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ABSTRACT

The formation of acetals from aldehydes is a valuable transformation in organic synthesis and biological systems. In this

study, complementing experimental screening and density functional theory (DFT) calculations were performed to predict the

relative effectiveness of five potential halogen-bonding (XB) catalysts for the acetalization reaction between 3-phenylpropanal
and methanol. By analyzing electrostatic potential maps, I---O distances, binding energies, and Gibbs free energy changes, the
computational study provided a theoretical ranking to guide and rationalize catalyst selection, highlighting the synergy between

experimental and computational approaches in catalyst development. We report a mild, cost-effective, and organocatalytic protocol

employing iod(az)olium salts as XB catalysts to promote the acetalization of various aliphatic and aromatic aldehydes, achieving

good yields.

1 | Introduction

Aldehydes are highly important moieties in organic synthesis,
due to their reactive nature, although their high reactivity can
sometimes hinder desired transformations [1-4]. To address
this issue, converting carbonyl groups into acetals is a widely
used protection method, particularly in pharmaceutical industry
and drug design [5-7]. Acetals serve as effective protecting
groups, due to their stability under neutral or basic conditions,
allowing for a range of reactions. Additionally, acetals have
been identified as valuable intermediates in synthetic chemistry
[8-13] and are used as flavoring agents, aroma enhancers in

cosmetics and food products [14] and as anti-freezing additives in
biodiesel [15].

Numerous methodologies have been developed for the conver-
sion of aldehydes into acetals to protect them against oxidation
and undesired nucleophilic attack. Traditional acetalization
approaches often involve strong mineral acids, like HCI [16-18],
solid acids [19], acidic polymers [20, 21], metal catalysts [22-29],
or Lewis and organic acids [30, 31] (Scheme 1a). However, these
methods are associated with significant drawbacks, including
corrosive conditions, extended reaction times, and often poor
selectivity, which raise environmental concerns [32]. To address
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SCHEME 1 | Common synthetic pathways for the acetalization of
aldehydes (A-F) and this work (G).

these issues and align with green and sustainable chemistry
principles [33], alternative methods for acetal synthesis have
been explored. Acetalization of carbonyl compounds can also be
achieved under basic [34] or nonacidic conditions, using reagents,
such as hydroxylamine [35], iodine [36, 37], trialkyl orthoformates
[38], halohydrins [39], or catalytic amounts of anionic metal
oxides, like polyoxometalates (POMs) [40] (Scheme 1b).

Nowadays, organic synthetic photochemistry has emerged as
an alternative methodology to produce highly interesting com-
pounds [41-47]. In 2017, an innovative photochemical approach
was introduced, utilizing Eosin Y as the photocatalyst and
green LED irradiation, achieving excellent yields in aldehyde
acetalization (Scheme 1c) [48]. However, the authors did not
clarify whether the acidic groups on Eosin Y or the heat emitted
by the green LED contributed to or were the primary driving force
of the reaction’s success. Our laboratory is active for many years
in the field of photochemistry, utilizing a variety of photocatalysts
and study the reaction mechanism of various photochemical
reactions [49-58]. In 2019, the Kokotos group developed a novel
photochemical approach for the acetalization of aldehydes with
alcohols or diols, utilizing thioxanthone as the catalyst and

household lamps as the light source (Scheme 1d) [59], whereas
in 2020, we presented a novel, mild and green photochemical
protocol for the synthesis of acetals from aldehydes, utilizing
Schreiner’s thiourea as the photoacid and household lamps as
the irradiation source [60]. In 2022, another photoacid-catalyzed
acetalization was demonstrated by Badillo and coworkers, utiliz-
ing 6-bromo-2-naphthol as the catalyst (Scheme 1e) [61], whereas
Prandi and coworkers, in 2023, reported the synthesis of acetals
in acidic natural deep eutectic solvents (NADES) [62]. In that
protocol, the solvent participates itself in the catalytic promotion
of the reaction and the reaction medium is completely recycled
and reused without any loss of catalytic activity even after ten
consecutive cycles (Scheme 1f) [62].

Halogen-bonding (XB), which involves the interaction between
electrophilic halogen atoms and Lewis bases (LBs), has been
extensively investigated over the past two decades [63-65]. This
interaction has found successful applications in various fields,
including crystal engineering [66], anion recognition [67], organic
synthesis [67], and organocatalysis [68]. In recent years, XB
catalysis has gained significant interest, due to growing concerns
regarding the use of metal catalysts [69-75]. Among XB catalysts,
those based on iodine have played a leading role. These catalysts
are increasingly recognized for their affordability, stability, envi-
ronmental friendliness and ease in handling [76, 77], contributing
to their growing relevance in organocatalysis. The field gained
momentum in 2008, when Bolm and colleagues reported the use
of perfluoroiodoalkanes as XB catalysts [78].

Developing new catalysts for organic transformations typically
requires extensive experimental screening, making the process
both time-consuming and resource-intensive. The acetalization
of 3-phenylpropanal with methanol serves as a representative
reaction, where catalyst choice greatly affects efficiency and selec-
tivity. To streamline catalyst discovery, computational studies can
provide predictive insights into catalytic performance prior to
experimental validation. The aim of our computational study was
to deliver theoretical guidance for prioritizing catalysts with high
predicted activity, thereby reducing experimental workload and
enhancing mechanistic understanding. By integrating computa-
tional predictions with experimental validation, this approach
exemplifies a modern, efficient strategy for catalyst development
and optimization.

The research group of Nachtsheim has investigated in detail the
application of N-heterocyclic iod(az)olium salts (NHISs) as XB
catalysts [79-85]. In a previous collaborative effort, we employed
XB to facilitate the reaction between aldehydes and indole, lead-
ing to the synthesis of biologically and pharmaceutically relevant
bis(indolyl)methanes (BIMs) [75]. In this study, we present a
novel, mild and inexpensive method for the acetalization of
aldehydes with alcohols or diols, utilizing NHISs as XB catalysts
(Scheme 1g).

2 | Results and Discussion

Initially, five XB compounds, 3a-3e (Scheme 2), were calculated
via density functional theory (DFT) calculations to investigate
their potential to be used as organocatalysts. Given that there
are many possible conformers for each molecular system, a con-
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SCHEME 2 | Chemical structures of compounds 3a-3e.
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former search was performed using the CREST 3.0 tool developed
by Grimme [86, 87], when the molecular system was comprised
of only one molecule, or the DOCKER algorithm of Orca 6.0
package [88-93], when the system was comprised of more than
one molecules (see Supporting Information). Then, for the five
lowest in energy structures of each molecular system, their
geometries were optimized via DFT calculations at the B3LYP
[94-97]/def2-SVP [98, 99] method in methanol as the solvent,
using the SMD solvation model. Then, the lowest in energy
molecular structures were further optimized at the wB97X-D4
[100,101]/def2-TZVP [99], where the Grimme’s D4 atomic-charge
dependent london dispersion correction has been included [94,
102, 103].

The importance of the inclusion of dispersion correction is
presented in the Supporting Information. Finally, a single
point energy calculation was carried out at wB97X-D4/def2-
TZVPP//wB97X-D4/def2-TZVP along with the DRACO [104]
solvation model to provide extra accuracy, compared to the stan-
dard SMD model [105]. Furthermore, frequencies were calculated
at the wB97X-D4/def2-TZVP method to verify that the calculated
molecular systems are true minimum structures. Moreover, all
energies were corrected with respect to the basis set superposition
error (BSSE) [106]. Finally, the electrostatic potential of the initial
reactant and XB donor catalysts were calculated on the 0.001 a.u.
isosurfaces of the electron density using the MultiWFN program
[107] and were visualized using the UCSF ChimeraX program
[108].

Electrostatic surface potential (ESP) calculations were performed
to evaluate the electronic environments of the reactant 3-
phenylpropanal (1a) and the potential iodine-containing catalysts
3a-3e as ESP plays an important role in understanding XB
[109-111]. The ESP minimum (V;,,,) and maximum (V)
values provide insights into the regions of negative and positive
electrostatic potential, respectively, which are directly related to
potential nucleophilic and electrophilic reactivity. The electro-
static potential maps of the initial reactant 1a and the iodine
catalysts (3a-3e) were calculated (Figure 1). For aldehyde 1a,
the Vi, of —46.2 kcal/mol is consistent with the electron-rich
oxygen of the aldehyde group, whereas the Vj . of 32.5 kcal/mol
corresponds to the partial positive charge at the carbonyl carbon,
the site of nucleophilic attack. The ESP analysis for the iodine-
containing molecules shows that the area surrounding iodine
holds the most positive (blue) values, creating “c-hole” regions
along the C-I axis. Therefore, the non-covalent halogen bond can

3a 3b
4

Vs,min =-46.2 Vs,max=231.1 Vs,max =241.2
3c 3d 3e

.32 20 u
%‘Lﬂj -

Vs,max = 236.2 Vs,max =194.6

Vs,max = 225.5
FIGURE 1 | Electrostatic potential maps on the 0.001 a.u. contour of
the electronic density for 3-phenylpropanal (1a), 3a, 3b, 3c, 3d, and 3e, in
map are blue (positive) and red (negative) in kcal/mol. The range for 1a
is —46.2 + 32.5, whereas for 3a-3e is + 93.9 + 241.2, corresponding to the
minima and maxima for each compound.

be formed by the oxygen atom of the aldehyde interacting with the
iodine atom of the catalysts. V; ,,;, and V; ., values, presented in
Table 1 are among the factors influencing each catalyst’s potential
to improve reaction yield. Catalysts will participate in a non-
covalent halogen bond between the iodine and the oxygen of
the aldehyde, meaning that the V,;, area of the aldehyde will
interact with the Vj .., area of the catalysts. It would make sense
that the higher the maximum potential of the catalyst, the more
efficient this interaction would be, taking of course into account
the steric hindrances that result from the catalysts topology at
the area around iodine. Although V., is a deciding factor of
the catalysts’ inherent electrophilicity, the difference (drop) in
Vis.max 1S also of great importance, as it indicates a higher “charge
transfer” character during the halogen bond formation. The
expected mechanism of catalysis is a o-hole interaction, driven
by Vi max Of the catalyst, but a bigger drop in V would indicate a
higher charge transfer and stronger binding, factors that would
“poison” the catalyst and lower yield. Indeed, as per the results
in Table 1, even though 3b has the highest V; ... with 3d coming
second, after binding, the complexes exhibit a different behavior
with 3d having the greatest value (only a —11.5 kcal/mol drop)
and 3b dropping to third place (—45.3 kcal/mol) even after 3e
(5.5 kcal/mol). In addition to the ESP values, the polarizabil-
ity and magnetic shielding of the iodine were calculated and
especially their change upon complexion of the catalyst with the
reactant. The change in anisotropy suggests that the more potent
the catalyst is, the lower the change should be (negative in some
cases), whereas the catalysts that showcase high steric hindrances
result in a more distorted electron cloud (higher A values, see
Supporting Information for extended data presentation).

After examining the ESP of each component, we proceeded to the
calculation of complexes’ (pre-reaction complexes) geometrical
properties, mainly the I---O distance and the C:--I---:O angle,
which are the most representative factors when studying the non-
covalent halogen bond interaction. As seen in Table 2, all I.--O
distances fall within the typical non-covalent bond distance range
of 2.5-3.3 A, but spatial variation is observed, with 1a-3c, 1a-3d,
and 1a-3e complexes being closer to the standard 2.55 A typical
distance, whereas 1a-3a and 1a-3b have a prolonged I-O distance
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TABLE 1 | Electrostatic potential (V) minimum and maximum values for 3-phenylpropanal (1a), 3a, 3b, 3c, 3d, and 3e.

Complex—monomer

Entries Species Vmin (kcal/mol) Vi .max (Kcal/mol) AV 1.« (kcal/mol)
1 la —46.2 32.5 -

2 3a 96.7 231.1 -36.0

3 3b 112.8 241.2 —45.3

4 3c 93.9 225.5 —43.5

5 3d 99.4 236.2 —11.5

6 3e 112.8 194.6 —5.5

TABLE 2 | Calculated I---O distance in A for the various complexes of 3-phenylpropanal (1a) with 3a, 3b, 3c, 3d, or 3e.

—~

Entries Complexes I.--O distance (A) C.--I---0 angle (°)

1 la-3a 3.166 155.26
2 1a-3b 3.026 172.26
3 la-3c 2.789 157.03
4 la-3d 2.867 168.27
5 la-3e 2.721 164.87

1a-3a 1a-3¢ (11.3 kcal/mol), suggesting a particularly stable pre-reaction com-

v, ~ plex. Complexes 1a-3b (8.7 kcal/mol) and 1a-3c (7.9 kcal/mol)

3 23:1 **“\.f {;\ P also demonstrate strong association with the aldehyde, indicating

*'/\é Gk °—\_} efficient non-covalent stabilization in the pre-reactive state. In

X b }4 o contrast, 1a-3d displays the weakest interaction (7.0 kcal/mol),

‘ suggesting weaker complexation under the same conditions.

daad tasde Additionally, all AH,;,4 values were also negative and range from

: N —8.6 to —3.8 kcal/mol, concluding to the fact that the generation

e s . / XL/—XY }\ Yoo, of the complexes is an exothermic process, whereas AG;q

X S psta!

-

FIGURE 2 | Optimized geometries of the reactant 1a and the reac-
tant’s complexes with the catalysts (3a-3e).

of >3.0 A. Similar observations can be made about the C---I.--O
angle, which greatly influences the interaction between the active
sites, as the C-I axis is where the o-hole region is present. Again,
1a-3b and 1a-3d show the most geometrically favorable approach
of the aldehyde’s oxygen to the C-I axis, followed closely by 1a-3e,
whereas in the cases of 1a-3a or 1a-3c, the oxygen approaches at
a lower angle of > 10°-15°, due to the steric hindrances presented
by the catalysts’ OEt, group oxygen (Figure 2).

Finally, to further assess the strength of non-covalent interactions
between 1a and the iodine-containing molecules 3a-3e, binding
energies (AE) were computed using the counterpoise-corrected
Boys and Bernardi formula [106]. This approach effectively
accounts for basis set superposition error (BSSE), ensuring accu-
rate estimation of interaction strengths. The calculated binding
energies range from —7.0 to 11.3 kcal/mol as shown in Table 3,
indicating moderate to strong non-covalent association between
the aldehyde and the potential catalysts. Among the systems stud-
ied, complex 1a-3a exhibits the most favorable binding energy

values are positive at 298.15K, due to the decrease of entropy
and the most exoenergic AGy;,q values are obtained for entry
5 (1a-3e), at 11.5 kcal/mol. Overall, the data of Table 3 suggest
that all aldehyde-catalyst complexes may be in rapid dynamic
equilibrium with their components at room temperature.

This computational study assessed the catalytic potential of
iodine (III)-based halogen bond donor catalysts 3a-3e in the
acetalization of 1a. Using a combination of electrostatic potential
analysis, optimized reactant-catalyst complex geometries and
binding energies, we identified key factors influencing catalytic
activity (Table 4). To evaluate the potential catalytic efficiency
of each candidate, a qualitative multiparameter scoring protocol
was developed to rank all catalysts (Table 5). The scores range
from O (least favorable) to 1 (most favorable) and are normalized
relative to the variation of values within the dataset for each
parameter. The selection of these specific criteria is grounded
in the fundamental physical requirements of XB catalysis which
are as follows: Electrostatics—a higher V., is favorable, as
it corresponds to a deeper o-hole capable of stronger elec-
trophilic activation of the aldehyde’s carbonyl oxygen. Geometry
(distance and angle)—a shorter I.--O distance is preferred, indi-
cating a tighter pre-reaction association. Furthermore, a C-I::-O
angle closer to 180° is favorable, as XB is highly directional
and linearity is required for optimal orbital overlap (n—o*).
Thermodynamics—a higher binding energy score (representing
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TABLE 3 | Binding energies (AEyi,q), binding enthalpies, and binding Gibbs free energies (AGy;,¢) for each aldehyde-catalyst complex.

Entries Complexes AEy;,q (kcal/mol) AH,;, 4 (kcal/mol) AGy;,q (kcal/mol)
1 la-3a -11.3 -8.6 6.6
2 1a-3b -8.7 —-4.8 8.1
3 1la-3c =79 -4.9 9.2
4 la-3d -7.0 -3.8 10.2
5 la-3e =71 —4.2 11.5
TABLE 4 | Complete data table for catalysts 3a-3e.
Species Vs, min (Kcal/mol) Vs, max (kcal/mol) I.--O distance (A) C.--I---0 angle (°) Binding E (kcal/mol)
3a 96.7 231.1 3.166 155.26 -11.3
3b 112.8 241.2 3.026 172.26 -8.7
3c 93.9 225.5 2.789 157.03 -79
3d 99.4 236.2 2.867 168.27 -7.0
3e 112.8 194.6 2.721 164.87 =71
TABLE 5 | Finalscores for catalysts 3a-3e.
Species Score average Score (V max) Score I---O distance Score C---I---O angle Score binding energy
3d 0.83 0.89 0.67 0.77 1.00
3b 0.73 1.00 0.32 1.00 0.62
3e 0.64 0.00 1.00 0.57 0.98
3c 0.60 0.66 0.85 0.10 0.80
3a 0.20 0.78 0.00 0.00 0.00
moderate binding) is favorable, reflecting the Sabatier princi- o o~
. . . . Catalyst 3a-e (0.5 mol%)
ple; an overly strong binding interaction (low energy value) ©/\)LH - . Wo/
: ; : MeOH
could prevent product release, leading to catalyst poisoning. 1a 18 h,ipen air 4a
The resulting average scores, presented in Table 5, are sorted in =~ --------------mmmmmmmmmmmmrr e
descending order. The necessity of this multiparameter approach “BAF ., OFt |+Tf°7 —
is evident, when analyzing catalyst 3b. Relying solely on the o catalyst WQ m Q
electrostatic potential would predict 3b (Vj ., = 241.2 kcal/mol) ﬁl/ ) N 10
as the superior catalyst. However, the scoring system correctly 3a, 40% BAr 3b, 60%
penalizes 3b for its unfavorable geometric parameters (prolonged BAF omt Tio" -
“7 2 1+ B(CeFs5)4

I---O distance due to steric hindrance), thereby identifying 3d as
the more balanced, effective candidate. The final classification
of catalytic potency is 3d > 3b > 3e > 3c > 3a. It should
be noted that while a direct linear correlation between the
calculated score and experimental yield is not observed, due to
the multifactorial nature of the reaction, the system successfully
predicts the rank order of catalytic efficiency. This confirms its
utility as a qualitative screening tool to prioritize ‘Goldilocks’ [112,
113] candidates (like 3d) and filter out low-potency catalysts (like
3a) prior to experimental synthesis.

Following these extensive computational studies, we began our
investigations by studying the acetalization of 3-phenylpropanal
(1a) with methanol as both reagent and solvent at room tem-
perature to form (3,3-dimethoxypropyl)benzene (4a) (Scheme 3).

Et,0_+_OEt,

0 )
WN\ @l_,\N\ '§:>
N N+
f BAIF i THO" N7
-
B(CeF
3c, 52% 3d, 70% 3e, 58% (CoFsa

79% (1 mol%)

SCHEME 3 | N-Heterocyclic iod(az)olium salts (NHISs) as catalysts
for the acetalization of 3-phenylpropanal (1a) with methanol. ~BArF:
tetrakis|3,5-bis(trifluoromethyl)phenyl]borate.

The absence of catalyst did not lead to product formation.
Then, we screened 3a-3e as the potential XB catalysts [85].
Among the compounds tested, catalyst 3d afforded the highest
yield (70%), when employed in a very low catalyst loading
(0.5 mol%, Scheme 3). However, upon increasing the catalyst
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TABLE 6 | Solvent screening for the synthesis of acetal 4a from
aldehyde 1a.

9 Catalyst 3d (1 mol%) o~
©A)LH + MeOH ©/\)\O/
Solvent

1a 2a 18 h, open air 4a
Entries Solvent Yield® (%)
1 MeCN 63
2 CH,C, 70
3 CHCI, 78
40 CHCl, 81
5 EtOAc 68
6 DMSO 20
7 Toluene 69
8 Pet. Eth. 65
9° Pet. Eth. 85
10 THF 34
11 H,0 32
12 Et,0 43
13 2-Me-THF 25

2Yield determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal
standard. The reaction was performed with 3-phenylpropanal (1a) (67 mg,
0.50 mmol), methanol (40 mg, 1.25 mmol), and catalyst 3d (1 mol%, 5.0 pmol)
in solvent (1 mL) for 18 h.

"Yield determined by '"H-NMR using internal standard with 2 mol% catalyst
3d.

loading to 1 mol%, the desired product was isolated in 79% yield.
As shown by the experimental yields, alongside the calculated
studies, catalysts 3d and 3b indeed exhibit the highest catalytic
efficiencies, while 3a is the least effective. Catalysts 3¢ and 3e
demonstrate intermediate performance. Although a straightfor-
ward linear correlation between calculated and experimental
data is not evident, this study demonstrates that the relative
catalytic potency can be reliably and qualitatively predicted by
evaluating key energetic and geometric parameters across the
catalyst series. While the intermediate catalysts (3c and 3e)
cannot be distinctly separated in terms of performance based
solely on these descriptors, the extremes of the catalytic activity
range—the most and least effective catalysts—are well predicted
by the computational metrics.

Next, we screened a number of common solvents by running
the acetalization reaction of la with MeOH (2a) (2.5 equiv.)
(Table 6). Chloroform and petroleum ether afforded the highest
yields (78% and 65%, respectively). However, when we increased
the catalytic loading from 1 to 2 mol% for these two optimal
solvents, petroleum ether led to the highest yield (85%) (Table 6,
entry 9).

Having in hand the optimum reaction conditions utilizing N-
heterocycliciod(az)olium salt 3d as the XB catalyst and petroleum
ether as the solvent, we turned our attention to exploring the
substrate scope (Schemes 4-6). First, we explored the scope of
the aldehydes with methanol. A variety of aliphatic (Scheme 4)
and aromatic (Scheme 5) aldehydes were tested. The desired

Catalyst 3d (2 mol%)

/R1 H + MeOH
Pet. Eth.

-j 2a
12 18 h, open air

(2.5 equiv.)

4a, 83% 4b, 76% 4c, 80%

o~
/\/\/\/\/\)\0/
4d, 46% 4e, 66% 4f, 76%

-
o]
X
A (o)
\/\R\O/ \/\/\/\/\( ~
2N

4g, 75% 4h, 78%

— N )\/\)YO\

40 65 SN 4j,69% O
,65%

o~ o~

SCHEME 4 | Substrate scope—aliphatic aldehydes.

(o} O

Catalyst 3d (2 mol%)
@ H + MeOH

1k-x 2a

Conditions A or B
18 h, open air
A: 2.5 equiv. MeOH
and Pet. Eth. (1 mL)
B: MeOH (1 mL)

4k, A: 50% 41, A: 60% 4m, A: 44%
B: 82% B: 83% B: 85% B: 24%

O/ O/
NC F FsC cl

40, A: 54% 4p, A: 61% 49, A: 61% 4r, B: 97%
B: 75% B: 83% B: 93%

B F NO,

NO,

4s, B: 95% 4t, B: 90% 4u, B: 40% 4v,B: 73%

o~ o~
SORMEvas
\ o

4w, B: 74% 4x, B: 69%

SCHEME 5 | Substrate scope—aromatic aldehydes.

products 4a-4j were obtained in good to excellent yields, even
in the case of a,a-disubstituted aldehydes (4e-4g). In an effort
to expand our method’s application, aldehydes bearing a large
aliphatic chain, double or triple bond were tested, leading to the
desired products 4h-4j in good yields (65%-78%). In the case
of aromatic aldehydes, we initially tested some substrates (4k-
4q) using procedure A (2.5 equiv. MeOH in 1 mL Pet. eth.).
However, we observed that the yields were moderate (44%-
61%), with para-nitro-benzaldehyde not producing any product,
as shown in Scheme 5. Thus, we developed procedure B (1 mL
MeOH) for all aromatic aldehydes, without compromising the
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SCHEME 6 | Substrate scope—alcohols.

methodology, since para-, meta- or ortho-substituted aromatic
aldehydes afforded yields that varied from 24% to 97%. Also,
naphthaldehyde (4w) and heteroaromatic furfuryl aldehyde (4x)
led to the desired product in 74% and 69% yield, respectively.

Subsequently, we explored the scope of alcohols utilizing 1a
as the starting material, providing the desired acetals in good
to excellent yields (Scheme 6). Primary alcohols and alcohols
bearing functional groups, such as a chloride group were utilized
successfully, leading to the desired acetals in good yields (55%-
80%). Secondary alcohols, alcohols bearing functional groups,
such as -CF; group, or diols were tested successfully with
procedure B and the products were obtained in 30%-55% yield.

A proposed mechanism for this protocol is shown in Scheme 7.
Iodonium catalyst 3d can enhance the electrophilicity of aldehyde
1, through XB, leading to complex A (Scheme 7). This is in accor-
dance with the observations of our previous mechanistic studies
using NMR between 1a and 3e [75]. This complexation facili-
tates nucleophilic addition of the alcohol, affording tetrahedral
intermediate B. This intermediate can then collapse, regenerating
the organocatalyst and forming hemiacetal intermediate D. This
can react with another molecule of alcohol, to afford the desired
product 4.

3 | Conclusion

In conclusion, a mild and efficient organocatalytic protocol was
developed, activating aldehydes for their reaction with alcohols,
leading to acetals. This method relies on a small organic molecule
activating efficiently both aliphatic and aromatic aldehydes via
XB, leading to acetals in good to high yields. Although, a straight-
forward linear correlation between calculated and experimental
data is not evident, this study demonstrates that the relative
catalytic efficiency can be reliably predicted by evaluating key
energetic and geometric parameters across the catalyst series.
While the intermediate catalysts (3¢ and 3e) cannot be distinctly
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| /\ I

/ N}NL A
g @

®RYFH
HO, O@ /

D 2
2 l 3d Q
SN-N /
N Sy

o@ W +N N
® /
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@40\“ @/‘\H
® 0
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SCHEME 7 | Proposed reaction mechanism. The anions are omitted
for better clarity.

separated in terms of performance based solely on these descrip-
tors, the extremes of the catalytic activity range—the most and
least effective catalysts—are well predicted by the computational
metrics.

4 | Experimental Section

General Procedure for the Organocatalytic Reaction
Between Aliphatic Aldehydes and Alcohols

General Procedure A: In a glass vial, catalyst 3d (7.0 mg,
0.01 mmol), aldehyde (0.50 mmol), and alcohol (1.25 mmol)
were added consecutively in petroleum ether (1 mL). The vial
was left stirring for 18 h. The desired product was isolated after
purification by column chromatography.

General Procedure B: In a glass vial, catalyst 3d (7.0 mg,
0.01 mmol) and aldehyde (0.50 mmol) were added consecu-
tively in alcohol (1 mL). The vial was left stirring for 18 h.
The desired product was isolated after purification by column
chromatography.
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