] (-11.2)
- 1 4 P2+[Sn] (-11.2)
g i
2 -100 5 AN/ e e /M4 (103.9)
Py N / Me2 (-114.5)
L‘? 1 Me+R2 (-121.4), (
o | («’,’// \ | \\ K ,57
< ot N \Me5 (-136.9), . 4
-150 L \ \ NS i
Me+R2 (-154.2) R \Te2(-166.9) i
Mel (182.0) % 7 o Med (-194.4)
-200 - = Me2 (-195.4)
i Me5 (213.8)

Figure 6. The schematic reaction profiles of Me with benzaldehyde [dash lines represent the relative energies AE in the gas phase,
solid lines represent the relative Gibbs free energies AG; solvation energies, which were obtained from B3LYP/6-311g(d,p)//B3LYP/6-31G

calculations, are included].
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Rate Coefficients and Reaction Ratios

As described above, the overall reaction cycle includes
four elementary reactions generally:

(@ R1+CAT—5 5 M1
(by M1+R2 —% 5 M2
© M2—% 5 M3

@ M3—%_ 5 pyCAT

where ky, k>, k3 and k4 are the forward rate coefficients.
Reaction (a) occurs with very negative Gibbs free energy
changes (-110.1 to —120.9 kJmol™), whereas reactions (b)
and (c) proceed via T1 and T2, respectively, and T2 is re-
markably lower in energy than T1 in the forward reaction
energy barriers. So, reaction (b) is the bottleneck in the pro-
cess of generating chiral product M3. Therefore, k3 will not
appear in the overall rate expression for the formation of
M3.

According to transition state theory, the elementary reac-
tion rate coefficient of reaction (b) can be obtained by:

_AGH(p°)

k,T -
k — B 0\ An ex
2 h (p°) p RT

where the AG,”(p°) is the Gibbs free energy barrier of T1,
kg is the Boltzmann’s constant, / is Planck’s constant and
T is the absolute temperature.

By using the prior equilibria state approximation
method%37 and by taking into account the equilibrium
constant, the rate of formation of M2 can be provided by:

%:kl x K,[R1][CAT]X[R 2]

= kyp X[R1][R 2][CAT]

where kyy, is the overall reaction rate coefficient for the for-
mation of M2 and K is the equilibrium constant of reac-

A

0.2+
0.0+
-0.2

-0.4+

The NBO energies E / hartree

-0.6+ R2

tion (a). This equation reveals that the overall reaction for
the formation of M2 is third-order. However, the concentra-
tion of catalyst is generally kept as a constant and thus
the observed kinetics becomes second-order. The calculated
reaction rate coefficients are listed in Table 2.

According to the reaction rate coefficients, reaction path-
ways (1), (2), (3), (4), (5), (6), (7), (8), (9) and (10) account
for 98.3, 6.5Xx1072, 3.6X10° 25X102 6.3%x1072,
1.4X1073, 2.6x1072, 1.5, 51X107° and 2.4X104%,
respectively, and the product ratios can be obtained: P1 =
99.9 % (in which P1a/P1b, 98:2, compared with the experi-
mental data of 94:6[°l), P2 = 0.07 % and P3 = 0.03 %.

Overview of the Mechanism

As described above, the key in the enantiospecific synthe-
sis of disubstituted tetrahydrofuran that was developed by
Pohlhaus et al. is the activation of D-A cyclopropane and
the two nucleophilic reactions. Obviously, an essential
requirement for the activation of the D-A cyclopropane is
the decrease in the NBO energy of the antibonding
G6*c1_c2y orbital, which is caused by the Lewis acid Sn-
(OTf), coordination reaction. As shown in Figure 7, in
benzaldehyde the p-LPos, is higher 281.2 kJmol ! than
Tc7-05) in NBO energy. By comparison with the energy
gaps of interacting NBOs, the Sy2 mechanism is the most
reasonable (except with the use of the catalyst). On the con-
trary, the [2, + 52.] mechanism is the most unfavourable
(Tables S2 and S3).

Theoretically, in an Sy2 mechanism, the substrate is fav-
oured to be attacked by a nucleophile from the side oppo-
site the leaving group and front approach is disfavoured be-
cause the o* orbital is less in the region between the carbon
atom and the leaving group and because the front-side ap-
proach would involve both a bonding and an antibonding
interaction with the o* orbital as it has a nodal surface
between the atoms. These can satisfactorily account for why
the reaction of (S)-1 with benzaldehyde yields cis-(2R,5R)-

G*(C'I-CE:I {:}CA‘J'DCQ
=L G
ot
Oic1-c2) =5 -1—P~ i i
Ma Mb Mc Md Me R1

Figure 7. The NBO interactions of benzaldehyde and the D-A cyclopropanes in the different mechanisms.
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P1 dominantly, and why all the reaction pathways leading
to P1 are instigated by formyl oxygen attack at the carbon
of the 2-position by Sn(n'-OTf),(n>-R1) from the top left
corner.

With regard to the solvent effects of CH,Cl,, nearly all
the solvation energies (AG*”) of the stationary points (ex-
cept for the reactants, catalyst, Me3, Td3, Tel, Te3 and Te5)
are positive and likely appear negative relative to the molec-
ular dipole moments. On the whole, the solvent effects make
the reaction energy barriers increase. As one trifluorome-
thane sulfonate group can generate a hydrogen bond
Heno(4)*Ootry to control the aldehyde stretching direc-
tions in the Sy 2 reactions (a steric help effect), and its direc-
tion heavily influences the activity of Sn(n'-OTf),(n>-R1)
(steric hindrance and stereoelectronic effects), the function
of the trifluoromethane sulfonate group appears significant.

Conclusions

The Sn(OTf),-catalyzed synthesis of disubstituted tetra-
hydrofurans from D-A cyclopropane and benzaldehyde in-
cludes four elementary reactions: (1) activation of the D-A
cyclopropane; (2) Sy2 attack on the activated D-A cyclo-
propane; (3) ring close reaction; (4) regeneration of the cat-
alyst. In the D-A cyclopropane activation reaction, the
NBO energy of 6% c2) decreases remarkably and the di-
pole moment of Gy ¢z increases. The two chiral carbon
centres of tetrahydrofuran are generated in the second and
third steps. The second is rate-controlling. The solvent ef-
fects of CH,Cl, cause the reaction energy barriers to in-
crease. The ligand of the trifluoromethane sulfonate group
can generate a hydrogen bond of Hcpo(4)*Oorr) to con-
trol the stretching directions of benzaldehyde. Reasonably,
the cis-(2R,5R)-tetrahydrofuran is the predicted dominant
product, and the most favoured reaction channel is R1 +
R2 + CAT—Ma + R2— Mal — Ma2— Pla.

Supporting Information (see footnote on the first page of this arti-
cle): Computational details about the geometries, bond characters,
electrostatic pictures, APT and NBO charges of the stationary
points in the reactions.
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