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The condensation reaction between a  y-methylene-
o,p-unsaturated aldehyde and phenylpropargyl aldehyde was
revisited and guided by extensive DFT calculations of NMR shifts. It
was found to afford a deconjugative aldol condensation product.
Accordingly, a simple protocol for the preparation of valuable

cross-conjugated oxatrienes was uncovered.

Unsaturated aldehydes comprise a priceless class of molecules.
For example, polyenal retinal (1) constitutes the chemical basis
of animal vision (Fig. 1)." Several other conjugated aldehydes
have also been isolated from marine and terrestrial sources
and shown to be bioactive.” For example, [3]-1-oxadendralene
onchidal (2) takes part in the chemical defense of mollusc
Onchidella acting as an irreversible acetylcholinesterase inhibi-
tor.> Taxifolial D (3), bearing a conjugated alkyne moiety, is
also supposed to be part of the chemical armamentum of the
toxic and invasive alga Caulerpa taxifolia introduced into the
Mediterranean.” Furthermore, many aromatic enals have been
used as flavour and fragrance molecules. Therefore, much of
the interest on the synthesis and study of these molecules has
relied on this and the fact that as potential Michael acceptors,
many unsaturated aldehydes are prone to exhibit toxicity.’

From a different chemical viewpoint, several groups includ-
ing ours are interested in these materials as versatile building
blocks that engage in fascinating domino processes leading to
diverse cyclic and polycyclic frameworks, including hetero-
cyclic systems.®

There are numerous methods for the preparation of
different classes of unsaturated aldehydes, such as enals,” con-
jugated dienals,® ynals,” enynals'® and [3]-1-oxadendralenes,?
which are increasing. In this context, a new organocatalytic
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Fig. 1 Examples of bioactive natural polyunsaturated aldehydes.

cascade for the preparation of cyclobutadiene-carbaldehydes,
an unprecedented class, was recently reported (Scheme 1)."**
The  condensation  reaction  between  y-methylene-
a,B-unsaturated aldehydes (4) and propargyl aldehydes (5)
affords polyunsaturated aldehydes 8 via a proposed secondary-
amine catalyzed dienamine-iminium-allenamine cascade.
Thus, after the formation of the dienamine of 4, regioselective
conjugate addition to iminium-activated 5 provides an inter-
mediate of type 6 which undergoes cycle formation via imine
addition. Subsequently, final elimination on 7 installs the
cyclobutadiene moiety."'® Almost four months after their pub-
lication, and during the preparation of this manuscript, the
authors retracted the article on the basis that the reported cyclo-
butadiene structures 8 were not fully supported by their ">C NMR
data and other plausible structures could not be ruled out.**”

It should be noted that examples of additions of enamines
to electrophilic alkynes have been reported in the past.'?
However, none of these cases reported the formation of cyclo-
butadiene, a well-known highly reactive species.'® Instead,
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secondary amine (20 mol%), K,CO3 R?
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18 examples,

R' = Aryl, hetaryl

78-93% yield
R2 = Aryl, hetaryl, CH,Bn, cyclopropyl, R3Si

Scheme 1 Originally reported organocatalytic cascade towards cyclo-
butadiene-carbaldehydes 8.
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cyclobutenes (derived from intermediates such as 7) or pro-
ducts arising from their electrocyclic ring-opening are gener-
ally isolated."?

Cyclobutadienes have fascinated and intrigued several gen-
erations of experimental and theoretical chemists."* Due to its
intrinsic reactivity, cyclobutadiene derivatives tend to dimerize
following an orbital symmetry allowed [4 + 2] cycloaddition.'*
The findings of Wang and co-workers represent a significant
opportunity to shed light on the NMR spectroscopy of cyclobu-
tadienes, an elusive area of research due to the difficulty in
preventing the dimerization of the sample.'*"* In this regard,
the observation of significantly shielded sp*-hybridized
carbons at 6§ 74.2-90.6 ppm in all the isolated compounds 8
caught our attention, which is possibly the same observation
that led the original authors to retract their publication
(Scheme 1)."" Although the NMR data was not assigned by the
authors (no definition of which resonance signal belongs to
which nuclei was provided), we hypothesized that provided the
structures 8 were the actual products, the upfield signal
should be attributed to one of the carbons of the cyclobuta-
diene moiety since no other fragment in these products could
account for the resonances in that region.

Intrigued by whether the antiaromatic character of the
cyclobutadiene moiety could be responsible for this obser-
vation, we decided to compute the NMR shifts of 8a (R' = R* =
Ph) at a quantum level to test the theoretical reproducibility of
such unusual experimental finding. Recent years have wit-
nessed an increase in the popularity of theoretical methods to
accurately reproduce NMR shifts and coupling constants;
information that in turn can be extremely helpful in solving
structural and stereochemical issues in complex organic
molecules.'®™*8

Following standard procedures, exhaustive conformational
searches of 8a were carried out using both the MMFF and
MM+ force fields. All conformations located were further opti-
mized at B3LYP/6-31G* for final GIAO NMR calculations at the
PCM/mPW1PW91/6-31+G** level of theory. This level has been
shown to provide good results at affordable computational
cost.’®*? It is known that cyclobutadienes in their ground state
geometries exist in the form of two valence isomers with a rec-
tangular geometry, which are involved in a dynamical equili-
brium with typically small automerization barriers."*'*> Thus,
both types of rectangular geometries were taken into consider-
ation in this study. Fig. 2 shows the global minima geometry
located at the B3LYP/6-31G* level with the C-2/C-3 bonds and
C-4/C-5 bonds shorter (1.35 A and 1.38 A, respectively) than
the corresponding C-2/C-5 and C-3/C-4 bonds (1.57 A and
1.52 A, respectively).

Given that unassigned NMR data was originally reported,
the experimental and calculated NMR shifts were arranged in
descending order of size for comparison. As depicted in Fig. 2,
the match between the experimental and calculated *C NMR
values was poor, showing an R* value of only 0.7077. The MAE
(mean average error, defined as Z,|6caic — Sexp|/) and CMAE
(corrected mean average error, defined as X,|6scatea — Sexp|/1)
values were 12.1 and 10.1 ppm, respectively, which are much

2 | Org. Biomol Chem., 2018, 00, 1-6
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Fig. 2 (Left) B3LYP/6-31G* global minima geometry of 8a with selected
distances (in A). (Right) Correlation of the experimental and calculated
3C NMR shifts of 8a at the PCM/mPW1PW91/6-31+G**//B3LYP/6-31G*
level of theory.

higher than expected for this level of theory.'*? The
maximum errors were also prohibitively high with MaxErr
(maximum error, defined as max|§caic — Sexp|) and CMaxErr
(corrected maximum error, defined as max|dscateca — Sexpl)
values of 31.2 ppm and 38.2 ppm, respectively. In the low field
region, the carbonyl group was predicted to be much more
shielded than experimentally reported (177.3 ppm vs
193.3 ppm, AS = 16.0 ppm). Moreover, the shifts of C-3 and
C-5 were located at 174.6 ppm and 160.6 ppm, respectively, far
from the second and third more deshielded signals in the
experimental ">C NMR spectrum of 8a (143.3 and 137.2 ppm,
respectively). Regarding the key signal at § 86.9 ppm, none of
the computed shifts were predicted nearby. In fact, according
to our calculations, the most shielded carbon of the four-mem-
bered ring should be C-3 (138.3 ppm), whereas the most
shielded carbon of the molecule should be C-6 (117.3 ppm).
Noticeably, in both cases significant deviations from the
experimental signal at 86.9 ppm were observed (AS = 51.4 and
30.4 ppm, respectively). Furthermore, while correlating the
experimental and computational data using our artificial
neural network pattern recognition analysis, the originally pro-
posed structure 8a (R' = R> = Ph) was identified as incorrect.'®

We next turned our attention to the other derivatives syn-
thesized in the original report, such as 8i (R' = cyclopropyl, R?
= Ph) and 81 (R' = PhMe,Si, R> = Ph), but yet again, the NMR
calculations exhibited bad correlation with the experimental
values."'“} For instance, in the case of 8i, the MAE and CMAE
values were 15.1 and 12.7 ppm with MaxErr and CMaxErr
values of 41.3 ppm and 30.1 ppm, respectively. In the case of
81, the disagreement was lower than that observed for 8a and
8i (MAE = 10.1 ppm, CMAE = 7.4 ppm, MaxErr = 23.0 ppm,
CMaxErr = 21.3 ppm), but still considerably high (see ESIT).

As stated above, the discrepancies between the experi-
mental and calculated NMR data were much higher than
expected for the level of theory used for the NMR calculations.
However, our previous experience with the PCM/mPW1PW91/
6-31+G**//B3LYP/6-31G* level was mainly limited to natural
product-like organic molecules containing few (or none)
strained sp® systems in their structures.’®*” In an additional
effort to rule out the possible (but not least unexpected)
modest performance of this level of theory in this particular
case, we undertook NMR calculations of four related strained

sp’-carbon-containing three- or four-membered cycles.

This journal is © The Royal Society of Chemistry 2018
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However, as discussed in the ESI,i good agreement with the
experimental shifts was observed in all cases (MAE in the
range of 1.4-2.9 ppm and CMAE in the range of 1.3-2.2 ppm).

On the other hand, the NMR shifts of 8a were recomputed
at 104 different levels of theory by combining different func-
tionals (mPW1PW91, B3LYP, PBEO and LC-TPSSTPSS), basis
sets (6-31+G**, cc-PVTZ and 6-311++G(3df,2pd)) and methods
to solve the gauge origin problem (GIAO, CSGT and IGAIM),*®”
both in the gas phase and solution with a variety of geometry
optimization levels (including B3LYP, M06-2X and MP2 with
the 6-31G* and 6-311+G** basis sets both in the gas phase and
solution). In a recent study by Mark Iron to understand the
factors impacting the accuracy of ">C NMR calculations, the
combination of CSGT with LC-TPSSTPSS was among the
optimal levels of theory.'® However, in our case, the NMR
shifts of 8a calculated at 104 different levels of theory reflected
minor differences with that initially observed for the PCM/
mPW1PW91/6-31+G** level (No. 2 in Fig. 3). This suggests that
the poor reproduction of the experimental shifts of 8a was not
caused by the choice of the level of theory employed during
the NMR calculation procedure, but instead, a probably incor-
rect structural proposal.

At this point, we proposed a set of 14 different plausible
structures, some of which were products of logical alternative
reaction mechanisms whose NMR data would be in accord-
ance with that of 8a (compounds 9a-22a, see ESIY).
Consequently, NMR calculations at the PCM/mPW1PW91/6-
31+G**//B3LYP/6-31G* level of theory were undertaken. As
depicted in Fig. 4, diastereoisomeric compounds 9a and 10a
(featuring a conjugated E- or Z-enyne moiety, respectively) dis-
played the best agreement between the experimental and cal-
culated "*C NMR shifts (see ESIf). The MAE (2.1 ppm and
1.4 ppm, respectively) and CMAE (1.6 and 0.6 ppm, respect-
ively) values were much lower than that estimated for the other
candidates (MAE in the range of 3.3-10.6 ppm and CMAE in
the range of 2.9-9.5 ppm). In the case of 9a, the C-5 signal of
the alkyne was predicted to be considerably more deshielded
than experimentally observed (119.1 ppm vs 109.6 ppm,
respectively), accounting to a large extent for the higher MAE
and related parameters in relation to that simulated for 10a.
Hence, according to the *C NMR data, we concluded that 10a
should be the real structure of 8a. However, when analyzing
the "H NMR data, significant errors were noticed for both com-

—— MAE ——MaxErr

17 13 19 25 31 37 43 49 55 61 67 73 79 8 91

Level of theory

Fig. 3 Mean average error (MAE) and maximum error (MaxErr) values
computed after correlating the experimental NMR shifts of 8a with the
corresponding calculated values at 104 different levels of theory.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 B3LYP/6-31G* global minima geometry of 9a and 10a, the most
likely structures of 8a according to our calculations.

pounds. For instance, in 10a the H-1 and H-3 signals were pre-
dicted to be 0.85 and 0.47 ppm shifted downfield than experi-
mentally observed (Scaic(-1) = 10.50 ppm, Sexp(s-1) = 9.65 ppm
and Seaic(a-3) = 6.99 PpM, Sexp(ri3) = 6.52 ppm, respectively). A
significantly better reproduction of these signals was noticed
for 9a (A5 = 0.26 ppm (H-1) and 0.25 ppm (H-3)), whereas the
resonance assigned to H-2' represented the main outlier (AS =
0.46 ppm). Notwithstanding, the agreement of 10a improved
upon scaling (CMAE = 0.16 ppm vs 0.19 ppm), where the size
of the unscaled errors obscured the assignment of the correct
structure of 8a. As discussed in the ESI,i this trend was
unaffected upon re-computing the NMR shifts of 9a and 10a at
24 different levels of theory arising from the use of three func-
tionals (mPW1PW91, PBEO and LC-TPSSTPSS), four basis sets
(6-31+G*, 6-311+G**, cc-PVTZ and 6-311++G(3df,2pd)) and two
methods for conducting the NMR calculations (GIAO and
CSGT). Importantly, we concluded that the key C-4, C-5, H-1,
H-3 and H-1' signals were among the most affected by the
changes in the level of theory, albeit with remarkable different
trends.

To understand the origins of the modest reproduction of
the experimental shifts of these types of hydrogen atoms, we
next evaluated the performance of the PCM/mPW1PW91/6-
31+G**//B3LYP/6-31G* level of theory on a selected set of 10
known related conjugated carbonyl systems. Detailed analysis
of the collected data (see ESI}) allowed us to draw interesting
conclusions. On one hand, we observed that the shift of most
carbons was nicely reproduced by our calculations with the
exception of the alkyne carbons located at the end of a polye-
nic chain (equivalent to C-5 in 9a and 10a). In these cases, a
systematic overestimation of the chemical shifts by
7.1-10.1 ppm was found, which curiously was the same trend
discussed above for compound 9a. On the other hand, we
observed that the accuracy in the "H NMR shift prediction
strongly depended upon subtle structural issues. This effect
was particularly important in the case of the vinylic protons,
which yielded the highest unscaled errors in most cases
(ranging from 0.14 ppm to 0.92 ppm). Comparatively, for the
compounds bearing conjugated aldehyde moieties (23-29 and
32, see ESIt), the formyl hydrogens were estimated consider-
ably better with unscaled errors of up to 0.27 ppm, which are
much lower than that observed for 10a (0.85 ppm).

The origins of this unstable NMR shift reproduction can be
found in the choice of the reference standards for computing

Org. Biomol Chem., 2018, 00, 1-6 | 3
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the unscaled chemical shifts from the isotropic magnetic
shielding constants. From a historical perspective, TMS is
perhaps the most popular and common standard of referen-
ce,'®” but we demonstrated that the combination of benzene
and methanol as references for sp-sp®> and sp® hybridized
carbons (or protons attached to), respectively, significantly
improved the accuracy of the calculations.”® This so-called
multi-standard approach (MSTD) performs typically well for
common organic molecules, and thus was the method of
choice in this study. However, in some specific molecular
architectures, the use of only one (or two) standards (TMS or
MSTD) does not allow a good performance for all nuclei. To
overcome this limitation, Spivey and co-workers developed the
fragment referencing method, which could be seen as the
natural extension of MSTD. Hence, any nuclei in any known
molecule can be used as the standard with the sole prerequi-
site that its experimental NMR shift must be known. This guar-
antees the flexibility needed to model small molecules with
challenging magnetic environments by selecting different
nuclei of fragment analogues to reference different nuclei in
the molecule of interest.”"

Hence, using the different "*C NMR signals of (E)- and (2)-
5-phenylpent-2-en-4-ynal as internal carbon references for 9a
and 10a, respectively, and the 'H NMR signals of (E)-2-benzyli-
denebut-3-enal as internal proton standards, the NMR shifts
of 9a and 10a were recomputed. As shown in Table 1, the key
resonances were nicely reproduced in the case of 9a, whereas
large errors were observed for 10a. As a result, alkyne 9a
should be the most likely structure of 8a (among the set of 14
candidates).

In a final attempt to clarify the scenario portrayed by our
calculations and taking into consideration the lack of detailed
2D NMR data for compounds 8 in the original report, we
decided to gather experimental evidence to support our con-
clusion. Hence, compound 8a was synthesized by conden-
sation between (2E)-4-phenyl-2-butenal (4a) and phenylpropar-

Table 1 Experimental NMR shifts of 8a and calculated NMR shifts of 9a
and 10a of selected nuclei using the fragment referencing approach at
the PCM/mPWPW91/6-31+G**//B3LYP/6-31G* level of theory

Abs. error (Sexp

5calc - 6calc)

Nuclei Sexp 9a 10a 9a 10a
C-1 193.3 195.2 192.8 1.9 0.5
C-2 143.2 142.4 143.2 0.9 0.1
C-3 127.1 128.7 127.8 1.5 0.6
C-4 86.9 88.6 85.6 1.7 1.3
C-5 109.6 110.1 105.1 0.5 4.5
C-1' 119.4 118.0 120.8 1.4 1.4
C-2' 136.6 137.1 133.8 0.5 2.8

Average 1.2 1.6
H-1 9.65 9.60 10.72 0.05 1.07
H-3 6.54 6.36 7.07 0.16 0.55
H-1' 7.25 6.90 6.24 0.35 1.01
H-2' 7.99 8.14 7.67 0.15 0.32

Average 0.18 0.74

4 | Org. Biomol Chem., 2018, 00, 1-6
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gyl aldehyde (5a) (Scheme 1, R' = Ph, R* = Ph) using pyrroli-
dine and potassium carbonate as catalysts (20 mol% each) and
dichloromethane as the solvent, as reported in the seminal
reference (58% yield of desired product, see ESIf)."'®??
Although the physical data of the only isolable compound was
exactly the same as that originally reported (8a), upon analysis
of the spectral data we arrived at a different interpretation of
the original result.

Even though the composition of 9a was verified by 2D NMR
data (COSY, HSQC and HMBC), the configuration of the C-2/
C-3 double bond was cleanly assigned as E by the NOE corre-
lation observed between H-1 and H-3 (Fig. 5 and ESIf), which
is in perfect agreement with our computational findings.
Another key observation in favor of our revision is the small J
coupling between H-1 and H-1' (J;,» = 1.8 Hz), which was
missed by the original authors probably due to the resolution
problems. In the case of 9a, this coupling could be assigned to
a typical *J W-type coupling, but in the case of the originally
proposed structure (8a, Fig. 2), it should correspond to a long-
range °/ coupling, which to the best of our knowledge is much
less common. To unravel this issue, we undertook J calcu-
lations at the B3LYP/6-311+G** and B3LYP/6-31G** levels of
theory, using the global minima geometries located at the
B3LYP/6-31G* level of 8a and 9a. As expected, the J; ;- coupling
computed for 9a (2.4 Hz) was in the experimental range (1.8
Hz), whereas an almost null (0.5 Hz) coupling was estimated
for 8a.

To reinforce our analysis, we computed the NMR shifts of
compounds 9i and 91 (which should be the revised structures
of 8i and 8l, respectively) at the PCM/mPW1PW91/6-31+G**//
B3LYP/6-31G* level of theory. To our delight, very good agree-
ment between the experimental and calculated data was
observed (CMAE values of 1.6 and 1.0 ppm for the carbon data
and 0.11 and 0.10 for the proton data, respectively). The less
accurate results obtained for the simulation of the '"H NMR
shifts of 9a (CMAE = 0.19 ppm) underscores that the conjuga-
tive effect exerted by the phenyl ring at C-5 was not correctly
described by our calculations.

Based on the structure of the isolated product 9a, a reason-
able mechanism for its formation was proposed (Scheme 2).
Initial dienamine assembly followed by regioselective 1,2-
addition to 5a and final elimination could account for the for-
mation of product 9a.”® Naturally, the same mechanism
should apply for the remaining 17 examples provided in the
seminal reference.''® Remarkably, although examples of
deconjugative a-alkylation and a-alkylidenation of esters are

Fig. 5 Key COSY, HMBC and NOE correlations of synthetic 9a.
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Scheme 2 Generation of 9a through a deconjugative aldol reaction.

found throughout the literature,”* this deconjugative aldol

condensation reaction seems to be largely unknown.>

Conclusions

In summary, we concluded that the condensation reaction
between y-methylene-a,f-unsaturated aldehydes (4) and pro-
pargyl aldehydes (5) does not afford trisubstituted cyclobuta-
dienes as originally proposed. Instead, the corresponding acet-
ylenic [3]-1-oxadendralenes are formed through a deconjuga-
tive aldol reaction. This conclusion was reached after exhaus-
tive calculations of NMR shifts and coupling constants, and re-
examination of the spectroscopic data of a synthesized com-
pound. As a result, a straightforward entry to valuable unsatu-
rated aldehydes was uncovered.
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